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1 | INTRODUCTION

Abstract

Macauba is an underexplored palm with significant potential for food-grade veg-
etable oil production. Its fruits yield two distinct sources of oil, the pulp and the
kernel, each with its unique composition, emerging as a potential vegetable oil
source with high competitiveness with well-established conventional oil sources.
Besides the oil, macauba fruits are rich in essential nutrients, including proteins,
minerals, vitamins, dietary fiber, and phytochemicals, with outstanding health
benefits. Macauba processing generates valuable co-products, including the epi-
carp, pulp and kernel cakes, and endocarp, which have considerable potential for
enhancing the macauba production chain. This review explores the nutritional
and phytochemical profile of macauba, its health benefits, and the potential for
exploiting its co-products. Innovative extraction methods and a comprehensive
strategy for producing multiple products from macauba co-products are also
highlighted as opportunities to achieve sustainable development goals and a
circular economy in macauba fruit processing.
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increased the fertilizers and energy costs (Abay et al.,
2023). Furthermore, with the high bioenergy demand

Supply chains are facing unprecedented challenges due
to a confluence of factors. Growing consumer demand,
coupled with the impacts of climate change, natural disas-
ters, global health crises such as the COVID-19 pandemic,
and geopolitical conflicts like the Russia-Ukraine war,
has created significant disruptions and exacerbated global
and regional food security concerns. Multiple impacts
related to the current tensions in the food supply chain

(intensified by Russia-Ukraine war), conventional oil
crops have been extensively driven to biofuel production.
The rise in bioenergy demand has prompted efforts to
diversify the energy matrix, implement renewable energy
policies, address environmental concerns, and pursue
opportunities in agricultural economics (Dahdouh et al.,
2023; International Energy Agency, 2023; Sorita et al.,
2023).
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The oil market is deeply dependent on oil palm (Elaeis
guineensis), responsible for 40% of the total vegetable oil
consumed globally (USDA, 2022). Despite the high pro-
ductivity, oil palm cultivation has been associated with
multiple negative impacts, including deforestation, habi-
tat and biodiversity loss, forest fragmentation, disruption
of food chains, air and water pollution, soil erosion, and
hydrological changes due to alterations in precipitation
(Ayompe et al., 2021), leading numerous oil-consumer
companies to search for other sustainable alternatives.

Macauba, a general name that encompasses three main
palm tree species of commercial interest (Acrocomia
aculeata, Acrocomia totai, and Acrocomia intumescens),
is widely distributed throughout tropical and subtropical
regions of the Americas that has been highlighted as an
important and competitive alternative to conventional oil
crops, such as oil palm. Besides, in contrast with oil palm
cultivation, macauba planting can be concentrated in areas
occupied by degraded pastures, which plays an important
role in ecological restoration (Pires et al., 2023). Projections
show that macauba oil production (5-6.2 t ha™!) can be
similar to palm oil (2-8 t ha™!). Macauba fruits provide
two oil sources, from the pulp (macauba pulp oil—MPO)
and from kernel (macauba kernel 0il—MKO). Those oils
have distinct fatty acid compositions that are suitable and
desirable for many industrial applications. The pulp is
rich in monounsaturated fatty acids (oleic acid, 70%) and
carotenoids, and the kernel is rich in saturated fatty acids
(lauric acid, 40.8%) (Colombo et al., 2018; Simiqueli et al.,
2018). Besides the oils, macauba fruit could provide about
20 t ha™! of biomasses, including rich protein cakes and
lignocellulosic fractions.

The increasing global appeal for multipurpose plants
with co-products used in the biobased industry motivates
the consolidation of macauba as a prosperous vegetable oil
source. Macauba processing could generate at least four
main co-products: pulp and kernel cakes, epicarp (husk),
and endocarp (shell), with multiple industrial purposes.
The pulp and kernel cake co-products are rich in dietary
fiber, carbohydrates, and proteins, respectively, which can
be useful in food and feed formulations (Andrade et al.,
2020; Gongalves et al., 2020; Silva et al., 2021). Epicarp
and endocarp are the non-edible co-products, mostly stud-
ied as biocoals, energy production, and materials for civil
constructions (Ampese et al., 2021; Calvani et al., 2020;
Costa et al., 2019; Vieira et al., 2021). Overall, those are
the main drivers for the increasing interest on the devel-
opment of the macauba value chain supported by scientific
knowledge advances.

Brazil and Paraguay are leading the development of
value chains based on Acrocomia fruits, and the first
cultivated areas are in the establishment phase (Vargas-
Carpintero et al., 2021). Attracted by its potential sustain-
able markets, some companies have begun to invest in

the agricultural and industrial modules in Brazil. Among
them, Soleum established a pilot macauba plantation in
degraded areas, covering more than 700 ha, in Patos de
Minas (State of Minas Gerais); Inocas (Innovative Oil and
Carbon Solutions) already has planted 2400 ha and expects
to expand to 30,000 ha by 2030 (Siamig, 2022). Recently
(April/2023), the multinational ACELEN initiated an
unprecedented and innovative macauba entrepreneurship
to evolve the energy transition in Brazil envisaging the sus-
tainable aviation fuel (Acelen BR, 2023), aiming to grow
around 120,000 ha of macauba.

The potential of macauba to become a pillar of a robust
global bioeconomy motivates this review, which aims to
present a comprehensive analysis of the most relevant
scientific reports and promote macauba, a rich yet under-
explored palm, as an alternative source of conventional
vegetable oils. This review examines the nutritional and
phytochemical profiles of macauba and co-products, along
with their biological activities. It also evaluates conven-
tional and emerging methods of oil extraction from the
pulp and kernel. The discussion extends to the poten-
tial use of macauba processing co-products as valuable
feedstocks in a biorefinery system, emphasizing their
significance within a bioeconomy framework. Finally, a
biorefining approach is proposed to enhance profitability
and minimize waste, positioning macauba as a high-value
raw material for diverse industrial applications in-line with
circular economy principles.

2 | Acrocomia ssp.: GENERAL ASPECTS
Macauba is a native palm to the tropics and subtropics,
with occurrences in areas with high to medium precipita-
tion and high solar irradiation in America, such as Mexico,
Colombia, Argentina, Bolivia, Paraguay, Venezuela, Suri-
name, French Guiana, and the Antilles. Its remarkable
resilience and resistance to water scarcity, easy adaptation
to different climates, lower environmental impact, and ver-
satility of uses make it a highly promising crop compared to
palm oil, the world’s main source of vegetable oil. Further-
more, macauba fits to integrated cultivation systems, such
as the Crop-Livestock-Forest Integration, which renders
low carbon emissions, representing a more sustainable
alternative to conventional oilseed growing (Pires et al.,
2023).

Commercial exploitation and plantation of macauba are
still in their early stages, as previously reported. Currently,
the existing value chains rely on fruits gathered by small-
holders’ farmers from natural populations. The fruits are
supplied to local small-scale oil extraction facilities, pri-
marily driven to niche markets, or processed on-farm by
local communities for own consumption and short-chain
market (Pires et al., 2023; Vargas-Carpintero et al., 2021).
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FIGURE 1

Macauba fruits are usually consumed fresh, and the pulp
has sweet flavor and gummy texture. The kernel is also
appreciated. At some places, the pulp is turned into flour.
And both, fresh and dried pulp are ingredients for juices,
ice-creams, and pastries, among others. The kernel oil
is anecdotally claimed as a joint disease’s relief (Oliveira
etal., 2022).

Macauba shows a huge natural variability in its pheno-
type traits (Ciconini et al., 2013). For instance, the number
of bunches is within three to seven plants per year, with
total fruit yield between 320 and 1080 per plant. In a
cultivation field, 1 ha could expect to have around 450
plants in a single production system and 320 plants in an
integrated production. It means a total fruit yield in the
range of 144.000-486.000 fruits ha™! in a single produc-
tion system or 102.400-345.000 fruits ha~! in an integrated
production.

The fruits are found in massive bunches weighing more
than 25 kg (in natural conditions). The fruits (Figure 1)
are a spherical drupe with diameter within 25-60 mm.
They comprise the epicarp (husk), the mesocarp (pulp),
the endocarp (shell), and the nut (kernel), corresponding
to 20%, 40%, 33%, and 7% to the total mass of the fruit
(Colombo et al., 2018; del Rio et al., 2016).

3 | NUTRITIONAL PROFILES OF PULP
AND KERNEL FRACTIONS

Macauba fruit is a source of valuable nutrients and bioac-
tive compounds. Understanding the detailed composition,
major and minor composition, the bioaccessibility of the
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nutrients, the functional properties, and the biological
activities is paramount to introducing this fruit to a robust
local and global market (Gongalves et al., 2020).

Table 1 depicts the nutritional profile (macro- and
micronutrients, pigments, vitamins, fatty acid, and amino
acid profiles) of the macauba pulp and kernel. The nutri-
tional profile varies significantly according to the genotype
and the harvest place (Antoniassi et al., 2020). Tables S1
and S2 summarize the nutritional composition (macronu-
trients) and the fatty acid profile of pulp and kernel from
different harvest places in South America, respectively.

The nutritional composition of macauba fruits is highly
variable, influenced by factors such as genotype and har-
vest location, as depicted in Table S1. This variability can
complicate the standardization of macauba-based prod-
ucts, making it challenging to achieve consistent quality
and efficacy. Differences in genotypes variability, environ-
mental conditions, soil types, and climate patterns also
contribute to these inconsistencies, adding complexity to
ensuring uniformity in product formulation and nutri-
tional value (Al-Shammary et al., 2024; Madeira et al.,
2024; Sant’ Ana et al., 2024).

A comprehensive strategy should address this issue,
focusing on genetic improvement and optimized agricul-
tural practices. Genetic breeding programs can be used
to select and propagate macauba trees with stable and
desirable nutritional profiles, helping to reduce variabil-
ity and enhance consistency; indeed, numerous recent
studies have focused on identifying promising genotypes,
paving the way for a pre-breeding process that combines
multiple desirable traits (Ciconini et al., 2013; Madeira
etal., 2024). Furthermore, in commercial cultivation areas,
optimizing cultivation practices, such as controlled irri-
gation, fertilization, and soil management, can reduce
environmental variability (Al-Shammary et al., 2024). By
combining these genetic and agronomic approaches with
standardized processing techniques to preserve nutrient
integrity, macauba-based products can achieve greater
consistency in quality and nutritional value. This inte-
grated strategy will help overcome the current challenges
of variability, supporting the development of reliable,
high-quality macauba products that meet consumer expec-
tations and industry standards. A more detailed anal-
ysis of each nutritional component will be addressed
below.

3.1 | Lipids

Lipids are the most valuable component of macauba fruits,
with their concentration ranging from 3.2% to 28.9% in the
pulp and from 45 to 51.7 g 100 g~! of fresh weight in the
kernel, as reported in Table 1.



Comprehensive

4 0f30 HEVIEWS MACAUBA (ACROCOMIA SSP.) FRUITS

i Food Science and Food Safety

TABLE 1 Nutritional profile of macauba fractions (pulp and kernel).

Nutritional component Pulp Kernel

Macronutrients (g 100 g~! fresh weight)

Moisture content 5.98-61.7 5.0-12.9
Lipid 3.2-28.9 45-51.7
Carbohydrate 6.9-36.2 5.8-6.1
Protein 1.5-6.7 14.2-28.6
Dietary fiber 8.7-9.3 12.5-39.2
Ash 1.2-2.2 1.9-2.2
Micronutrients (mg 100 g~ fresh weight)

Nitrogen 0.7 3.6
Phosphorus 4.2 0.6
Potassium 5.4 9.3
Calcium 0.5 0.8
Magnesium 2.4 1.4
Copper 4.7 2.5

Iron 55.2 54.7
Manganese 27.5 5.8

Zinc 28.5 8.1
Pigments (ug 100 g~! fresh weight)

Xanthophylls 494 -
Carotenes 46 =
Carotenoids precursors 332 -
Flavonoids 1.4 -
Lycopene 0.2 -
Vitamins (ug 100 g~! of oil)

Vitamin A* 859 -
Vitamin C 5.2 -
Vitamin E 0.51 -

Fatty acids (%)

Caproic acid (C6:0) 0.1-0.2 0.2-0.8
Caprylic acid (C8:0) 0.11-0.3 3.1-6.2
Capric acid (C10:0) 0.1-0.2 2.4-5
Lauric acid (C12:0) 0.1-1.3 24.6-41.9
Myristic acid (C14:0) 0.1-2.6 4.9-13.4
Palmitic acid (C16:0) 7.2-27.4 6-9.2
Palmitoleic (C16:1) 0.1-5 -
Margaric acid (C17:0) 0.05-0.07 -
Stearic acid (C18:0) 0.7-3.6 2.2-3.6
Oleic acid (C18:1) 29.1-72.7 20.5-36.3
Linoleic acid (C18:2) 2.4-35.0 3.1-3.8
Linolenic acid (C18:3) 0.04-7.1 -
Arachidic acid (C20:0) 0.1-1.3 -
Eicosenoic acid (C20:1) 0.1-0.3 -
Behenic acid (C22:0) 0.07-0.2 -
Essentials amino acids (g 100 g~! of protein)

Histidine 1.6 2.9
Isoleucine 41 2.9

(Continues)
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TABLE 1 (Continued)

Nutritional component
Leucine

Lysine

Methionine
Phenylalanine

Threonine

Tryptophan

Valine

Nonessential amino acids (g 100 g~! of protein)
Alanine

Arginine

Aspartate

Cysteine

Glutamate

Glycine

Proline

Serine

Tyrosine

Pectin (g 100 g~! of dried pulp cake mass)

aRetinol equivalent 100 g1,

in Food Science and Food Safety

Pulp Kernel
7.6 6.3
33 4.9
1.1 1.9
5.1 5.6
4.9 2.8
- 0.5
4.8 4.9
9.2 3.8
9.3 16.2
15.0 8.9
0.4 0.8
12.7 20.8
6.3 4.6
4.8 3.7
5.7 4.9
4.3 2.5
333 =

Source: Antoniassi et al. (2020), Bora and Rocha (2004), Coimbra and Jorge (2012), Favaro et al. (2017), Gongalves et al. (2020), Lessa et al. (2022), Machado et al.

(2015), Magalhaes et al. (2020), Oliveira et al. (2014), Schex et al. (2018).

The oil from the pulp is composed mainly of monounsat-
urated fatty acids, such as oleic (70%), linoleic (2.4%), and
palmitoleic (1.3%) (Antoniassi et al., 2020; Machado et al.,
2015). The fruit’s yellow-orange color is attributed to its
high carotene content, which may enhance oil quality and
offer potential human health benefits (Favaro et al., 2017;
Schex et al., 2018). Kernel oil is rich in saturated fatty acids,
mainly medium-chain fatty acids, lauric, and myristic,
which account for 69.7% of the total oil composition. Oleic
acid (26.9%) is predominant among monounsaturated fatty
acids (del Rio et al., 2016).

The pulp and kernel oils present a broad spectrum of
physical and chemical characteristics depending on the
harvest and post-harvest conditions, the evaluated acces-
sion, and the extraction method. For instance, the oils
from pulp and kernel from Brazilian fruits, obtained by
solvent extraction (hexane), presented similar density of
0.9 g cm™ and refraction index of 1.5; acidity value of
0.87 and 0.05 mg KOH g™!; viscosity of 29 and 27.9 mPa s;
iodine index values of 189.3 and 193.7 g I, 100 g%, respec-
tively (Lescano et al., 2015). Additionally, the oils present
high thermal stability, with melting point of —10 and
20°C, for pulp and kernel oils, respectively (del Rio et al.,
2016). Those characteristics indicate that this unexplored
palm presents two important sources comparable with
conventional vegetable oils, such as palm (E. guineensis)
oil.

3.2 | Carbohydrates

Carbohydrates are the third major component in the pulp
(6.9%-36.2%) and kernel (5.8%-6.1%) (Antoniassi et al.,
2020; Machado et al., 2015), as presented in Table 1. Among
the carbohydrates quantified in macauba pulp, starch is
the main polysaccharide (12.6%), whereas glucose (3.64%—
9.5%), fructose (3.93%), and sucrose (0.1%) are the prevalent
monosaccharides (Antoniassi et al., 2020; Ramos et al.,
2008a). Pectin was also quantified in macauba pulp by
Gongalves et al. (2021), achieving a value of 33.3 g 100 g
of dried pulp cake mass.

Other polysaccharides were also identified in
macauba fruits. For instance, Silva et al. (2009) iso-
lated and characterized the galactoglucomannan

from the macauba mesocarp. The acid hydrolysis
of this compound led to the identification of six
oligosaccharides: (i) 3-O-p-D-galactopyranosyl-D-gala-
ctose, (ii) 4-0O-3-D-galactopyranosyl-D-mannose,
(iii) 4-O-B8-D-mannopyranosyl-D-mannose, (iv) 4-O-f-D-
mannopyranosyl-D-glucose, W) 4-O-a-D-glucopy-
ranosyl-D-glucose, and (vi) O-fB-D-mannopyranosyl-
(1 - 4)-O-B-D-mannopyranosyl-(1 — 4)-D-mannose.
Another recent study by Denagbe et al. (2024) evaluated
the aqueous extraction of glucomannan oligosaccharides
and polysaccharides from macauba pulp. Structural
characterization by NMR spectroscopy indicated that the
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extracted compounds are linear glucomannans composed
B-(1-4) osidic bonds in a 3:1 general D-Manp/D-Glcp ratio.
These carbohydrates displayed an acetyl group in the C2
position (D-Manp) with a substitution degree between
12% and 14%, presenting lower molecular weight and
a 3-fold higher degree of acetylation. Those oligosac-
charides presented promising emulsifying properties
(stability > 6 months), useful for cosmetics and food
industry applications.

3.3 | Fibers

Macauba pulp and kernels contain a good amount of
dietary fiber (Table 1). The pulp and kernel had values
ranging from 8.7 to 9.3 and 12.5 to 39.2 g 100 g~!, respec-
tively (Antoniassi et al., 2020; Ramos et al., 2008a). As
reported in Section 3.1, the fiber concentration can also
vary depending on the collection location. Table S1 shows
that the fiber concentration in macauba fruits can range
from 8.82% to 32.43% for pulp and 12.49% to 39.17% for
the kernel (Coimbra & Jorge, 2011; Machado et al., 2015;
Pereira et al., 2021). Fibers play an important role in the
gastrointestinal microbiota, and low consumption of fibers
can result in non-communicable chronic diseases, such
as obesity and diabetes (Das et al., 2020). For this rea-
son, the reported data indicate a substantial fiber content
in macauba pulp and kernel. Given its high fiber con-
tent, macauba fruit has the potential to function as a
prebiotic food that is beneficial for gut microbiota health
(Andrade et al., 2020). In addition, the high fiber content
in macauba pulp and kernel is paramount in promoting
digestive health and managing hepatic steatosis. It helps to
regulate blood sugar levels, improve lipid metabolism, and
reduce liver fat accumulation. By incorporating macauba
pulp into the diet, individuals can support the manage-
ment of metabolic dysfunctions and enhance liver health
(Zeng et al., 2024).

3.4 | Protein

Macauba pulp contains a poor amount of proteins
(Table 1), with values of 1.5-6.7 g 100 g~! of fresh pulp
(Antoniassi et al., 2020; Ramos et al., 2008). However, it
can vary according to the extrinsic factors (as mentioned
previously for other nutrients), as reported in Table Sl.
Higher protein concentration values are observed in the
kernel (14.2-28.6 g 100 g™! of fresh kernel). The high pro-
tein content in the kernel enhances the overall nutritional
value of macauba fruit because the different fractions of the
macauba fruits synergize together to provide an optimal
nutritional profile.

The nutritional quality of protein generally depends
on its amino acid composition, particularly essential
amino acids (Menegotto et al., 2019). The composition of
the essential amino acids shows that the proteins from
macauba pulp and kernel are of good quality. In the
pulp, leucine (7.6), phenylalanine (5.1), threonine (4.9),
and valine (4.8) (g 100 g~!) are majoritarian, whereas in the
kernel, leucine (6.3), phenylalanine (5.6), and lysine and
valine (4.9) are the dominants (g 100 g!). Regarding the
nonessential amino acids, aspartate (15), glutamate (12.7),
arginine (9.3), and alanine (9.2) in the pulp, and glutamate
(20.8), arginine (16.2), aspartate (8.9), and serine (4.9) (g
100 g7!) in the kernel are predominant (Bora & Rocha,
2004).

Comprehending protein digestibility is essential for
evaluating nutrient absorption and health benefits. A
study by Hiane et al. (2006) examined the in vitro
digestibility of native and heated globulin and glutelin
from macauba kernels. The authors studied the heating
effect because it can improve protein breakdown by alter-
ing its structure or inactivating protease inhibitors that
reduce digestibility. They observed that both forms of
globulin showed good digestibility compared to casein,
whereas glutelin was less digestible in both conditions.
Moreover, macauba globulin was more easily digested than
proteins from legumes like soy and mesquite, which often
contain protease inhibitors. The slight increase (nonsignif-
icant) in digestibility after heating suggests that macauba
proteins, free from such inhibitors, have promising absorp-
tion potential. The study underscores macauba kernel,
particularly as a co-product of oil extraction, as a valuable
and digestible protein source.

From a technological perspective, macauba pulp and
kernel proteins extracted from cake byproducts (after oil
removal) may be valuable nutrients in foods that can con-
tribute to biorefinery industrial processing and contribute
to enriched vegan foods from the nutritional point of view.

3.5 | Minerals

The macauba is also an important source of minerals.
Macauba pulp comprises higher levels of iron, zinc, and
manganese, whereas iron, potassium, and zinc are the
major minerals in the kernel (Table 1). Iron is the most
available mineral, both in the pulp and kernel, whose con-
tent is 55.2 and 54.7 mg 100 g~!, respectively (Machado
et al., 2015).

Those compounds play a vital role in the function-
ing of the human organism, acting in diverse metabolic
processes, biochemical reactions, and as cofactors of cer-
tain enzymes. Beyond knowing the total mineral con-
tent, understanding the bioavailability of each mineral is



MACAUBA (ACROCOMIA SSP.) FRUITS

Comprehensive

Ews 7 of 30

crucial for assessing its nutritional impact. The in vitro
bioavailability of some minerals of the macauba pulp
reached 57.6%, 20.3%, 15%, and 13.6%, respectively, to zinc,
manganese, iron, and copper (Gongalves et al., 2020).

3.6 | Vitamins
Vitamins are organic substances (micronutrients) that
play various physiological and biological processes in the
human body when consumed in small quantities. The con-
sumption of those substances is highly necessary, and its
deficiency is hitched with several health consequences
(Tiozon et al., 2021). Vitamins A, C, and E are the main
vitamins in macauba pulp (Montoya-Arroyo et al., 2021;
Oliveira et al., 2014). For instance, vitamin A, that accounts
for 859.4 of retinol equivalent 100 g~! in the macauba
pulp (Oliveira et al., 2014), is responsible for maintaining
healthy vision, optimal growth and development, cellu-
lar integrity, and differentiation of epithelial cells, and
it contributes to the functional immune system, human
production of milk in lactating mothers, and acts as an
antioxidant against cellular damage (Tiozon et al., 2021).
The vitamin E in fruits of macauba sampled in Costa
Rica presented a range within 13.3-51.4 mg kg~ in the pulp
(Montoya-Arroyo et al., 2021). This vitamin also plays vital
roles in the human body, such as in the antioxidant defense
of cells against free radicals and, more specifically, in the
avoidance of the oxidation of some fatty acids placed in the
cell membranes, whose decay is related to development of
dementia and atherosclerosis (Tiozon et al., 2021).
Macauba pulp also has significant quantities of vitamin
C (52.1 mg 100 g~1) (Montoya-Arroyo et al., 2021; Oliveira
et al., 2014). Consuming this vitamin C-rich fruit con-
tributes to various bodily functions, including antioxidant
activity, collagen synthesis, carnitine and catecholamine
production, tyrosine metabolism, peptide hormone syn-
thesis, prevention of N-nitroso compound formation, and
supporting nervous system function, iron absorption, and
blood cell production (Tiozon et al., 2021).

4 | PHYTOCHEMICALS IN MACAUBA

Phytochemicals are minor bioactive compounds found
in edible plants, such as vegetables, seeds, nuts, cereals,
and other non-edible plant parts (like roots, leaves, and
peel) that have been demonstrated to play a wide range
of protective roles and health benefits, such as antioxida-
tive, antiproliferative, anti-inflammatory, and anticancer
effects to prevent chronic diseases, among them, aging,
cardiovascular disease, and metabolic syndrome (Hu et al.,
2023; Monteiro-Alfredo et al., 2021). Table 2 summa-
rizes the phytochemicals identified in macauba fruits and

i Food Science and Food Safety

their co-products. Macauba fruits are a valuable source of
phytochemical molecules, such as phenolic compounds,
carotenoids, tocopherols, and phytosterols. This section
provides an overview of the primary phytochemicals inves-
tigated in macauba fruits and their derived co-products.

4.1 | Phenolic compounds

Macauba fruits and tree components exhibit a diverse
phenolic profile, whose concentrations could be depen-
dent of the accessions and edaphoclimatic conditions. The
spectrophotometry assays for total phenolic compounds
(TPC) were widely studied in macauba parts. The data
regarding the phenolic quantification indicate a signif-
icant variation among different macauba fruit samples.
For instance, the TPC value in the whole macauba pulp
and in the kernel cake, from fruits collected in the State
of Minas Gerais (Brazil), showed contents of 262.41 and
215.53 mg gallic acid equivalent (GAE) g~!, respectively
(Andrade et al., 2020). Oppositely, fruits from Mato Grosso
do Sul, Brazil, exhibited significantly lower TPC values of
0.50 mg GAE g™! (Correia et al., 2022). The same authors
also evaluated the flavonol content, and the content was
0.32 mg of rutin equivalent, RE g‘l. Moreover, macauba
pulp from Ceard, Brazil, exhibited a total phenolic con-
tent of 0.51 mg GAEs g~! and a total flavonoid content of
0.37 RE g~! (Oliveira et al., 2014).

As previously reported, macauba epicarp is an impor-
tant co-product of macauba processing. This co-product
has a high potential application due to the presence of
bioactive compounds. For instance, phenolic compounds
were extracted from macauba epicarp by ultrasound (fre-
quency of 40 kHz) using a methanolic solution (50% v/v)
at 25°C, and the TPC reported in the extracts ranged from
1.94 to 6.45 mg GAE g~! (Gomes et al., 2021).

Chromatography assays for phenolic identification and
quantification in macauba are currently in the beginning.
Fonseca et al. (2021) extracted phenolic compounds from
macauba pulp using ultrasound (40 kHz for 30 min at
25°C) with acetone/water/acetic acid solution (70:29.5:0.5
v/v/v). Twelve phenolic compounds were identified and
quantified by HPLC/DAD, as depicted in Table 2: catechin,
epicatechin, epicatechin gallate, epigallocatechin gallate,
procyanidin BI1, procyanidin B2, myricetin, kaempferol
glucoside, caffeic acid, trans-caftaric, chlorogenic acid, and
cis-resveratrol. Among them, flavonols were the predomi-
nant phenolic class, and the catechin (2318.6 mg 100 g™!)
and epicatechin gallate (657.1 mg 100 g~!) were the most
abundant ones.

Macauba leaves are also a potential source of phyto-
chemical compounds, particularly phenolic compounds.
Monteiro-Alfredo et al. (2020) studied the phenolic pro-
file of macauba leaf extracts by two extraction techniques,
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TABLE 2
Fruit or Extraction
plant part method
Pulp Maceration
Pulp Ultrasound
Pulp oil Mechanical
pressing
Kernel Soxhlet
Pulp Mechanical
pressing
Leaves Maceration
Thorns Maceration

Process conditions

S: methanol
acidified
T:75°C

t: 30 min

f: 40 kHz

S: ice-cooled
acetone
t:15s

S: petroleum ether
T: 40-60°C

S: methanol
T: room
temperature

S: sequential,
hexane, chloroform,
ethyl acetate, and
methanol

T:35°C

t:36 h

Note: S: solvent; T: temperature; t: time, f: frequency.
Abbreviation: LC, liquid chromatography.

Class of
compounds

Phenolic
compounds

Carotenoids

Carotenoids
and
tocopherols

Tocopherol and
tocotrienol

Terpenoids

Triterpene,
steroids, and
stilbene

Phytochemicals identified in macauba fruits and their co-products.

Identified compounds
Catechin, epicatechin,
epicatechin gallate,
epigallocatechin gallate,

procyanidin B1,
procyanidin B2,

myricetin, kaempferol
glucoside, caffeic acid,

trans-caftaric,

chlorogenic acid, and

cis-resveratrol

Violaxanthin isomer,
(all-E)-violaxanthin,
(all-E)-neoxanthin,
(all-E)-luteoxanthin,
(all-E)-antheraxanthin,
(13Z)-lutein, (13’ Z)-lutein,

(all-E)-lutein,

(137)-zeaxanthin,
(all-E)-zeaxanthin,
(92)-lutein, phytoene 1,

(9'Z)-1utein,
(9Z)-zeaxanthin,

phytoene 2, phytoene
3 + phytofluene 1,

phytofluene 2,
phytofluene 3,
phytofluene 4,
phytofluene 5,
phytofluene 6,
(13Z)-B-carotene,

(all-E)-f-carotene,

(92)-B-carotene

Tocopherol, a- and
f-carotenoids, lutein, and

lycopene

a-, -, and 8-tocopherol

a-Tocopherol and y- and

a-tocotrienols

Totaiol, cylindrin,
arboniol, isoarborinol,
campesterol, daucosterol,
and the carboxylic acid

tridecanoic acid
triterpene

O-Methyl-acrocol 1,
O-methyl-lupeol 2,
3-oxo-arborinone 3,

sitostenone 4,

campesterol 5, sitosterol
6, stigmasterol 7, and

piceatannol 8

Identification
method

HPLC/DAD

HPLC-DAD-
APCI/ESI-MS"

HPLC-DAD

HPLC-FL
(fluorescence
detection)

UHPLC/MS

LC-ESI-MS-MS

HR-ESI-(+)-MS

References

Fonseca et al.
(2021)

Schex et al.
(2018)

Sant’ Ana
et al. (2023)

Coimbra and
Jorge (2011)

Prates-Valério
et al. (2019)

Souza et al.
(2019)

Souza et al.
(2017)
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(i) infusion (with water) and (ii) maceration (with ethanol
and methanol). The aqueous medium (infusion) was
more efficient in phenolic extraction, and six pheno-
lic compounds were identified and quantified by liquid
chromatography with photodiode array detector; four phe-
nolic acids (gallic, vanillic, caffeic, and ferulic), and two
flavonoids (rutin and quercetin). Gallic, ferulic, and vanil-
lic acids were the most concentrated, with levels of 201.6,
197.9, and 182.4 mg g~!, respectively, whereas quercetin
was identified as the predominant flavonol at 88.7 mg g~*.
The knowledge of phenolic compounds in macauba fruit
co-products still needs to be perused. More studies should
be carried out to explore the optimization of extraction
techniques, identification, quantification, and the possi-
ble application of those valuable compounds. Co-products
of macauba as raw materials for extracting valuable com-
pounds could be an important strategy to add value and
to transform the non-edible parts of the fruit into new
ingredients for the food and pharmaceutical industries.

4.2 | Carotenoids

The most studied phytochemicals from macauba pulp are
carotenoids, which are converted into vitamin A in the
body. This conversion can contribute to a stronger immune
response and reduced risk of degenerative diseases (Khalil
et al., 2021). The literature presents a wide variation in
carotenoid content in macauba pulp, with different stud-
ies reporting different concentration ranges. For instance,
Ramos et al. (2008b) reported a (3-carotene content of
49.0 ug g fresh pulp, representing approximately 80% of
the total carotenoids. Most of the carotenoid’s molecules
presented in the macauba fruit are concentrated in the
pulp (140.88 pg g~'), whereas a short amount is observed
(1.25 pg g7!) in the kernel (Munhoz et al., 2018). Besides
that, the carotenoid content in macauba pulp is directly
related to the post-harvest steps, and fruits storage at 23°C
for 30 days presented an increase of 15% in carotenoid
content (Tilahun et al., 2022).

In another study regarding the quantification and
identification of carotenoids, macauba pulp from Gua-
nacaste presented 8.72 pg g~' as the total content of
carotenoids, and 25 carotenoids were identified: violax-
anthin isomer, (all-E)-violaxanthin, (all-E)-neoxanthin,
(all-E)-luteoxanthin, (all-E)-antheraxanthin,  (132)-
lutein, (13'Z)-lutein, (all-E)-lutein, (13Z)-zeaxanthin,
(all-E)-zeaxanthin, (9Z)-lutein, phytoene 1, (9'Z)-lutein,
(9Z)-zeaxanthin, phytoene 2, phytoene 3 + phytofluene 1,
phytofluene 2, phytofluene 3, phytofluene 4, phytofluene
5, phytofluene 6, (13Z)-f-carotene, (all-E)-f-carotene, and
(9Z)-B-carotene. Among them, phytoene 2 (2.28 ug g~! and
(all-E)-violaxanthin (1.68 pg g!) were the majoritarian

i Foud Science and Food Safety

carotenoids identified (Schex et al., 2018). Addition-
ally, the authors observed a correlation between fruit
ripening and the accumulation of specific carotenoids,
including phytoene, phytofluene, (all-E)-zeaxanthin,
(all-E)-antheraxanthin, and (all-E)-violaxanthin, in the
pulp.

Sant’ Ana et al. (2024) investigated MPO, which is rich
in carotenoids (5-carotene: 163.63, ar-carotene: 21.03, lutein:
8.75, lycopene: 14.11 pg g™), for its effects on gut health
in mice fed a high-fat (HF) diet. Although the study
did not directly examine bioavailability of carotenoids, it
focused on the impact on short-chain fatty acid (SCFA)
production, colon structure, and gut microbiota, which are
linked to the absorption and utilization of nutrients. Mice
were divided into three groups: control, HF, and HF diets
with 4% MPO (HFM). The HFM group showed higher
butyric acid levels, increased goblet cells, thicker colon
muscle layers, and higher microbiome diversity than the
HF group. Additionally, MPO reduced harmful gut bac-
teria (Desulfobacterota phylum, Ruminococcaceae, Oscil-
lospiraceae, Prevotellaceae, Bifidobacteriaceae family, Fae-
calibacterium, Prevotella, Ruminococcus, and Enterorhab-
dus genus). These results suggest that MPO rich in
carotenoids may improve gut health and prevent dysbiosis,
potentially enhancing the absorption and effectiveness of
its bioactive compounds, thereby contributing to its health
benefits.

4.3 | Tocopherol and tocotrienols

Macauba oils exhibit a high content of tocopherols. These
compounds act as efficiently as an antioxidant, improving
the quality of vegetable oils and preventing oxidation of
PUFA, which is especially prone to oxidation (Azzi, 2019).
The common tocopherol isomers observed in macauba oil
(pulp and kernel) are a-, 8-, y-, and -, with quantities
varying according to the fruit fraction (pulp or kernel),
harvest place, and extraction technique. Fruits from the
Southeast and Midwest of Brazil showed that the pulp
(0.14, 0.003, 0.058, 0.008, and 0.21 mg g_1 for -, -, y-, 6-,
and total tocopherol content, respectively) has higher toco-
pherol content than the kernel (0.014, 0.0008, 0.008, and
0.023 mg g‘1 for a-, B-, 6-, and total tocopherol content,
respectively) (Coimbra & Jorge, 2011). Macauba pulp from
Costa Rica presented lower tocopherol values than those
from Brazil (0.02, 0.0003, 0.0002, and 0.02 for a-, 8-, 8-, and
total tocopherol content, respectively) (Montoya-Arroyo
et al., 2021).

Tocotrienols, distinct from tocopherols by the number of
methyl groups due to their position on the chroman ring
and their biological activities (Azzi, 2019), have been iden-
tified in macauba palm oil. Recent studies reported the
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presence of tocotrienols in MPO. MPO from three different
regions of Costa Rica presented values of y- (0.0002-
0.03 mg g1), B~ (0.0003-0.002 mg g~'), and &- (0.0006-
0.0012 mg g™!) of tocotrienols isomers (Montoya-Arroyo
et al., 2021).

4.4 | Phytosterol

Phytosterols, another class of phytochemicals identified in
macauba fruit and leaves, exhibit a wide range of potential
pharmacological and nutraceutical applications, including
anti-inflammatory, antioxidant, and cholesterol-lowering
properties. Additionally, phytosterols have shown promise
in preventing diabetes, certain cancers, cardiovascular
diseases, and skin conditions (Prasad et al., 2022).

Phytosterols were recently quantified in macauba
pulp, kernel, and a 1:1 pulp-kernel blend using gas
chromatography-mass spectrometry (GC-MS). Differ-
ent extraction methods using ethanol extraction were
employed to recover those compounds. The highest
concentration of phytosterols was found in the kernel
(0.86 mg g1), followed by the pulp + kernel blend
(0.63 mg g~1) and pulp (0.44 mg g~!) by Soxhlet, whereas
for ultrasound, the highest value was 0.73 mg g~! (stigmas-
terol: 0.13, campesterol: 0.11, and f-sitosterol: 0.49 mg g™!)
at 70°C and a solvent-sample ratio of 12 mL g~! (Rosa
et al., 2020). Higher phytosterol content (1.88 mg g!)
was observed by Trentini et al. (2017) using high-pressure
propane (at 4 MPa and 60°C); among the phytosterols
molecules quantified, S-sitosterol presented the highest
concentration (1.50 mg g~!), followed by campesterol
(0.27 mg g™!) and stigmasterol (0.12 mg g™1).

Macauba leaves also contain phytosterols. Three phy-
tosterols (campesterol, stigmasterol, $-sitosterol) and two
triterpenoids (lupeol and lupeol acetate) were identified
and quantified in methanolic (lupeol: 71.6, lupeol acetate:
55.1, stigmasterol: 34.7, f-sitosterol: 23.2, and campes-
terol: 18.9 mg g~') and ethanolic extracts (B-sitosterol:
60.1, lupeol acetate: 52.7, lupeol: 49.4, stigmasterol: 25.7,
and campesterol: 21.0 mg g~!) from extracts obtained
from macauba leaves by GC-MS (Monteiro-Alfredo et al.,
2020). Those findings showed that the recovery of phytos-
terols is highly dependent on the fruit fraction, extraction
technique, and solvent employed.

5 | BIOLOGICAL ACTIVITIES OF
MACAUBA AND ITS CO-PRODUCTS

Several studies have demonstrated the pharmacologi-
cal and biological activities of the macauba fruits. The
phytochemicals (presented in Section 4) are the main
compounds responsible for the health benefits and the

pharmacological activities, demonstrated by in vitro and
in vivo trials. Table 3 summarizes the potential bioac-
tivities and health benefits of macauba fruits and their
co-products.

5.1 | Antioxidant capacity

Numerous studies have reported the antioxidant prop-
erties of the macauba oils and co-products (pulp cake,
leaves, and epicarp), by in vitro assays (2,2-azinobis-(3-
ethylbenzothiazoline-6-sulfonate)—ABTS; 2,2-diphenyl-1-
picrylhydrazyl—DPPH; hydroxyl radical scavenging activ-
ity and S-carotene-linoleic acid assays). Moreover, in vivo
studies have assessed the antioxidant effects of these mate-
rials by evaluating lipid peroxidation, lipid hydroperoxide
levels, and H,0,-induced oxidative stress (Arena et al.,
2018; Costa et al., 2020; Gomes et al., 2021; Monteiro-
Alfredo et al., 2020).

Ethanol extracts of macauba epicarp, obtained through
ultrasound-assisted extraction, exhibited significant
antioxidant activity, as determined by ABTS and DPPH
assays. The antioxidant capacity, expressed as Trolox
equivalent antioxidant capacity (TEAC), ranged from
83.13 to 89.87 mg TEAC g! for ABTS and 97.98 to
102.57 mg TEAC g~! for DPPH, which could be attributed
to the high contents of phenolic compounds (1.94 and
6.45 mg GAE g™!), as reported in Table 3 (Gomes et al.,
2021).

MPO exhibited strong in vitro antioxidant capac-
ity, inhibiting hydroxyl radical formation by 70.6% at
5 ug mL~!. Notably, MPO demonstrated superior antioxi-
dant activity compared to the synthetic benchmark, BHT,
in the S-carotene-linoleic acid assay, with inhibition rates
of 70.2% for MPO and 57.9% for BHT at the same concen-
tration (5 pg mL™). These findings were confirmed by in
vivo studies demonstrating a 67% reduction in lipid per-
oxidation, as assessed by the TBARS assay, in mice fed a
diet supplemented with 20% MPO compared to the control
group (Costa et al., 2020).

Oxidative stress is a critical factor contributing to
reproductive disorders, including those induced by
chemotherapeutic agents like cyclophosphamide (Arena
et al., 2018). Given this, the antioxidant properties of MPO
are particularly noteworthy. A recent study demonstrated
the protective effects of MPO against cyclophosphamide-
induced oxidative damage, as evidenced by a 50%
reduction in lipid hydroperoxides when co-administered
(200.6 nmol g~!) with MPO (30 mg kg~! day ') compared
to the control treatment (cyclophosphamide without pulp
oil: 401.0 nmol g™!). This antioxidant activity is attributed
to MPO’s rich content of carotenoids and tocopherols,
which effectively scavenge reactive oxygen species (ROS).
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The antioxidant protection was associated with the high
levels of carotenoids and the presence of tocopherols in
the oil (as expressed in Table 3), mediated by scavenging
oxidants such as superoxide, resulting in a decrease in
ROS (Arena et al., 2018).

5.2 | Anti-inflammatory activity
Inflammation is characterized by a natural protective
physiological response of the body against any tissue injury
(wound, cuts, burns, radiation, irritants, and physical or
chemical stress), microbial infection (i.e., bacterial, viral,
and fungal), and autoimmune disorders. Recently, the
use of phytochemicals from plants or byproducts, such
as polyphenols, flavonoids, flavones, terpenoids, alkaloids,
and essential oils, has gained remarkable recognition due
to its promising anti-inflammatory properties (Hussain
etal., 2022).

MPO, rich in those compounds, exemplifies this poten-
tial. The administration of 25 and 50 uL of MPO for 10 days
significantly reduced (67%) the neutrophil migration to the
peritoneal cavity and reduced mononucleate infiltration
(68%) in the inflammatory site in mice in comparison to
the control group. The anti-inflammatory properties were
directly related to the phytochemicals present in the MPO
pulp, which is possibly mediated by phenolic compounds
(Costa et al., 2020).

Additionally, MPO-encapsulated and non-encapsulated
forms exhibited anti-inflammatory activity in models of
pleurisy and paw edema induced by carrageenan. Regard-
ing pleurisy, the administration of microencapsulated oil at
concentrations of 300 and 700 mg kg~ markedly inhibited
leukocyte migration (91% and 81%, respectively). Related to
plasmatic extravasation, the doses at 300 and 700 mg kg™
inhibited 98% and 100%, showing a significant result. The
non-encapsulated pulp oil administration at 300 mg kg~
showed paw edema inhibition of 67% after 2 h, and after
4 h, there was no edema induction (Lescano et al., 2015).

The health benefits promoted by the macauba pulp
and kernel oil resulted in a patent of an active ingredi-
ent (composed of a mixture of fatty acids having between
6 and 28 carbon atoms), being useful as a nutritional
supplement, cosmetic-therapeutic formulations, and in
pharmaceutical compositions for preventing and treating
oxidative stress and inflammation (Canavaciolo Gonzales
et al., 2013).

In this context, to fully elucidate the mechanisms under-
lying the anti-inflammatory effects of macauba oil, further
investigations are essential to identify specific bioactive
compounds and develop strategies for preserving their
bioactivity in potential products.

i Food Science and Food Safety

5.3 | Antidiabetic

There is an increasingly interest in finding alternative ther-
apies for Type 2 diabetic patients, because commercially
synthetic drugs are reported to cause various side effects
(Sorita et al., 2022 and Sorita et al. 2020). Macauba oils,
both MPO and MKO, have also been studied for their
antidiabetic potential. The hypoglycemic effect of the oil
extracted from macauba pulp and kernel oils was studied
in experimental models of streptozotocin (STZ)-induced
diabetes rats by Silva et al. (2019), Nunes et al. (2018), and
Nunes et al. (2020), respectively. The findings suggest that
macauba oils are therapeutic in combating diabetes and
related metabolic disorders.

Another study by Silva et al. (2019) showed that oral
administration of MPO (3 g g™!) to diabetic rats resulted
in a rapid decrease in blood glucose levels within 21
days from the beginning of the treatment compared with
untreated diabetic rats. This positive result was associated
with reducing oxidative stress and lipid peroxidation due to
the oil’s highest oleic acid and S-carotene concentrations.

Diabetic-induced rats fed with low and high doses of
MKO (0.04 and 0.16 g oil g~! of diet) for 28 days decreased
by 50% the glycemia compared to control rats. In this study,
beyond hypoglycemic effect, it was observed that the rats
fed with MKO had lower deposition of medium-chain fatty
acid, the most relevant in MKO, in epididymal adipose
tissue of the diabetic rats (Nunes et al., 2018).

These findings suggest that MPO and MKO are poten-
tial natural treatments for diabetes. The hypoglycemic
effects of macauba oils and their ability to reduce oxida-
tive stress and lipid peroxidation suggest their potential
to improve blood glucose control and overall metabolic
health. The reduced medium-chain fatty acid deposition in
adipose tissue further underscores MKO’s potential to pre-
vent diabetes-related complications, enhancing the overall
therapeutic profile of both macauba oils.

5.4 | Anti-tumor properties
Extracts of the different parts of fruits and co-products,
including pulp and kernel oils (Magosso et al., 2016), leaves
(Souza et al., 2019), and thorns (Souza et al., 2017), exhibit
anticancer properties. These extracts exhibit potential in
inhibiting the proliferation of cancer cells, including those
associated with breast, glioma, colon, HPV, intestinal, and
ovarian cancers, suggesting potential for the development
of novel anticancer therapies.

In a corresponding study, Costa et al. (2020) evaluated
in mice the antimutagenic properties of MPO by micronu-
cleus test. MPO was added to the diet (5%—-20%) for 10 days
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and then exposed to colchicine, a DNA damage inducer.
Diets supplemented with MPO exhibited lower micronu-
cleus frequency (45%) in all concentrations, compared
to the control. The authors correlated the antimutagenic
effects with fatty acid profile and antioxidant compounds,
such as phenolic and carotenoids.

Terpenoids (totaiol, cylindrin, arboniol, isoarborinol,
campesterol, daucosterol, and the carboxylic acid tride-
canoic acid triterpene) isolated from macauba leaves
presented antiproliferative effects against cancer cell lin-
eages Ca Ski (HPV-modified human cancer cell), with an
ICsy < 6.25 mg mL~! (Souza et al., 2019).

Ethyl acetate extracts from macauba thorns also showed
efficacy against many tumor cell lines. The extract
demonstrated notable anticancer activity, with 50% inhi-
bition of cell growth (GI5;) achieved at concentrations of
10.4 ug mL~! for breast cancer cells (MCF-7), 77.3 uyg mL~!
for glioma cells (U251), and 92.2 ug mL~"! for colon can-
cer cells (HT29). Additionally, the extract reduced cell
viability at the ICs, concentrations in HPV-infected cervi-
cal human carcinomas: 39.8 ug mL~! for HPV 16 (SiHa)
and 12.0 yg mL~! for HPV 18 (HeLa), as well as in
human intestinal tumors (Caco-2) at 40.0 ug mL~!. Hex-
ane extracts also present efficacy against ovary cancer (3)
with Gls; of 133.4 ug mL~! (Souza et al., 2017).

Triple-negative breast cancer (TNBC) is an aggressive
subtype representing 8%-13% of all breast cancers. Unlike
other types, TNBC lacks estrogen, progesterone receptors,
and HER2 (human epidermal growth factor receptor 2)
overexpression, limiting treatment options and increasing
the risk of recurrence, particularly in younger women and
breast cancer associated 1 mutation carriers (Adrada et al.,
2023). A recent study by Aleixo et al. (2024) developed poly-
meric micelles loaded with MPO to address this unmet
clinical need. These nanoparticles demonstrated potent
cytotoxicity and antimetastatic effects against TNBC cells
after 48 and 72 h, whereas no toxicity was observed
on non-tumor cells. The tested concentrations (386 and
96.5 ug mL~!) significantly inhibited MDA-MB-231 (TNBC
cells) cell migration. At 48 h, the difference between the
treatment and control groups was approximately 40%.
The observed reduction in cell viability, proliferation, and
migration suggests that polymeric micelles loaded with
MPO could be a promising therapeutic strategy for TNBC
and warrants further in vivo evaluation.

5.5 | Other bioactivities

Extracts from distinct parts of macauba were eval-
uated against several other biological activities, such
as immunoadjuvant, diuretic, bacteriostatic, and anti-
protozoal effects.

Galactoglucomannan, a carbohydrate extracted from
macauba pulp using an aqueous solution, presented
high immunoadjuvant activity and delayed hypersensi-
tivity responses in mice after ovalbumin-induced allergic
inflammation. After 72 h of galactoglucomannan injection
(100 pg), approximately 75% of the increment in the right
footpad thickness of mice was reduced (Silva et al., 2009).

Male rats fed a diet supplemented with 5 g of pulp
oil increased the urine concentration of 1 mL of uri-
nary excretion 100 g~! of body mass (compared with the
control treatment) after 8 h showing potential diuretic
effects due to its bioactive compounds, such as carotenoids,
tocopherol, vitamin C, and others (Lescano et al., 2015).

Ethyl acetate extracts from macauba thorns exhibited
bacteriostatic and protozoan effects against Staphylococ-
cus aureus (with minimum inhibitory concentration of
50 ug mL~Y) and Trypanosoma cruzi (ECs, 15.5 uyg mL™),
respectively. The same extract was purified, obtaining
an isolated compound called piceatannol 8, which pre-
sented activity against the leishmaniosis protozoan (ICs,
of 58.4 ug mL™!) (Souza et al., 2017).

6 | CONVENTIONAL AND NEW
TRENDS FOR OIL RECOVERY

The primary products from macauba fruits are the pulp
and kernel oil due to their high content and quality, as
detailed in Section 3.1. Currently, macauba pulp and ker-
nel oils are primarily extracted using mechanical pressing
(MP). The process encompasses cleaning, peeling, and
pulping the fruit, then drying and pressing the pulp to
extract the oils. To extract kernel oil, the endocarps are
ruptured and separated from the kernels by flotation in a
solution with NaCl or clay. Then, the kernels are washed
and dried prior to the pressing step. Finally, the extracted
kernel oil is filtered to produce the final kernel oil product
(Rivaldi et al., 2022).

As detailed in Section 3 and Table S1, the high water
content in macauba pulp, reaching up to 62%, renders
MP impractical due to the substantial energy requirements
involved in the drying process. Furthermore, the extraction
of vegetable oils by pressing (also called expeller extrac-
tion) has a low yield, generating a cake (co-product) with
high oil content (15%-20%).

Over the past decade, numerous research aimed to over-
come the drawbacks of traditional extraction methods, and
innovative and sustainable processes have been proposed
to improve the oil quality and yield.

An innovative and eco-friendly vegetable oil recovery
route is aqueous extraction, which may or may not be
assisted by enzymes (aqueous extraction processing—AEP
and aqueous enzymatic extraction—AEE). The use of
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enzymes promotes a breakage of the vegetable tissues and
facilitates the release of the oil, with no need of previous
drying. After extraction, the resulting slurry, composed of
solid and the oil fraction, can be separated using two- or
three-phase decanter centrifuges. The final crude oils are
almost free of phosphatides and, consequently, with low
turbidity, similar to the degumming stage in the refining
of vegetable oils (Diaz-Suérez et al., 2021; Polmann et al.,
2019; Wei et al., 2022). Using two- or three-phase decanters
is already a reality in the olive and avocado oil extraction
industries.

This innovative oil extraction process separates the
continuous oily phase from the other fruit components
without altering its composition or organoleptic character-
istics (Permal et al., 2020; Wong et al., 2014). This process
was successfully applied for high-quality oil recovery from
olive and avocado (Abbattista et al., 2021; Altieri et al., 2015;
Dahdouh et al., 2023; Gila et al., 2022; Permal et al., 2020;
Wong et al., 2014) on scale-up trials. Thus, this technolog-
ical approach may emerge as an innovative method for oil
recovery from different raw materials, such as macauba
pulp. A pioneer study applied AEP to macauba pulp,
and the results were very promising for both high extrac-
tion efficiency (88.7%) and oil quality (0.4%-4.2% oleic
acid, low oxidative status, 101-107 ug g™ total carotenoid)
(Favaro et al., 2022). Such efficiency was obtained using
the commercial enzymatic pool Cellic Ctec3 (AEE). After-
ward, another trial was carried out with AEP to recover
MPO using a commercial enzymatic pool of pectinases,
and 88.6% of extraction efficiency was achieved, and a
good standard of quality was also observed (Sorita et al.,
2024).

AEP and AEE render, beyond the oil, two other co-
products, the liquid fraction and the solid fraction, whose
composition depends on the raw material and the condi-
tions of the extraction process (Polmann et al., 2019; Wei
et al., 2022). Both fractions can be integrated into a biore-
finery to produce other ingredients and/or energy to the
own macauba processing. This approach not only reduces
the environmental impact due to the non-residue’s forma-
tion but also adds value to the macauba chain (Sorita et al.,
2023).

The avoidance of organic solvents and high energy con-
sumption is totally in line to a sustainable production
of macauba. Therefore, a large-scale processing use of
AEP/AEE for recovering macauba pulp and kernel oils
is an important opportunity for achieving the Sustain-
able Development Goal (SDG) in edible oil production.
Because the co-products generated are not polluted with
toxic solvents, they are useful as raw materials for pro-
ducing several high-added-value products for the food and
pharmaceutical industries.

inFood Science and Food Safety

7 | MACAUBA CO-PRODUCTS AND
THEIR APPLICATIONS: IMPORTANT
FEEDSTOCKS FOR A BIOREFINERY
SYSTEM

A bold interest is given to macauba co-products, which
can be divided into edible (pulp and kernel cake) and
non-edible (epicarp and endocarp), whose applications
could reach several industrial segments, as summarized in
Table 4. The novelty of this section is to highlight macauba
co-products as a feedstock of a possible sustainable system
(described in Section 8), following the principles of circular
economy and the emergent biorefinery concept.

71 |
cakes

Edible co-products: pulp and kernel

Macauba pulp cake (MPC) and macauba kernel cake
(MKC) are the main co-products resulting from the pulp
and kernel MP, respectively. As this dry route of oil recov-
ery is the most studied and reported for macauba so
far, most of the available scientific literature brings those
two kinds of cakes as the raw material for feeding pur-
poses. According to Andrade et al. (2020), MPC and MKC
are composed of protein (2.9% and 27.8%), lipids (28.6%
and 28.3%), carbohydrates (9.7% and 1%), and fibers (20%
and 36%, respectively). Moreover, phytochemicals, such as
phenolic compounds with antioxidant capacity, were also
identified in those co-products, as reported in Section 4.1.
Regarding food applications, MPC and MKC have
been used to improve the nutritional quality of cookies
(Gongalves et al., 2021); to produce edible coating films
(Silva et al., 2020); and protein concentrates (Silva et al.,
2021), among other uses. MPC and MKC were evaluated as
a substrate for probiotic microorganisms (Bifidobacterium
lactis, Lactobacillus casei, and Lactobacillus acidophilus) to
produce SCFAs (organic acids), such as lactic (6.6-9.8 and
3.2-9.8 g L™1), propionic (3.1-3.7 and 3.2-4.3 g L), butyric
(0.25-0.3 and 0.3-0.4 g L™!), and acetic acid (0.8-1.2 and
0.5-1.1 g L7}, for MPC and MKGC, respectively) (Andrade
et al., 2020). Gongcalves et al. (2021) showed that MPC pre-
sented a high pectin concentration (33.3%), which may be
used as a food additive due to its gelling, stabilizing, and
thickener properties. The valorization of pectin from MPC
may be an alternative to traditional pectin sources.
Current food engineering and packaging research has
highlighted the development of new bio-based packag-
ing materials that keep and improve the quality of food
products (Miicke et al., 2021). An active edible coating
with antimicrobial activity against Pseudomonas aerugi-
nosa and S. aureus was recently developed using MPC.
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TABLE 4

Co-product
Pulp cake

Pulp cake

Pulp cake

Pulp cake

Pulp cake

Pulp cake

Pulp and
kernel cake

Kernel cake

Kernel cake

Kernel cake

Kernel cake

Endocarp

Application area

Effluent treatment

Biofuels

Food

Food

Biotechnology

Biotechnology

Food

Food

Food

Food

Biotechnology

Effluent treatment

Product
Adsorbent

Ethanol

Food additives

Edible films

Enzymes—a-

amylase
production

Enzymes—
lipase
production

Prebiotic

Emulsifiers

Plant-based
foods

Additives—
pulses and
vegan foods

Enzymes—dye
degradation

Biosorbent

Summarization of macauba co-products applications.

Target results

Maximum absorption:
Methylene blue: 25.80 mg g~!
Congo red: 32.00 mg g™

Microorganism: Candida boidinii UFMG14
strain

Ethanol production: 12 g L™

Improving in nutritional quality cookies:
increasing of fiber, protein, and pectin content
in cookies

Moderate yellowish color, low opacity, good
tactile aspect, homogenous and without
fractures

Permeability of water vapor:

3.61-8.33 g mm m 2 day !

Bacillus amyloliquefaciens

pH: 7.0

Time: 24 h

Activity: 196.0 U mL™!

Moniliella spathulate

Maximum activity: 2.47 U mL™

Temperature: 31.5°C and pH 6.7
Functionality in a wide temperature and pH
range

Bifidobacterium lactis, Lactobacillus casei, and
Lactobacillus acidophilus

Lactic (6.6-9.8 and 3.2-9.8 g L)

Propionic (3.1-3.7 and 3.2-4.3 g L™)

Butyric (0.25-0.3 and 0.3-0.4 g L!)

Acetic acid (0.8-1.2 and 0.5-1.1 g L7, for MPC
and MKGC, respectively)

High protein solubility: 77.1%

High emulsion stability: 313 min

Water- and oil-binding capacity: 3-3.84 mL g~!
Emulsifying activity index: 175.7 m? g~!
Isoelectric point: pH 4.9

Hydrophobicity: higher in pH 3.5

Oil holding capacity: 153.77%

Water holding capacity: 97.29%

Identification of two proteins fraction:

7 S globulins (vicilin-like and basic 7 S globulins)

11 S globulins
Solubility concentration: 0.1 mol L™! of
chaotropic salts (NaCl, KCl, and Na,SO,)

Pleurotus ostreatus

Pleurotus eryngii

Dye: Carmine indigo dye
Temperature: 4-60°C

Time: 16 h

pH: higher activity in acidic conditions
Endocarp mass: 150 g

pH: 6.5

[Ni (I1)]: 10 mg mL ™

Retention: 50.05%

References
Vieira et al. (2012)

Gongalves et al. (2013)

Gongalves et al. (2021)

Silva et al. (2020)

Silva et al. (2016)

Souza et al. (2015)

Andrade et al. (2020)

e Silva et al. (2022)

Lessa et al. (2022)

Silva et al. (2021)

S Lopes et al. (2020)

Altino et al. (2017)

(Continues)
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Target results

Pyrolysis temperature: 250°C

[U(VD)]:5mg L~}

Retention: 86%

Surface area: 907 m? g~*
Adsorption capacity:

Bisphenol A: 0.148 mmol g*
Ethinylestradiol: 0.104 mmol g~*
Amoxicillin: 0.072 mmol g~

Surface areas: 951-1002.5 m? g~
Atrazine retention: 90%-98%
Specific surface area: 2 m? g=!
Maximum lead adsorption capacity:

1042 mg g™

Removal of Fe3*: 99.73%

Removal of mn?*: 94.79

Surface application rate: 10 m®* m=2 h!
Surface area: 627 m? g~

Pore volume: 0.39 m> g

Glycerol purity (after purification): 95.99%

Application: hydroponic culturing

Micronutrients: K: 2610, Ca: 533, Mg: 279, Fe:

1316, B: 257, S: 166, and P: 239 mg kg™

Concentration: 5%

in Food Science and Food Safety

References
Guilhen et al. (2019)

Moura et al. (2018)

Vieira et al. (2021)

Souza De Brito et al.
(2023)

Giraldo-Barefio et al.
(2023)

Barbosa et al. (2022)

Ledén-Ovelar et al.
(2022)

Calvani et al. (2020)

Improving thermal insulation capability
Decrease of compressive strength

Pre-treatment:

Ampese et al. (2021)

Flow rate (water): 10 mL min~!
Temperature: 200°C

Pressure: 14 MPa

Time: 40 min

Biogas (CH,): 357.3 mL g~! of macauba epicarp

TABLE 4 (Continued)
Co-product Application area Product
Endocarp Effluents Biosorbent
treatment pH:3
Endocarp Effluents Activated
treatment carbon
Endocarp Effluents Activated
treatment carbon
Endocarp Effluents Sulfonated
treatment carbon
Endocarp Effluent treatment  Biosorbent
Endocarp Glycerol Activated
purification charcoal
Endocarp Agriculture Biochar
Endocarp Civil construction Bricks
Epicarp Biofuels Biogas
Epicarp Thermal energy Briquettes

Pressure: 1000 PSI

Costa et al. (2019)

Temperature of 120-130°C
Time: 5 min
Calorific value: 4174.5 kcal kg™*

Abbreviations: MKO, macauba kernel oil; MPO, macauba pulp oil.

Promising properties, such as tensile strength, thickness,
elongation, water and acid solubility, and water vapor per-
meability, were observed for this product (Silva et al.,
2020).

Another study by Silva et al. (2021) suggested that
MKC can be a vegetarian complement in pulse diets
due to its high protein content. The amino acid profile
of MKC showed that arginine (15.5), leucine (6.2), and
valine (4.8 g 100 g~!) were the main essential amino
acids, whereas glutamic acid (21.7) and aspartic acid (8.7 g
100 g~1) were the main nonessential amino acid presented
in MKC. The authors also observed that albumin and glob-
ulins were the main protein fractions. Globulins, found
in higher concentrations (58.5%), were subdivided into

two fractions (7S and 11S) with different physicochemi-
cal properties and applications. The functional properties
of MKC showed high protein solubility (77.1%) and high
emulsion stability (313 min). In addition, high emulsion
stability and important gelling properties were detected in
MKC: 3.84 water-binding capacity, 3 mL g~! oil-binding
capacity, 175.7 m? g~! emulsifying activity index, and 10%
least gelling concentration (Silva et al., 2022). The study
of the technological potential of MKC is important to
develop foods enriched with MKC, which may be used
as a new food ingredient (as protein concentrate), espe-
cially in applications requiring emulsion stabilization and
gelling properties, such as in Pickering emulsions, meat
alternatives, dressings, and dairy desserts.
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MPC and MKC were also used in other fields, such
as biofuels, effluent treatment, and biotechnology, as pre-
sented in Table 4. MPC was efficiently used as adsorbent
material to remove methylene blue and Congo red dyes
from wastewater (Vieira et al., 2012), whereas MKC was
used as a substrate to produce enzymes by Pleurotus ostrea-
tus and Pleurotus eryngii fungus with high degradation
capacity of the indigo dye (Lopes et al., 2020). Besides that,
MPC has shown to be a good inducer of a-amylase produc-
tion using Bacillus amyloliquefaciens in submerged culture
(Silva et al., 2016).

7.2 | Non-edible co-products: epicarp and
endocarp

Epicarp is a thin, hard, brittle, and fibrous structure with
light brown color (when mature) and corresponds to 20%
of the fruit, as reported in Section 2. Recent studies have
employed this co-product as raw material for bioethanol
production due to their cellulose-rich composition, glu-
cose (69%), xylose (19%), mannose (5%), galactose (4%),
and arabinose (3%) (Rencoret et al., 2018), which may be a
decarbonization strategy for circular economy approaches.
This co-product has also been used for charcoal production
due to its high calorific value (Costa et al., 2019).

Endocarp is another non-edible co-product from
macauba processing. It is also a lignocellulosic material,
corresponding to about 33% of the overall fruit mass
(Section 2). The research on this co-product is mainly
associated with charcoal and activated carbon for various
applications and biosorbents (Table 4).

For instance, macauba endocarps show an efficient, low-
cost, and environmentally friendly biosorbent in wastewa-
ter treatment for the removal of nickel (II) (Altino et al.,
2017), uranium (VI) (Guilhen et al., 2019), atrazine pes-
ticides (Vieira et al., 2021), and emerging contaminants
(such as bisphenol A, ethinylestradiol, and amoxicillin)
(Moura et al., 2018). Furthermore, activated charcoal pro-
duced from the macauba endocarp was also effective for
removing pigments from crude glycerol (Barbosa et al.,
2022) and as substitute for peat in planting substrates for
hydroponic hydroculture (Le6n-Ovelar et al., 2022).

Scale-up studies are essential to address the chal-
lenges inherent in auto-scale systems, including ensur-
ing consistent efficiency and quality, reducing costs, and
meeting stringent regulations. A significant advancement
was made in scaling up trials using macauba endocarp,
chemically treated with 10% w/v sodium hydroxide, as
a biosorbent for removing AI**, Mn?*, and Fe3* from
contaminated surface water. Giraldo-Barefio et al. (2023)
demonstrated high process efficiency, achieving removal
rates of 99.73% for Fe’>* and 94.79% for Mn?*. Addition-

ally, analysis of conductivity, turbidity, pH, color, and metal
concentrations revealed that columns constructed with the
endocarp co-product effectively reduced these parameters,
showcasing the technical feasibility of this biosorbent.

Cellulose and lignin from agricultural co-products,
added to the cementitious matrix to filler, and reduce the
amount of cement, bring environmental and economic
benefits. Due to their high mechanical and impermeable
properties, endocarps from macauba fruits successfully
enriched Portland/residue composites (up to 5% w/w),
improving thermal insulation in civil constructions (Cal-
vani et al., 2020).

A pioneering study by Alves et al. (2022) unveiled the
bioenergy potential of macauba endocarp by comprehen-
sively analyzing its pyrolysis kinetics and thermodynam-
ics. By employing non-isothermal thermogravimetric anal-
ysis and advanced modeling techniques, the study iden-
tified three parallel reactions for devolatilization: hemi-
cellulose, cellulose, and lignin, with activation energies
of 90.2-99.5, 113.6-123.9, and 153.0-167.3 kJ mol !, respec-
tively. Another study by Evaristo et al. (2016) revealed
that macauba endocarp activated carbon possesses the
highest energy density at 33.14 GJ m~3, whereas the epi-
carp exhibits the lowest energy density at 31.99 GJ m~—3.
The above-cited works confirmed the macauba endocarp
and epicarp viability as a bioenergy feedstock, positioning
the macauba non-edible co-products as a promising and
environmentally friendly bioenergy alternative.

In summary, macauba epicarp appears as a raw mate-
rial with remarkable bioenergy potential to compete as
an effective alternative for diversifying and decentraliz-
ing energy supplies. At the same time, macauba endocarp
emerges as a raw material for diversifying products in a
biorefinery system applied for industrial macauba process-
ing.

8 | BIOREFINING MACAUBA: A
BIOECONOMY SMART MODEL TO
IMPROVE PROFITS AND MITIGATE
WASTES IMPACT

Biorefineries offer a promising pathway to align macauba
oil production with SDGs. Biorefineries can mitigate the
environmental and social impacts associated with tradi-
tional food production systems by transforming potential
waste products into valuable bio-based materials (Sarkar
et al., 2021).

Thus, considering the composition and applicability of
macauba co-products (epicarp, pulp, kernel cakes, and
endocarp) presented in Section 7 and Table 4 and the
greener extraction process (AEP/AEE) suggested in Sec-
tion 6, a suggested roadmap is illustrated in Figure 2. This



MACAUBA (ACROCOMIA SSP.) FRUITS

Comprehensive

REVIEWS _| 21orse

i Food Science and Food Safefy

Macauba fruits

v
g Epicarp removal ----» Epicarp (20%)

v

Pulp separation

v

‘ v
@ Pulp (40%) ﬁ Kernel (7%)

Prebiotic

(oligosaccharides)
Phenolic compounds ) Liquid fraction «-.
Pectic compounds Co-product  :

v ov

Aqueous extraction processing

Bioethanol

Biogas

Thermal energy
Phenolic compounds
Polymers

Reducing sugar

v
Endocarp + Kernel

v
Endocarp rupture

Biosorbent
Activated carbon
Biochar

Bricks

p v
@ Endocarp (33%)

Prebiotic
(oligosaccharides)
Phenolic compounds
Hydrolized proteins

- Liquid fraction

Prebiotic (oligosaccharides)

Hydrolized proteins v v
Adsorbent = Two/Three phases decanter centrifuge  ** <
Bioethanol | P
Fiber-rich food : v -
additives Solid fracﬁqh « Pulp oil Kernel oil

Edible films Co-product
Enzyme production
Prebiotic
Bio-polymer

FIGURE 2 Macauba co-products in a biorefinery approach.

roadmap suggests that high-value products, such as bio-
gas, adsorbent materials, emulsifiers, ethanol (2G), and
biochar, can be derived from these raw materials. The
routes depicted in Figure 2 indicate that chemical, biolog-
ical, mechanical, and thermal treatments are effective for
processing macauba biomass in a biorefinery to produce
these high-value products.

Biofuels have garnered significant attention as a renew-
able energy source, offering substantial economic and
environmental benefits. Thus, epicarp emerges as a raw
material for energy industries to produce gaseous (biogas)
(Ampese et al., 2021), liquid (reducing sugars) (Lacerda
et al., 2016), and solid (briquettes) (Costa et al., 2019).

AEP/AEE applicability offers an approach to extracting
oil from macauba pulp and kernels, generating two rich
co-products, the liquid and solid fractions. The liquid co-
products of macauba pulp and kernel are rich in sugars,
phenolics, and hydrolyzed proteins and can enrich food
systems and improve their nutritional profiles in the diet
(Sorita et al., 2024).

As macauba pulp and kernel are lignocellulosic-rich
materials, their liquid residue is particularly enriched with
oligosaccharides (XOS: xylooligosaccharides and COS:
cellooligosaccharides), along with phenolic compounds,
offering various dietary applications. XOS and COS are pre-

“+ Solid fraction < Emulsifiers
Co-product | protein concentrates - Vegan foods

biotic fibers that promote gut health and can be incorpo-
rated into functional food systems like fermented drinks,
yogurt, energy bars, dietary supplements, cookies, non-
alcoholic carbonated drinks, bread, cheese, and others to
improve functional activities such as viscosity, as sugar
replacer, prebiotics, sweetener, fat replacer, sodium reduc-
tion, flavor enhancer, and texture modifier (Avila et al.,
2020; Chen et al., 2021; Palaniappan et al., 2021; Poletto
et al., 2020; Valladares-Diestra et al., 2023).

Phenolic compounds offer biological properties and can
enhance products in the diet, such as juices, yogurts,
bread, chocolate, meat, cheese, and snacks. When incor-
porated into foods, they provide dietary health benefits,
including antioxidant, anti-inflammatory, cardiovascular,
anticarcinogenic, and neuroprotective effects (Alara et al.,
2021; Bodoira et al., 2022; Shahidi & Dissanayaka, 2023; Sik
et al., 2022; Singh & Yadav, 2022).

Because macauba kernel is rich in protein, using pro-
teases in AEP/AEE can produce a liquid byproduct rich in
hydrolyzed proteins, which could be valuable for dietary
applications (Li et al.,, 2017; Liu et al.,, 2020; Tirgar-
ian et al., 2019). These highly bioavailable pre-digested
proteins are ideal for products targeting rapid nutrient
absorption, such as functional beverages and protein sup-
plements. Additionally, they can be incorporated into
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plant-based and vegan foods, meal replacements, and forti-
fied snacks (Hertzler et al., 2020; Kumar et al., 2022). Those
applications make hydrolyzed macauba kernel proteins a
versatile ingredient for enhancing food products’ nutri-
tional profiles for targeted dietary needs. Overall, the liquid
co-products from macauba pulp and kernel oils have the
potential to enrich a range of food products, significantly
enhancing their nutritional and functional value.

Macauba solid co-products, rich in fiber, proteins, and
bioactive compounds, offer a wide range of potential
dietary applications. The fiber-rich pulp fraction can be
incorporated into high-fiber foods like cereals, bread,
and biscuits, promoting digestive health and support-
ing cholesterol management (Khorasaniha et al., 2023;
Subiria-Cueto et al., 2021; Suresh et al., 2024). The solid
co-product from kernel oil extraction provides a valu-
able source of plant-based protein for supplements—vegan
foods (Silva et al., 2021), shakes (Popova et al., 2023),
energy bars, and snacks (Lima et al., 2021)—while also
serving as an emulsifier (Silva et al., 2022) in products
like sauces and vegan mayonnaise (Alcorta et al., 2021),
thereby enhancing the nutritional profile of these foods.
Furthermore, with their high fiber content and low sim-
ple sugar levels, these co-products can also be used as
prebiotics (Andrade et al., 2020) and low-glycemic foods,
making them ideal for individuals with diabetes or insulin
resistance (Dega & Barbhai, 2023). Additionally, the high
fiber, protein, polysaccharide, and phenolic content of the
macauba pulp solid co-product make it suitable for pro-
ducing edible films (Silva et al., 2020). These applications
highlight the potential of macauba co-products to enrich
the nutritional and functional value of a wide range of food
products.

Besides the food applications of the solid co-products,
biotechnology and environmental industries also ben-
efit from using cake co-products to produce enzymes
and adsorbent material (Lopes et al., 2020; Vieira et al.,
2012). The carbohydrate-rich MPC (Section 7) is a poten-
tial feedstock for second-generation ethanol production
(Gongalves et al., 2013).

Therefore, the proposed biorefinery approach offers a
promising strategy for transforming macauba co-products
into high-value products, thus contributing to a sustain-
able circular bioeconomy.

9 | CHALLENGES AND
OPPORTUNITIES FOR THE
SUSTAINABLE MACAUBA PRODUCTION
CHAIN

Despite its great potential for oil and other valuable prod-
ucts, macauba production faces several challenges and

opportunities across all processing stages, as outlined
below.

One of the main issues is the seasonality of macauba,
which limits fruit availability and can lead to production
gaps. As a solution, farmers could adopt an “integrated
cropping system,” growing macauba alongside other crops
or livestock farming (Cardoso et al., 2017). This approach
would allow them to maximize land use by harvesting
other crops in the off-season, creating a more stable and
efficient year-round production cycle.

Another major challenge is the need for efficient har-
vesting methods. Currently, macauba fruits are collected
manually, based on extractivism, as no specialized machin-
ery is designed for this crop (Evaristo et al., 2016). This
labor-intensive approach is not feasible for large-scale pro-
duction. Therefore, developing dedicated machinery or
adapting existing equipment for macauba harvesting is
crucial to achieving a more efficient and sustainable har-
vest. If the machinery could also be used for other crops,
it would make the investment more viable, as it could
serve multiple harvest cycles, improving overall produc-
tivity because macauba is a seasonal crop. Furthermore,
a robust harvesting process is essential to minimize dam-
age to the fruit, which can trigger the action of lipases and
other degradative agents that compromise the quality of
the fruit (Evaristo et al., 2016; Oliveira et al., 2022). Special-
ized machinery would help preserve the fruit’s integrity,
extending its quality and suitability for further processing.

Another challenge in the aqueous extraction of macauba
oil is the variation in oil yield and quality depending on the
fruit’s maturation stage. As the fruit ripens, its chemical
composition, including oil content, fatty acid profile, and
oxidative stability, changes (Evaristo et al., 2016; Tilahun
et al., 2022), affecting the efficiency of the extraction
process. Studies by Tilahun et al. (2022) suggested that
post-harvest handling, such as storage conditions and dry-
ing, significantly influences the oil content and quality
of macauba fruits. Their research highlighted that storage
for extended periods, particularly up to 30 days, positively
impacts the oil yield, with drying at higher tempera-
tures further optimizing the oil quality, particularly when
combined with appropriate storage strategies.

However, after post-harvest and before the extraction
process, macauba fruit must be handled carefully to avoid
spoilage and preserve the pulp and kernel’s quality for pro-
cessing (Queiroz et al., 2016; Silva et al., 2019). Due to its
high moisture content (Table S1), macauba is particularly
prone to rapid spoilage in warm, humid climates, which
can significantly reduce the quality of the extracted prod-
ucts (Queiroz et al., 2016; Silva et al., 2019). To address
this, harvested macauba can be stored in cool or controlled
environments, such as refrigerated facilities or ventilated
storage areas with low humidity. These conditions help
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to maintain the fruit’s quality, extending the available
processing time and minimizing post-harvest losses.

Regarding AEP/AEE scalability, transitioning from
small-scale (laboratory or pilot) extraction processes to
full-scale industrial macauba oil production presents sig-
nificant technical and regulatory challenges. For oil to be
the primary product, processing equipment must be devel-
oped or adapted to ensure consistent efficiency, quality,
and yield at scale. Adapting aqueous extraction equip-
ment for other crops with similar oil profiles, such as
olives and avocados, for which such processes are already
documented (as reported in Section 6), could provide valu-
able insights into optimizing the method for macauba oil
extraction. However, ensuring that these processes remain
cost-effective, efficient, and safe while meeting food safety
and environmental standards remains a key hurdle.

After the oil extraction, a dedicated processing system
for macauba co-products is essential to establish a robust
and sustainable production chain that aligns with circu-
lar economy principles. For the liquid fraction, membrane
filtration methods enable the selective separation of valu-
able bioactive compounds while treating water, supporting
both purification and waste minimization (Anténia Nunes
et al., 2019; Foti et al., 2022; Sygouni et al., 2019; Tapia-
Quird6s et al., 2022). For the solid fraction, rich in pulp
fibers, kernel proteins, and residual oils, a system integrat-
ing drying, milling, and fractionation is critical to stabilize
and maximize the use of these components (Toledo e
Silva et al., 2022). This comprehensive approach reduces
waste and transforms co-products into valuable materi-
als, advancing resource efficiency and sustainability in
macauba processing.

Overall, the macauba production chain holds promis-
ing potential and presents opportunities for research and
innovation in food technology, sustainable agriculture,
environmental engineering, and biotechnology. However,
significant challenges remain, including efficient harvest-
ing methods, advanced processing systems, and scalable
purification and fractionation technologies to fully utilize
macauba’s co-products. Addressing these issues will be
essential for establishing a robust, sustainable production
chain. Despite these challenges, macauba is an excellent
model for integrated, sustainable systems aligned with cir-
cular economy principles, making it a valuable subject of
study across multidisciplinary areas.

10 | CONCLUSIONS

The perceived competition between food and energy pro-
duction is paradoxical, as energy is essential for food
processing. Macauba fruits offer a unique solution by
providing edible oil and substantial biomass co-products.

in Food Sciexce and Food Safety

Free from toxic compounds, these co-products possess
significant potential for various applications in the food,
health, and energy sectors. The exploitation of macauba
in the biorefinery concept is a promising strategy to be
in line with a robust bioeconomy development. Therefore,
macauba fruit has emerged recently as a sustainable alter-
native to conventional vegetable oil sources and other food
ingredient production. Macauba is rich in essential nutri-
ents, which include fatty acids, protein, minerals, vitamins,
and dietary fiber, playing a vital role in human nutrition.
Moreover, many phytochemicals (phenolic compounds,
tocopherols, tocotrienol, triterpene, steroids, and stilbene)
were identified in macauba fractions and associated with
several potential bioactivities, such as antioxidant, anti-
inflammatory, antidiabetic, and others. Nevertheless, con-
tinued in vitro, in vivo, and clinical trials are crucial to
confirm the human health benefits of macauba products
and demonstrate their functional properties. Additionally,
a significant gap exists in understanding how the body
absorbs, metabolizes, and utilizes nutritional and bioac-
tive compounds. Further research is needed to clarify the
bioavailability of these components, which is essential for
fully assessing their health benefits and potential applica-
tions in nutrition and health. By combining eco-friendly oil
extraction with comprehensive utilization of all biomass
components, macauba has the potential to become a basis
of the emerging bio-based industry.
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