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ABSTRACT

The growing development of biological products highlights the social and environmental responsibility that sev-
eral industrial companies are facing in recent years. In this context, the advancement of bioprocessing as an alter-
native for exploring the potential of ecologically based products, especially in biofuels, food, and agro-industrial
business, exposes the rational efficiency of the application of renewable sources in different industrial segments.
Industries strongly associated with food production concentrate large amounts of wastes rich in bioactive
compounds. A range of highly effective technologies has been highly explored to recover large concentrations
of prominent compounds present in these materials. The advances in this scenario assurance value addition to
these by-products, in addition to highlighting their various technological applications, considering the biorefinery
and ecologically based production concepts. Accordingly, this review article described a detailed and systematic
approach to the importance of using bioactive compounds and exploring the main sources of these elements.
Also, some recent and innovative research that has achieved encouraging results was highlighted. Furthermore,
the study included the main extraction technologies that have been investigated as a strategy of prospecting
the application of bioactive compounds and optimizing the processes for obtaining natural compounds from
plant sources. Finally, future outlooks were presented to contribute to the innovative opportunities and applic-
ability of highly promising technologies and manipulations of bioactive compounds from a range of perspectives.
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1 Introduction

Bioactive compounds are substances with strong action potential synthesized by the secondary
metabolism of plants. These components are extremely important since their production is closely related
to plant responses to imposed diversities over time [1]. A diversity of compounds is detected in large
amounts in plant materials such as flowers and fruits, vegetables, nut-based, leaves, roots, etc. [2—6].
Additionally, recent studies have shown plant wastes as valuable sources of biocompounds applicable for
various purposes [7,8]. These compounds accumulate and large concentrations can be extracted from
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plant matrices, attending the human requirements and adding value to these materials [9]. This scenario
favors a spectrum of opportunities involving the functional application of these components in a range of
fields of study [8]. Furthermore, this promising scenario is closely associated with the physicochemical
characteristics of the compounds present and their key functional properties.

Plants constitute a range of biocompounds, such as phenolics, flavonoids, anthocyanins, terpenes, and
terpenoids, etc. [10—13]. These elements have a high potential for application and are widely explored for
their various benefits to human health and the environment. Natural action such as antioxidants,
anticancer, anti-inflammatory, and antidiabetic has been investigated and proposes phytochemicals as
supplements to the natural requirements of the human body [9,14]. Accordingly, Fig. 1 shows a
representation of notable bioactive compounds identified in the shoot and root organs of plants. As
previously discussed, these constituents have a high action in combating health disorders and preserving
and increasing nutritional properties.
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Figure 1: Dominant bioactive compounds present in aerial (leaves, stalks, and flowers) and root organs of
plants

Some investigative studies have focused on the action of compounds as mechanisms against the action
of viruses causing a range of infections [15]. One of these diseases is the coronavirus, caused by the SARS-
CoV-2 virus. One of the main challenges has been to verify the potential of these bioactive compounds as
antiviral agents, which has not yet been comprehensively investigated. Bioactive compounds obtained
from plants can be used in the form of extracts or essential oils for the prevention or treatment of
symptoms caused by infections and diseases. Appropriately, several studies have found the use of
bioactive compounds as fundamental components in biotechnology-oriented industries, mainly those
directed exclusively to food-related and agricultural purposes. Therefore, investigations have
demonstrated the implementation of bioactive compounds as active agents for the preservation and
escalation of food quality, increase in the nutritional value of foods, and plant defense, etc. [16—19].

Nonetheless, considering the intensification of population growth and the gradual increase in food
demand, several challenges have been considered in the production and maintenance of these elements in
the process of exploration of the matrices. One of the main obstacles is the prevalence of healthy eating,
which has been an important priority for the population recently. The prevalence of cardiovascular
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diseases and the emergence of new viral diseases, such as the coronavirus, have stimulated the investigation
of plant compounds with potential action against these infections [20]. Also, these challenges have been in
constant expansion by the target of research by increasing the shelf-life of the compounds as a strategy to
increase their potential [16]. The direct adoption of technologies that increase the production potential of
bioactive metabolites, metabolic pathways strategies as precursors in the synthesis of phytocompounds,
and in the combination of the performance of different abiotic agents as modelers of morphological and,
consequently, the biochemical performance of plants have been significant examples regarding the
expansion of promising alternatives for the production of biocompounds [21-23]. Moreover, the
evolution of vegetarianism and veganism has been a key element in the development of plant foods, and
the increase in consumption of this type of food reports the necessity for innovative strategies that meet
new demands [24,25]. Plant bioactive compounds serve as a source of a range of components of
considerable health-promoting and notable disease-prevention action, such as proteins, carotenoids,
phenolic compounds, etc. [26]. Nevertheless, technological advances that promote large-scale production
and generate high interest in the consumer market are demanded. Many of these strategies involve the
action of ultrasound equipment, subcritical fluids, supercritical fluids, and enzyme-based extraction
[27-30]. These technological advances promote higher concentrations than conventional methods such as
Soxhlet extraction, maceration, and reflux methods, mainly due to the action of high pressures,
temperatures and consequently, higher penetration of solvents into the plant matrix and prominent
extraction of compounds [31]. Accordingly, an economic parameterization is valid, especially when it
comes to the association of cost, sensory properties, and nutritional description [24]. Furthermore, a
precise configuration of the inputs considered in the extraction procedure, such as temperature, extraction
time, solvent characteristics, and pressure is indispensable for process optimization and high productivity
[32]. This scenario is evidence of the impacts involving the exploration and systemic consumption of
predominantly plant-based compounds and reports the opportunities of these elements in relation to other
types of compounds.

Moreover, a precise investigation into the quantitative performance of studies predominantly focused on
the application of plant compounds is encouraging and allows us to verify the evolution of the importance
and attention given to the subject in recent years. The plant bioactive compounds have been widely
investigated as an innovative and sustainable alternative for food and agricultural-related areas.
Accordingly, simple research to quantify scientific articles published in the last decade was performed in
the Scopus® scientific platform. To conduct the data research, the following keywords were considered:
plant/bioactive/compound]/food for food and food-related areas (Fig. 2a) and plant/bioactive/compound/
agriculture for agriculture and agriculture-related areas (Fig. 2b).

According to the general research of bioactive compounds, the scientific panorama is widely progressive
and promising and presented a significant increase on the subject over the years. Considering the Scopus®
database showed that 10414 manuscripts were published in 2021. This scenario is significantly larger than in
2012, where 2491 articles were published. Therefore, the abundance of scientific publications on general
bioactive compounds, and particularly the evolution on the subject in the pandemic period 2020
(8568 articles) and 2021 (10414 articles) are significant. This overview indicates the interest of bio-based
components in the treatment of comorbidities. Overall, the number of publications grew gradually over
the decade, supporting the exploration of these components for application in a range of fields related to
distinct fields of study. Moreover, this promising scenario reports the exploration potential for the next
few years, since the number of studies on the subject only increased in all the years evaluated in this study.

For plant bioactive compounds applications, the Scopus® database presented about 3791 published
manuscripts published in 2021, which represents approximately 36% of the total quantity of scientific
studies on bioactive compounds approach published last year. Quantitatively, this number represents
approximately 4 times the number of articles published in 2012 (987 articles). This panorama is a role as
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regards the use of alternative and bio-based strategies from plant sources. Furthermore, as detected for the
computation of publications on general bioactive compounds, the scientific expansion on the plant
bioactive compounds topic in the pandemic period 2020 (3366 articles) and 2021 (3791 articles) is
notable. In general, there was a considerable increase in the application of plant extracts for agricultural
principles over the years. As verified for studies based on the application of these compounds, the
proposed promising scenario highlights this field as an alternative for exploring the potential of these
constituents in the coming years. Additionally, the systemic and gradual adoption of sustainable and
biological assumptions has recently been one of the main indications of the development of studies and
improvement of methods and technologies that aim at the use of plant bioactive compounds as an
interesting strategy.
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Figure 2: Number of scientific publications on the plant bioactive compounds applied for (a) food and food-
related and (b) agriculture and agriculture-related purposes disposed by year from 2012 to 2021 period based
on the Scopus®™ scientific platform according to the following keywords: bioactive/compounds and plant/
bioactive/compounds

Furthermore, a global network map of country bibliographic coupling considering the previous Scopus®
database research was applied. The VOSviewer visualization provided an exceptional panorama to promote
networking information among worldwide collaborators. This collaboration set is formed by clusters, which
indicate the specific periodicity of co-occurring items characterizing each country, indicating the co-occurred
items into colored clusters (countries with the same color configure a cluster). Moreover, the dimensions of
each circle describe the quantification of documents of the specific country, and the thickness of lines that
connect the countries represent the proportion aspects of collaboration. The largest set of connected items
consisted of 115 countries in 14 clusters. Based on the analysis, the largest cluster comprised
15 countries. Accordingly, Fig. 3 presents the synergic global network of countries that published at least
one document from 1974 to 2022 (115 countries). Adequate perception of the link strength comprises the
collaboration between India and Morroco, with a total link strength of 2301, representing one line. In
contrast, the line between El Salvador and Spain had a link strength of 5. Indian researchers were
predominant considering this study. These researchers presented significant collaborations with Saudi
Arabia, Spain, the United States, Malaysia, Pakistan, Brazil, South Korea, Turkey and Italy.
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Figure 3: VOSviewer global networks map of country bibliographic coupling considering a minimum of
one published document, from 1974 to 2022, based on the Scopus® scientific platform according to the
following keywords: plant/bioactive/compounds. 115 countries were considered in 14 clusters; the largest
cluster comprised 15 countries

For the parameterization of the scientific studies on the plant bioactive compounds, the network
visualization can be attributed to the keywords of each document. The keywords identify the main
instruments of a bibliographic research and provide answers and the solution of research problems. As
verified for the characterization of the global network mapping, this study delineated the frequency co-
occurrence bibliographic map on the set of keywords based on the Scopus® scientific platform,
considering 10 as a minimum number of occurrences of a keyword, from 1974 to 2022. Accordingly,
704 keywords were considered for current research. These items formed 6 clusters, where the largest set

" <

of items consisted of 264 keywords. The main keywords observed were ‘“non-human”, “plant extract”,

9% ¢

“article”, “antioxidant” and “bioactive compounds” (Fig. 4).

Appropriately, the purpose of this review was to perform a detailed and systematic review of the
importance of plant-based bioactive compounds and explore the main sources of these elements for
different fields of application. Furthermore, the main applications, emerging technologies and strategies
aimed at adding value to plant-based materials and future perspectives are presented.

2 Bioactive Compounds Sources

Bioactive compounds are the secondary metabolites widely detected in plant tissues and are composed
of vitamins, carbohydrates, alkaloids, saponins, polyphenols, gluconates, proteins and total phenolic
compounds. Most of these compounds are generally thermolabile and the antioxidant activity of fruit and
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vegetable extracts is due to their presence [33]. Among the main classifications, flavonoids include
anthocyanins, flavanols, flavones and flavanones and compounds that are not flavonoids include tannins,
stilbenes and phenolic acids [34,35]. Besides, the scope of employment of bioactive compounds
encompasses numerous applications, from medicine and pharmaceutical purposes to weed and pest
management (Fig. 5).
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Figure 4: VOSviewer frequency of co-occurrence keywords considering 10 as a minimum number of
occurrences of a keyword, from 1974 to 2022, based on the Scopus®™ scientific platform according to the
following keywords: plant/bioactive/compounds. 704 keywords were considered in 6 clusters; the largest
cluster comprised 264 items

Additionally, antioxidant compounds are orderly categorized as primary and secondary. Primary
antioxidants perform as free radical scavengers, delay or even inhibit the initiation step and can interrupt
the self-oxidation propagation step. Secondary antioxidants, also called preventatives, offer their
antioxidant activity through different mechanisms to decrease the rate of oxidation reactions. Secondary
antioxidants generally increase the antioxidant activity of primary antioxidants and, in addition, do not
convert free radicals into stable molecules. They act as pro-oxidant metal ion chelators or catalysts, in
addition to providing H" to primary antioxidants, decomposing hydroperoxide to non-radical species,
deactivating singlet oxygen, consuming ultraviolet radiation [36]. In general, for protection against
oxidative stress to occur, the natural antioxidant protects cells from oxidative stress by obstructing the
generation of Reactive Oxygen Species (ROS) [37].

Regarding phenolic compounds, several compounds with biological properties are found in fruits,
vegetables and their residues. However, it is believed that the bioactive effect results from the various
components responsible for the beneficial biological properties rather than a single chemical class or
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compound. Furthermore, all possible applications of bioactive compounds from different plant sources have
not yet been fully reported. The use of fruits, fruit, or vegetable pulp for scientific research is very popular
[38—40]. Recently, there has been spreading attention in transforming waste into value-added products. The
extraction of biocompounds directly detected in fruit peels and other residues has been explored and the
results are favorable for its use. Other residues are being used as substrates for the production of enzyme-
producing microorganisms or other compounds of interest [41-45].
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Figure 5: Predominant industrial, agricultural and food-related applications of the diversity of bioactive
compounds present in different plant organs

3 Technologies for Extraction of Plant Bioactive Compounds

A significant diversity of extraction technologies applied to obtain bioactive compounds from plant
matrices is observed in the scientific literature, with their best process conditions and limitations.
Conventional methods, such as Soxhlet and the application of chemical solvents are widely investigated
over the years. Nonetheless, innovative technologies have emerged as effective strategies to enhance the
biocompounds access in plants. Emulsification, microwave and ultrasound-assisted, subcritical and
supercritical fluids and enzyme-based extraction are largely employed as trending techniques on the subject.

Properly, the extraction technology and/or integration of technologies are a fundamental component of
the compounding process. The search for improved technologies and higher extraction efficiency considers a
series of requirements that enable a viable cost/benefit and that do not generate problems of environmental
contamination and risks to human health. Accordingly, the intensive use of chemical solvents, difficulties in
handling equipment and/or unskilled labor, the high energy demand, the inclination of corrosion or damage
to the extraction apparatus, the significant degradation of the matrix to be extracted, has been reported as
pertinent concerns when considering the technological process of extraction. Furthermore, recent studies
that have aimed to improve concentrations of extracted compounds based on the application of
technologies have been considered in the current literature approach. Some of these studies showed
highly satisfactory results regarding the feasibility of application in plant matrices for the extraction of
compounds of interest perpetuate adding value to a range of plant products and by-products (Table 1).
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Table 1: Extraction technologies applied for different raw materials for bioactive compounds extraction

Plant species Plant Extraction Operation conditions Objective Results Reference
organ technology
Vernonia Leaf Soxhlet Extraction time 120 min, feed/ Phenolic Extract yield 10.01 +0.85% w/w, [46]
cinerea extraction solvent 1:20 g mL ™! and compounds phenolic compounds yield 53.96
ethanol concentration 60% v/v determination and % 1.45 mg GAE g ' and
antioxidant activity flavonoids yield 30.09 +0.44 mg
QEg
Limnophila Aerial  Solvent- 50% acetone concentration Antioxidant Phenolic compounds 40.5 mg [47]
aromatica parts based activity gallic acid and flavonoids 31.11
extraction mg quercetin
Hibiscus Seed Soxhlet and ~ Hexane 1 L, extraction time Stability of Conservation 4°C provided 65%  [48]
cannabinus L. nanoemulsion 180 h, temperature 60°C bioactive retention of phytosterols
compounds and
antioxidant
potential
Bryophyllum - Solvent- 80% methanol (v/v), Phenolic Phenolic compounds up to 5.9 [49]
spp- based temperature 60°C, extraction  compounds yield =~ mM and antioxidant activity
extraction time 10 min and minimizing the increase 12%
and oxidation action
nanoemulsion
Gordonia Fruit Microwave-  Ethanol 36.89%, solvent/ Antioxidant Antioxidant activity 198.16 + [50]
axillaris assisted material ratio 29.56 mL g~',  potential activity 5.47 ymol Trolox g~' DW
extraction extraction time 71.04 min,
temperature 40°C and
microwave power 400 W
Berberis Root Microwave-  Microwave power 598 W and ~ Alkaloids and Alkaloids up to 46.38 mg g [51]
Jjaeschkeana assisted 2 min of irradiation time phenolic
extraction compounds
determination
Perilla Leaf Ultrasound-  Ethanol concentration 56%, Phenolic Phenolic content 48.85 mg GAE [52]
frutescens assisted temperature 54°C and compounds, ¢! DW, rosmarinic acid 31.02
extraction extraction time 55 min antioxidant activity mg g~' DW and ferric reducing
and rosmarinic acid antioxidant power 85.55 pmol Fe?
“g !l pW
Mucuna Bean Ultrasound-  Extraction time up to Phenolic Phenolic content 186.61 mg GAE [53]
macrocarpa assisted 13.24 min and ultrasonic compounds, ¢ ' and flavonoids content
extraction power up to 27.84 W antioxidant activity 148.87 mg QE g!
and flavonoids
determination
Elaeocarpus Leaf Ultrasound-  95% ethanol, solvent ratio Phenolic Extract yield 26.63% [54]
serratus L. assisted 1/10 g mL™", ultrasonic power compounds,
extraction under 40 kHz/300 W flavonoids,

myricitrin and
antioxidant

capacity

(Continued)
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Table 1 (continued)
Plant species Plant Extraction Operation conditions Objective Results Reference
organ technology
Orostachys Various  Subcritical Water, extraction time 15 min, Phenolic Phenolics content 39.9+4.1 mg  [27]
japonicus A. extracts fluid temperature 220°C compounds, ¢!, flavonoids content 11.4+0.6
Berger extraction antioxidant activity mg g~' and antioxidants up to
and flavonoids 662.4+17.2mg g™
determination
Ziziphus jujuba  Fruit Suberitical Temperature 170°C, extraction Polyphenols Phenolic compounds 53.98% [55]
fluid time 74.49 min and fruit-to-  determination
extraction solvent ratio 1:5.29
Various species Various Subcritical Temperature 323 K, pressure ~ Extraction yield, Phenolic content up to 338 mg [56]
extracts fluid 35 MPa and CO, + H,O antioxidant GAE gfl extract
extraction activity, phenolic
content and
flavonoid content
Solanum Skin Supercritical ~ Extraction time 80 min, Lycopene and B-  Oil yield 79.0%, lycopene content [57]
lycopersicum fluid pressure 550 bar, CO, carotene 0.86 mg 100 g ! and p-carotene
extraction determination content 1.5 mg 100 g{l
Byrsonima Pulp Supercritical ~ Temperature 343.15 K, To evaluate the Lutein content 242.16 pg g ", [58]
crassifolia fluid pressure 49 MPa and CO, +  possible phenolic compounds 20.63 mg
extraction ethanol cytotoxicity and GAE g ! and flavonoids 0.65 mg
cytoprotection of  QE g
the extracts
Various species Various Supercritical =~ Temperature up to 48°C, Extraction yield, Phenolic content up to 5.60 mg  [59]
extracts fluid pressure up to 230 bar and CO, chemical GAE g
extraction composition,
antioxidant activity
and phenolic
content
Ilex Leaf Enzyme- Temperature 50.0°C, enzyme  Process Polyphenols extraction up to [60]
paraguariensis based concentration 168 FGB 100 optimization for 52.08%
A. St.-Hil. extraction ¢!, extraction time 120 min,  polyphenols
pH 4.50 and carbohydrates content

application

4 Potential Activity and Applications

Different technologies have been the theme of studies for bioactive compounds recovery from several
types of food and food wastes. In the same way, the variety of uses for bioactive compounds also has gained
the attention of works involving pharmaceutical and medicinal applications, food, animal feeding, bioenergy
generation as well as improvement of nutritional properties of the compounds. Fig. 6 illustrates the potential
employments of bioactive compounds addressed in recent studies in different areas. Some of these studies,
reporting interesting data, are described in this topic.
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Figure 6: Scheme of the areas with the main applications involved in studies recently published about
bioactive compounds

4.1 Nutritional Properties

The demand for food with functional characteristics has been increasing in the last years once consumers
have been looking for products that have the ability to contribute to improvements in health [61]. Functional
foods offer benefits to health when appropriately consumed additionally to their essential nutritional
properties [61,62]. Numerous functional foods are rich in bioactive compounds and several studies
published have focused on discovering alternative sources of these compounds as well as improving their
nutritional properties.

The effects of the application of passion fruit and buriti pulps on probiotic and starter lactic acid bacteria
growth on fermented milk was evaluated [63]. Fruit pulp can contribute to enhancing the nutritional
properties of fermented milk since it contains high amounts of bioactive compounds, such as phenolic
compounds, tannins, flavonoids, among others [64]. According to results reported by these authors, buriti
pulp presented higher amounts of biocompounds when compared to passion fruit. The addition of buriti
pulp increased the total phenolic compounds in the fermented milk from 33.4% to 141.6%. Moreover,
buriti pulp was able to increase the antioxidant activity of the fermented milk, indicating the potential of
this material to be used as a functional food.

Moreover, the recovery and concentration of bioactive compounds from jambolan fruit extract by ultra
and nanofiltration were investigated for potential nutritional and medical applications [65]. Jambolan—
Syzygium cumini (L.)—is a fruit native from India and commonly found in Brazil. The authors used
membranes to concentrate the extracts and, consequently, improve the nutritional properties of the
bioactive compounds. Concentration factors higher than four times were achieved for anthocyanins, gallic
acid and catechin after nanofiltration extraction. The study indicated that membrane technologies are
interesting strategies faced to thermal alternatives usually applied to concentrate bioactive compounds
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since is common for these conventional techniques to be associated with negative effects such as color
degradation and loss of nutritional values of the compounds. A similar panorama was verified for cardoon
capitula [66]. Cardoon edible parts present high concentrations of free sugars, carbohydrates, oleic and
linoleic acids and minerals, such as K, Ca, Mg and Fe. Moreover, even though predominantly applied in
the field of bioenergy, the cardoon biocompounds have been explored as components of human food due
to their high nutritional value and chemical compounds.

Researches focusing on improving the nutritional properties of foods and other feedstocks rich in
bioactive compounds go further, such as extracts from moringa shrubs and trees—a native plant from
many tropical and arid countries [67], wheat bran [68], date fruit [69], blueberry and blackcurrant powder
[70], Peruvian Andean maize [71], edible seaweeds [72], edible flowers [73], among others. All these
feedstocks are rich in bioactive compounds that include carbohydrates, phenolic compounds, oils and
fatty acids, proteins and functional peptides with the potential for food products.

4.2 Pharmacology and Medicine

Bioactive compounds that present antioxidant activity have the capacity to reduce the oxidative stress
that could be involved in health problems such as cancer, obesity, cardiovascular risks, diabetes and
neurological disorders [74]. For this reason, several types of research developed in recent years have
focused on developing processes for compounds extraction from food and agricultural residues, testing
their application aiming to cure diseases and seeking health benefits. Currently, some studies report
several types of research that address the extraction of bioactive compounds from fish wastes (skin,
bones, frame protein and internal organs) and their application as antioxidative, antihypertensive,
antitumor and anticoagulant components [75]. Furthermore, the implications of mango peel ethanolic
extracts on colon cancer cell lines was explored [76]. The material characterization indicated the
relevance of phenolic compounds that could act as anti-cancer agents. The researches go further, with
studies reporting the extraction of bioactive compounds from vine shoots wastes [77], coffee silverskin
[78], pomegranate (Punica granatum) peel [79], water chestnut (Trapa natans) peel [80], coconut (Coco
nucifera L.) [81], and a plethora of others food/agro-industrial wastes, all focused on pharmacology,
medicine and aesthetic applications.

In this context, a study suggested a cost-effective process to extracting antioxidant compounds from
Yerba mate (llex paraguariensis St. Hil.) waste, a tea-beverage largely consumed in South America [82].
The results reported showed that the content of antioxidant phenolic was higher than most of those
usually reported for agro-industrial residues. Using ethanol (50%vol) in the extraction process, a liquid-
to-solid ratio of 20 mL g~ and 180 min, total phenolic content of 63.1 mg of gallic acid equivalents per
gram and total flavonoid content of 148.5 mg rutin equivalents were obtained. Additionally, the
antioxidant activity of 111.2 mg Trolox equivalents g ' was achieved.

An investigation on the extraction of bioactive compounds from camu-camu (Myrciaria dubia) seeds, a
common fruit from the Amazon region was developed to explore the pharmacological potential of these
components [83]. The authors reported that the fruit seed extract (rich in phenolic compounds—mainly
vescalagin and castalagin) presented in vitro antioxidant activity, antihypertensive, antimicrobial,
antihemolytic, antihyperglycemic and anti-inflammatory effects. Furthermore, the extract demonstrated
cytotoxic and antiproliferative potentials against cancer cells.

In another research, the co-culture of breast cancer cell lines (MCF7 and MDA-MB-231) with
bromelains extracted from different tissues of the pineapple (fruit pulp, peel, fruit stalk, young stem and
mature stem) was evaluated [84]. Treatments for breast cancer have side effects and, according to the
authors, the most effective drugs are highly toxic. For this reason, the authors suggested a safe alternative
medication, aiming to search for a cure for breast cancer. The results reported that the growth of
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MCF7 and MDA-MB-231 cells could be inhibited by bromelains, where the fruit stalk bioactive compounds
showed promising impediments to the growth of the cancer cells.

4.3 Food and Animal Feeding

Application of bioactive compounds obtained from agro-industrial residues in the food sector and
animal feeding involves studies focused on the optimization of different methods for extracting
components that improve the organoleptic characteristics of food, as well as to improve the diet of
animals aiming to increase the nutritional quality of products generated by them.

Researches recently developed investigated the use of bioactive compounds as materials capable of, at
the same time, storing and monitoring the food quality. An example is the manufacture of “smart
biodegradable films” compounded of derived food and food wastes (anthocyanins, curcumin, betalains,
carotenoids, etc.) with biopolymeric matrices to fabricate biomaterials for monitoring the spoilage and
quality of meat products, seafood, milk and others [85]. These biofilms are sensitive to alterations in pH,
temperature, CO,, ammonia emission and bacterial activities on foods. Moreover, biodegradable films
from cassava starch and glycerol considering different natural extracts of green tea and basil were
developed [86]. With the presence of phenolic compounds, the biofilm presented significant antioxidant
activity and exhibited color changes according to variations in pH. The same idea was applied to biofilms
produced from red pitaya peel for fish meat monitoring [87], eggplant for spoilage indicator of milk [88],
and films based on k-carrageenan incorporated with curcumin for quality monitoring of pork meat [89].
The development of these smart biofilms, in addition to meeting environmental demands arising from
society’s concern with the growing of the incorrect disposal of plastics, also meets issues related to
consume of food that has its quality monitored throughout the storage period until the time that precedes
its consumption.

In another interesting research, the authors evaluated the extraction of bioactive compounds from
Brazilian olive leaves using microwave-assisted extraction and the potential of the extract as a food
additive with antibacterial and antioxidant activities [90]. Under 100°C, pH 6 and 2 min, it was verified
the antioxidant activity of 92.87% and total phenolics 103.87 mg GAE g '. Additionally, the extracts
obtained presented antibacterial activity against Escherichia coli. Despite the interesting results obtained
and although the use of microwaves helps the extraction process, intensifying the mass transfer of the
operation in general, the 1,000 W of equipment power associated with a temperature of 100°C raises
questions about the energy demand of the process and its viability to be implemented in a scale superior
to the laboratory.

In relation to animal feeding, bioactive compounds existing on agro-industrial wastes can offer
nutritional and functional properties to animal health. Improvements in the antioxidant system, ruminal
fermentation, muscle composition and animal performance have been verified due to the reasonable
intake of phenolic compounds added to the diet of ruminants [91-94]. Furthermore, the ingestion of
bioactive compounds can enhance the quality of derived food products from these animals. Also, the use
of artichoke bracts and whole plant silage in the dairy goat diet provided slightly improvement in the
mineral and lipid profiles of the milk due to the higher polyunsaturated fatty acids and conjugated linoleic
acid contents presents in these compounds [95]. Moreover, a study evaluated the effect of dietary
supplementation with dried apple, chokeberry, black currant, strawberry and carrot pomace on meat
quality in fattening pigs [96]. The highest oxidative stability and vitamin E content were achieved after
supplementation with black currant, a material rich in phenolic compounds, anthocyanins and a-tocopherol.

Besides, it has been reported that a diet rich in phenolic compounds can decrease the methane and
nitrogen emissions in ruminants, reducing emissions that have serious impacts [97]. On the other side, it
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should be highlighted that the exceeding ingestion of food wastes rich in phenolic compounds can reduce
nutrient digestibility and the voluntary feed intake in some cases [98].

4.4 Agriculture

Regular application of chemical pesticides and herbicides to agricultural management has led to several
toxic effects on human health, environment and food as well as facilitated the emergence of weed and pests
resistance [99]. These recent concerns have encouraged researches focusing on isolation, quantification and
characterization of new bioactive compounds with effectiveness and low toxicity to application in the
agricultural sector [100]. Nonetheless, studies show that many plants secrete specific toxins with
antimicrobial action [101-103]. One of the main examples is the allelochemicals produced by plants that
affect weeds and do not damage crops, due to the difference in sensitivity in the target enzymes or the
occurrence of particular receptors in weeds that react directly to the action of secreted biocompounds [104].

Correspondingly, a study investigated the allelopathic capacity of flowers of Lantana camara (Sage-
plant), extracted via the methanolic pathway, counter to weeds viz. Rumex dentatus (Knotweed), Avena
fatua (Wild oat), Chenopodium album (Goosefoot), Phalaris minor (Canary-grass) and Euphorbia
helioscopia (Sun-spurge) [105]. The examination of the bioassays for three methanolic fractions of the
Combiflash from Lantana camara was performed at 50 wt%, 75 wt% and 100 wt% of concentration
employing parameters of germination percentage, plumule inhibition and radicle size. The second fraction
of Combiflash powerfully repressed all weeds with insignificant effects on Triticum aestivum (wheat).
The easy dispersion of L. camara seeds results in high reproduction of the species, forming a plant stand
that promotes a high release of allelochemicals that act as competitors with the other species.
Furthermore, L. camara allelochemicals have been obtained from different parts of the plant and have
high concentrations of terpenes, flavonoids, furanonaphoquinones, etc., promoting efficiency in inhibiting
a diversity of plant species such as Oryza sativa L. and Brassica juncea L. [106].

Herein, a scientific report examined the herbicidal activity of residues from Brucea javanica (L.) Merr.
and its active compounds for weed management [107]. For this proposal, the authors accomplished biotests
against the gramineous weed—Eleusine indica (L.) Gaertn.—and the broad-leaved weed—Bidens pilosa L.
where it was confirmed that ethyl acetate and n-butanol extracts, containing 4-(9H-b-carbolin-1-yl)-4-
oxobut-2-enoic acid methyl ester, bruceines, carisphthalate, pityriacitrin, protocatechuic acid, and vanillic
acid, had effective biological activities on seed germination and seedling growth of Eleusine indica at 5
mg-mL™". The results are promising: samples where 31.25 ug mL™' of bruceine were applied could
inhibit completely the root growth of the Eleusine indica; samples, where 125 pg mL™" of bruceine were
used, showed a complete inhibition of the seed germination and shoot elongation of the Eleusine indica.
Moreover, in relation to Bidens pilosa, complete inhibition of the shoot growth was observed when 125
ng mL™" of bruceine was employed.

In terms of pesticides, a study was conducted extensive research exploring twenty-five new matrine-type
alkaloid analogs from non-food bioactive compounds—semi-synthesized from matrine isolated from roots of
Sophora flavescens Aiton (Fabaceae)-and tested to pesticide applications [107]. According to the data
presented, all compounds extracted exhibited pronounced insecticidal and acaricidal activities against M.
separata and T. cinnabarinus [do not abbreviate the genus (i.e., M. and T.) if it cited for the first time].
Extracts from the roots and stems of S. flavescens showed a range of alkaloids (matrine, sofocarpine,
sophocarpine, and cytisine) of significant insecticidal function [108]. Moreover, the introduction of
molecules of the species with groups of 1-pyrrolidinecarbodithioate and diethylcarbamodithioate
promoted the increase of the pesticide potential, showing that the combination engineering of
biomolecules involving plant extracts is a new strategy to enhance the pesticide activity of these
components [109].
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4.5 Biofuels

Nowadays, the concept of bioenergy through the production of renewable fuels and the use of biomass to
generate energy has proved to be an interesting alternative aiming to reduce society’s energy dependence on
petrochemical fuels [110—112]. Biofuels such as bioethanol, biodiesel and biogas, and biomass have emerged
not only as an alternative energy source but also in relation to environmental issues.

Based on the current scientific approach, there are several examples of the employment of agro-
industrial and food wastes, rich in bioactive compounds, with this proposal. A study was conducted to
obtain fatty acid methyl esters (FAME) from citrus wax, an agro-industrial waste originating from the
purification process of citrus oils [113]. Results demonstrated that citrus wax is an important source of a
range of biocompounds, including flavonoids, saponins, carbohydrates, phenolics, and fatty acid esters.
Employing extraction with ethanol, the authors obtained value-added products and a “washed wax” that
served as feedstock to the FAME synthesis. Using a transesterification reaction in acid media, a mixture
of methyl esters was obtained. Based on these results and considering that around 56 tons of citrus wax
are generated annually, the authors concluded that the process would allow the production of up to
1.7 tons of biodiesel.

Spent grounds coffee, a material rich in lipids, carbohydrates, carbonaceous, and nitrogen is the focus of
studies aiming to synthesize biodiesel, renewable diesel, bioethanol, biochar, and biogas [114—116]. Also,
several bioactive compounds can be obtained: polyhydroxyalkanoates, biosorbent, activated carbon,
polyol, polyurethane foam, carotenoid, and phenolic antioxidants [117,118]. In terms of biofuel
production, a performance of a large-scale in-sifu transesterification using spent coffee grounds as raw
material to prepare biodiesel (with 4 kg of material) provided 81.8% of FAME yield, achieved after
180 min of reaction [119].

In a similar approach, orange peel waste was used to produce bioethanol besides lactic acid and acetic
acid [120]. The management of this material is quite complex, where most of this residue produced from
orange juice manufacturing is dumped on landfills causing impacts on the environment [121]. In this
scenario, employing an ensiling anaerobic process, these authors obtained the production of several
value-added chemical compounds. During this process, anaerobic fermentation occurs reconsidering the
necessity for any inoculation or operation. The yields achieved by this research are promising: 120 g kg™
of total solids to the bioethanol, 55 g kg™ of total solids to the lactic acid, and 26 g kg™ ' of total solids to
the acetic acid have been produced.

Furthermore, marigold (Calendula officinalis) wastes—leaves and stem—were explored to produce biogas
and bioactive materials (phenolic compounds—vanillin and vanillic acid) [122]. After pretreatment, black
liquor was obtained and submitted to a high-pressure oxidation process, with yields of 5.09 wt% and
1.16 wt% for vanillin and vanillic acid, respectively. The remaining solid fraction was fermented through
anaerobic digestion, achieving biogas productivity of 1,621.3 mL g~' of volatile solids.

Another example of the application of agro-industrial/food wastes, rich in bioactive compounds, in
biofuels production, includes the preparation of bioethanol from mango peel and pulp, a material with
high content of fermentable sugars [123]. Also, an investigation on the bioethanol production from the
banana peel, a residue rich in carbohydrates that through fermentation can synthesize the biofuel [124].
Finally, the conduction of bioethanol synthesis (and bromeliad extraction) from pineapple residues, a
biomass rich in bioactive compounds (antioxidants), beyond simple and complex sugars that can be used
in the fermentation process [125].

Furthermore, agro-industrial/food wastes can be used for the synthesis of catalysts and nanocomposites.
Corn, rice, and areca nut husk are some of the examples of raw materials considered residues that can be used
in the biofuel production chain [126—129]. For example, Rice Husk (RH) and Rice Husk Ash (RHA) can be
used to synthesize silica-based materials into zeolites and MCM-type structures due to the silicon (Si)
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contained in these co-products. Pedott et al. [130] demonstrated the synthesis of MCM-48 material using
ionic liquid as a structure-directing agent employing Si obtained from RH and RHA. Moreover, MCM-
type structures can be used in the immobilization of enzymes for use as catalysts in hydrolysis and
esterification reactions [131].

5 Conclusions and Future Outlooks

A significant diversity of studies involving the exploration of plant bioactive compounds has indicated
an extremely promising scenario regarding the use of these components for a range of applications. The
growing number of scientific publications on this particular subject reflects the global interest in adopting
sustainable proposals and adding value to products and by-products with potential use in different
industries. In general, plant bioactive compounds have strong antioxidants, anticancer, antimicrobial, etc.

Appropriately, recent studies showed the discovery of a range of bioactive compounds of interest in
foods. These substances vary widely morphologically, in distribution and concentrations, and in the
characterization of chemical properties. These compounds are largely found in cereals, legumes, fruits,
vegetables, trees, nuts, etc. Considering the growing human concern with a balanced diet rich in nutrients
and highly beneficial compounds, recent studies evidence a continuous exploration of plant extracts as
promoters of the inhibition of health disorders and providers of nutritional properties and of minimizing
disease risks. Furthermore, the diversity of molecules present in these extracts has also been explored as
an antimicrobial action and control strategy. This scenario has been observed in the application of
medicine and agriculture targets, which demand the conduction of more studies that explore the
mechanisms of action and preservation of phytochemicals extracted from plants.

Finally, extraordinary progress has been reported in the position of bioactive compounds as tools to
promote human health and efficient management in agricultural-based discussions. Under a large
population growth and a significant detailing of registered compounds, the importance of developing
studies aimed at the narratives proposed in this review is evident, and which ensure the effectiveness of
essentially natural products such as the spread trending highlight in the coming years.
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