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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Ching Hou This systematic review and bibliometric analysis investigated the research gaps, trends, and up-
dates in the recovery and applications of betanin and vitexin, focusing on describing the sustain-
able extraction methods and biological properties. The bibliometric analysis revealed consider-
able growth in publications in the last two years. The keywords network analysis demonstrated
Sustainable chemistry that antioxidant activity, betalain, betanin, and betacyanin are the main research clusters, high-
By-products lighting that the recovery of vitexin from by-products is a potential theme for investigation. The
Modern extraction methods demand for betanin and vitexin has been increasing in the last years, mainly due to the beneficial
Antioxidant activity biological properties (anti-inflammatory, antioxidant, antimicrobial, and anticancer activity) and
pharmaceutical applications for replacing synthetic drugs in the development of nutraceutical
food products. Hence, the application of ultrasound-assisted extraction, pulsed electric field ex-
traction, pressurized liquid extraction, and subcritical water extraction are the sustainable extrac-
tion methods most suitable for the recovery of betanin and vitexin, which support the application
in the food, pharmaceutical, and health industries.

Keywords:
Bioactive compounds
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1. Introduction

Bioactive compounds are phytochemicals naturally produced by plants and algae with biological properties. Bioactive compounds
generally have positive benefits for human health. Unlike macro- and micronutrients considered fundamental (carbohydrates, miner-
als, proteins, fats, and vitamins), phytochemicals are not crucial for the functioning of life and the human body (Vettorazzi et al.,
2020). Bioactive compounds are classified into the three most relevant types: (i) terpenes and terpenoids with approximately 25,000
compounds; (ii) phenolic compounds with approximately 8000 compounds; and (iii) alkaloids with approximately 12,000 com-
pounds. Fig. 1 presents the chemical structure of these main types of bioactive compounds. In the secondary metabolism of plants, the
synthesis of bioactive compounds has four routes: (i) the malonic acid pathway; (ii) the mevalonic acid pathway; (iii) the shikimic
acid pathway; and (iv) the non-mevalonate pathway. The main groups of bioactive compounds present in foods are phytosterols (i.e.,
stigmasterol in soy), terpenoids (i.e., limonene in citrus fruits), polyphenols (i.e., chlorogenic acids found in raspberries), glucosino-
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Fig. 1. Chemical structure of the main types of bioactive compounds.

lates (i.e., sulforaphane in broccoli), alkaloids (i.e., caffeine in coffee beans), capsaicinoids (i.e., capsaicin found in peppers), and
carotenoids (i.e., f-carotene found in carrots) (Azmir et al., 2013; Essien et al., 2020).

Notwithstanding, the industrial processing of fruits is increasing with population growth, consequently increasing the generation
of by-products (Fierascu et al., 2021; Saha et al., 2018). However, the agri-food by-products contain a high amount of bioactive com-
pounds in their composition, being a valuable feedstock for producing and isolating phytomedicines (Martins and Ferreira, 2017;
Vilas-Boas et al., 2021).

Betalains are associated with antioxidant, anti-inflammatory, and chemopreventive features in vitro and in vivo (de Oliveira et al.,
2021). Betalains are compounds with water-soluble characteristics derived from ammonium and betalamic acid and are found in sev-
eral plants of the Caryophyllales family. Betalains are separated into yellow betaxanthin pigments and red-violet betacyanin pig-
ments. Betacyanin pigments, mostly found in beetroots, are divided into betanin, amaranine, ganfrenine, and 2-descarboxy-betanin
(Fig. 2). Approximately 85% of betacyanins are composed of betanin (betanidin-5-O-glucoside), the most substantial pigment of red
beets (Chandran et al., 2014).

The European Union and the Food and Drug Administration validated betanin as a red dye for food that is identified in greater
amounts on the surface, i.e., on the skin, than inside the beet (Slatnar et al., 2015). Since skins are discarded during beet processing,
the interest in obtaining betanin from this source increases due to the costs and waste generation reduction. For instance, during beet-
root processing about 300-600 mg betanin/kg can be recovered (Schieber, 2019). The characteristics of betanin can be altered by dif-
ferent conditions, such as light, temperature, high water activity, and pH variations (below 3 and above 7). This pH range shows that
betanin can be used as a pH-sensitive pigment. When combined with oxygen, betanin showed more stability when the pH was be-
tween 5.5 and 5.8 without oxygen. Because these characteristics significantly influence the stability of betanin, it is recommended to
keep it as an extract (Cejudo-Bastante et al., 2019). Betanin is increasingly used in food as a coloring and additive in cake mixes, bev-
erages, fruit yogurt, ice cream, sauces, jellies, dairy products, soups, chewing gum, and ready-to-eat icings, and is also used in phar-
maceuticals and cosmetics (Esatbeyoglu et al., 2015; Ravichandran et al., 2013).

Vitexin is a flavonoid glycoside derived from apigenin, identified mainly in beet leaves and stalks, which makes its application of
great importance for the reduction of by-products produced by the food industry (Lorizola et al., 2018; Vissers et al., 2017) (Fig. 2).
Vitexin has several pharmacological and biological properties, such as antioxidant, antithyroid, antitumor, antimicrobial, antibacter-
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Fig. 2. The chemical structure of the compounds: betalain, betaxanthin, betacyanin, betanin, amaranine, ganfrenine, 2-descarboxy-betanin, and vitexin.




L. de Freitas Marinho et al. Biocatalysis and Agricultural Biotechnology 51 (2023) 102744

ial, radioprotective, hypotensive, anti-arteriosclerotic, antispasmodic, antihypertensive, antiglycation, antiviral, antihepatotoxic and
anti-inflammatory (Borghi et al., 2013; Lee et al., 2012; Lindsay and Cooksey, 2014). Among the anti-inflammatory effects attributed
to vitexin, it is responsible for increasing the reaction of low-density lipoprotein (LDL) against oxidation and inhibiting a-glucosidase
(Ninfali and Angelino, 2013; Sharma et al., 2012).

Notwithstanding, bibliometric analysis is based on recognizing publications in the general scope, covering a specific area, where
statistical methods can be employed as part of the analysis working set. Initially, bibliometric analysis includes primarily biblio-
graphic syntheses of highly mentioned scientific works. Bibliometric tools have been used to provide quantitative diagnoses of litera-
ture production. These analyses are presented as one of the most used techniques to consider the reliability and the effect of academic
work. One of the quantities used to carry out bibliometrics is the mention of periodicity, which associates the number of mentions of a
particular article by researchers, in which the one most mentioned is undoubtedly the most relevant. Although bibliometric analysis is
not a perfect technique, it is an important method to guide the allocation of resources by funding agencies and encompasses numer-
ous classes of archives, such as books, theses, and journal articles (Akmal et al., 2020; Ellegaard and Wallin, 2015).

Recent studies show bibliometrics as an essential tool in accessing information from a great number of sources, such as in the case
of the application of nanomaterials to produce biogas from natural waste. A bibliometric analysis of the last 50 years concluded that
nanomaterials had transformed the branch of anaerobic digestion, methane, and waste production (Khan et al., 2022). In surveys
such as the development of elicitation techniques to enrich edible plant shoots with bioactive compounds, bibliometric was designed
to facilitate the understanding of scientific production and research directions (Toro et al., 2021). The results presented a consider-
able evolution in studies on this topic. Other work-related aims are to consider the most relevant opportunities and challenges of
products derived from microalgae, in this case, astaxanthin, a carotenoid bioactive compound and trends of investigations concerning
astaxanthin (Villaro et al., 2021).

In this context, this systematic review advanced the knowledge in green extraction methods, biological properties, and applica-
tions of betanin and vitexin. For this, a systematic search and bibliometric analysis elucidated the research trends, publication evolu-
tion, and bibliometric network of keywords, authors, institutions, and countries.

2. Overview of bioactive compounds: biological activity and health

Bioactive compounds from fungi, plants, or vegetables have been used for many years as drugs, most of which have become phar-
maceuticals (Vettorazzi et al., 2020). Currently, bioactive compounds of natural origin (plants, fruits, and vegetables) have been gain-
ing attention due to their strong biological properties, such as anti-inflammatory, antimicrobial, and antioxidant capacity, which are
responsible for helping to protect against human diseases (Dias et al., 2015; dos Reis et al., 2015; Kammerer et al., 2014; Karim, 2013;
Martins and Ferreira, 2017; Petrovska, 2012; Verma and Srivastav, 2020). It is worth mentioning that, in addition to these bioactive
ingredients being able to provide therapeutic benefits, they are also capable of incorporating value and improving nutritional func-
tionalities of various foods, gaining a role of great relevance in the cosmetics, pharmaceuticals, food, and biotechnology industries
(dos Reis et al., 2015; Gammone et al., 2015; Martins and Ferreira, 2017; Nasri et al., 2014; Rodriguez-Amaya, 2016).

The demand for bioactive compounds for different applications is growing increasingly, stimulated mainly by studies that are in
progress and have the purpose of defining the applicability to improve health (Vilas-Boas et al., 2021). The use and application of nat-
ural bioactive compounds have great potential to promote the replacement of synthetic medicines. Some studies have proven that
medicinal plants are a source of bioactive compounds that can act as a substitute for synthetic drugs in traditional treatments of dis-
eases such as hepatitis, acquired immunodeficiency syndrome, and cancer (Ahmed and Wang, 2021; Fierascu et al., 2020; Guaadaoui
etal., 2014; Mukherjee et al., 2013; Siddiqui et al., 2017). Natural bioactive compounds have high anticancer potential, and research
indicates that more than 50% of anticancer drugs come from natural components or derivatives. Studies reported that bioactive com-
pounds (phenols, terpenoids, alkaloids, flavonoids) from marine sources have anticancer characteristics against several types of can-
cer (Gomes et al., 2016; Patra et al., 2022, 2020).

3. Methodology for the systematic literature search and bibliometric analysis

The literature search used scientific output data from the core collection of Science Citation Index Expanded (SCI-E) — Clarivate
Analytics' ISI — Web of Science© (Fig. 3). The following logic operation was used for the search: (“Vitexin” OR “Apigenin 8-C-
glucoside” OR “Betanin” OR “phytolaccanin”) AND (“waste” OR “by-products” OR “by-product” OR “residue” OR “wastes” OR “by-
products” OR “by-product” OR “residue”). This search was conducted to select specific, accurate, and reliable information based on ti-
tle, abstract, and author's keywords of each document published in the database. There was a selection in the document class for the
search, filtering for “article” and “review”. A survey was carried out between 2010 and 2022 to observe the expansion of publications
in recent years and the more constant branches of study. During the time span, 63 publications were obtained (61 articles and 2 re-
views). Bibliometric analysis software allows the data collected from the selected documents to be examined. The three-field graph of
the most relevant authors on the timing diagram was performed on the R language package (Bibliometrix). The analysis of the
sources, the most cited authors, the keyword clusters of these authors, and the country networks, the data obtained were analyzed in
VOSviewer© software. All the data used in the bibliometric analysis were obtained based on the 63 publications. An investigation of
the most mentioned documents (articles and reviews) was carried out to understand the relevance and impact of betanin and vitexin
from different perspectives.
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Fig. 3. Flowchart describing the main steps for the systematic literature search and bibliometric analysis.

4. Research trends on betanin and vitexin

4.1. Publication evolution and research areas

Fig. 4 shows the evolution of research involving betanin and vitexin. The research showed that between 2005 and 2022, 63
documents were published (61 articles and 2 reviews). In the first 4 years, publications remained scarce, reaching their highest
value in the last year, less than 5. In 2016, there was a significant increase in published articles, presenting their highest value un-
til then. Between 2017 and 2021, the number of publications increased, reaching its peak in 2021 with 13 publications, the high-
est balance of annual publications in the period evaluated. This increase in publications demonstrates the growing interest in the
subject. There is a growing interest in the recovery of bioactive compounds from agri-food by-products, where the interest is ex-
pected to continue to increase over the years. The ranking of the ten main areas is presented in Table 1. Among the five main ar-
eas of research, Food Science Technology is in the first place, responsible for 57.14% of the documents found in the research. The
following area was Chemistry (28.57%), Biochemistry Molecular Biology (20.65%), Pharmacology Pharmacy (12.69%), and Agriculture
(9.52%).

4.2. Bibliometric analysis of keywords

Table 2 shows, through colored circles, the most used keywords. The size of the circles indicates the ones most used by the au-
thors. The relationship between the most used keywords can be seen in Fig. 5a. The circumference area related to the term is directly
proportional to the number of occurrences, and the link between the words represents the interaction between the keywords. Terms
such as antioxidant activity, betalains, betanin, and betacyanins present the circles with the most significant areas. These keywords
have several connections, demonstrating that they are widely used in studies related to the researched topic. The different colors rep-
resent groupings with words used together with a particular frequency. Table 3 shows the clusters of the main keywords obtained on
VOSviewer software. The main keyword found was antioxidant activity, which is present in cluster 2 (green) and has interactions
with clusters 1 (red), 3 (blue), 4 (yellow), and 5 (purple). Initially, the main keywords used were color, stability, biosynthesis, and
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Fig. 4. Evolution of the number of publications related to the research field of betalain and vitexin (2005-2022).
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Table 1
Ranking of the top 10 publication areas, affiliations, countries, and journals based on the number of publications related to the systematic search.

Ranking Research areas Number %

1st Food Science Technology 36 57.14%
2nd Chemistry 18 28.57%
3rd Biochemistry Molecular Biology 13 20.63%
4th Pharmacology Pharmacy 8 12.69%
5th Agriculture 6 9.52%
6th Engineering 6 9.52%
7th Nutrition Dietetics 5 7.93%
8th Biotechnology Applied Microbiology 4 6.34%
9th Environmental Sciences Ecology 4 6.34%
10th Science Technology Other Topics 3 4.76%
Ranking Affiliations Number %

1st Polytechnic Institute of Braganca 4 6.34%
2nd University of Auckland 4 6.34%
3rd University of Novi Sad 4 6.34%
4th Universiti Putra Malaysia 3 4.76%
5th Complutense University of Madrid 2 3.17%
6th Spanish National Research Council 2 3.17%
7th Council of Scientific Industrial Research 2 3.17%
8th Central Food Technological Research Institute 2 3.17%
9th National Agricultural Technology Institute 2 3.17%
10th Miguel Lillo Foundation 2 3.17%
Ranking Countries Number %

1st Spain 11 17.46%
2nd China 10 15.87%
3rd Brazil 6 9.52%
4th Italy 6 9.52%
5th Serbia 6 9.52%
6th Mexico 5 7.93%
7th India 4 6.34%
8th Malaysia 4 6.34%
9th New Zealand 4 6.34%
10th Portugal 4 6.34%
Ranking Journals Number %

1st Molecules 6 9.52%
2nd Food Chemistry 5 7.93%
3rd Antioxidants 3 4.76%
4th Journal of Food Science and Technology Mysore 3 4.76%
5th Agronomy 2 3.17%
6th Food Function 2 3.17%
7th Foods 2 3.17%
8th LWT Food Science and Technology 2 3.17%
9th Science of The Total Environment 2 3.17%
10th Biocatalysis and Agricultural Biotechnology 1.587%
Ranking Authors Number %

Ist Barros L 4 6.34%
2nd Dias MI 3 4.76%
3rd Ferreira ICFR 3 4.76%
4th Lee SY 3 4.76%
5th Shaari K 3 4.76%
6th Zain MSC 3 4.76%
7th Alberto MR 2 3.17%
8th Alves MJ 2 3.17%
9th Calhelha RC 2 3.17%
10th Canadanovic-brunet J 2 3.17%

a Percentage of 63 documents (automatically calculated in WoS). The search was conducted on the 6 of October 2022.

pigments, thus demonstrating that research was more focused on the characteristics of the components. The main keywords reveal
interest in bioactive capacity, extraction, and purification (Fig. 5b). Fig. 6 highlights the relationship between the most frequent key-
words and prominent authors. New terms are found, such as Naviglio extractor and response surface methodology, which are directly
related to the study of the extraction of these compounds.

Over the years, the topics and areas researched have changed; some areas have become outdated, while others have gained more
focus. With this variation of themes and interests, the keywords also vary. The thematic map classifies the clusters according to their
importance in the research area, showing density and centrality in their axes (Fig. 7). The map is divided into quadrants. The first
quadrant is the purple cluster with the keyword's anthocyanin, bioactive compounds, and curcumin, which are classified as Niche
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Table 2
The top 20 keywords based on publications between 2010 and 2022 (rank based on the occurrences).

Ranking Keyword Occurrences Total link strength
1 Antioxidant activity 17 57
2 Betalains 16 63
3 Betanin 13 33
4 Betacyanins 12 57
5 Polyphenols 10 43
6 By-products 10 41
7 Antioxidant 10 34
8 Extraction 8 38
9 Optimization 8 32
10 Bioactive compounds 7 37
11 Phenolic compounds 7 36
12 Fruits 7 27
13 Acid 7 18
14 Food 6 23
15 Capacity 5 27
16 Phenolic compounds 5 22
17 Stability 5 21
18 Antioxidant properties 5 20
19 Identification 5 19
20 Quantification 5 19

Themes. These keywords present elevated density and few centralities; they are well-developed in their field of study but present few
relations with other topics. The keywords isovitexin, mung bean, and vitexin are considered motor themes. This set of keywords pre-
sent high centrality and density, which are well-developed current themes that influence and interact with other thematic areas. The
clusters in the emerging or declining theme quadrant present terms that are in evidence and may become important or are declining
or outdated themes. Finally, there is the last quadrant, which presents terms with low development and high centrality. These terms
are classified as basic themes, with significant but not yet well-developed and will be the focus of future research.

4.3. Most cited publications

The bibliometric included classifying the most mentioned papers in the field over the last 12 years. Table 4 presents the most cited
articles on vitexin, betanin, and by-product research. The most cited article (87 citations) was “Phytochemical and therapeutic potential
of cucumber” published by (Mukherjee et al., 2013) in Fitoterapia Journal. This article reviews the therapeutic application, the phar-
macological and phytochemical profile of different parts of Cucumis sativus L. which shows that plant leaves are sources of some of the
main phytoconstituents, such as vitexin-6-(4-hydroxy-1-ethylbenzene) and isovitexin-8-(4-hydroxy-1-ethylbenzene). The second
most cited article was “Recovery of colorants from red prickly pear peels and pulps enhanced by pulsed electric field and ultrasound” (74 ci-
tations), published in 2016 at Innovative Food Science & Emerging Technologies (Koubaa et al., 2016). This study aimed to determine the
potential of unconventional pretreatments, such as pulsed electric fields (PEFs) and ultrasound (USNSs), to improve the extraction of
red dyes from prickly pear (Opuntia stricta Haw.) peels and pulps. Opuntia fruit processing by-products have many potential food ad-
ditives, such as betanin and isobetanin, which could be an alternative to replace synthetic colorants.

The third most cited article (60 citations) was “Antiradical, antimicrobial and cytotoxic activities of commercial beetroot pomace”,
published in 2013 in Food & Function by Vulic et al. (2013). The study evaluated the phytochemical profile and the antiradical, an-
timicrobial, and cytotoxic activities of industrial beet pomace extract and concluded that beet by-products are a good source of bioac-
tive compounds. Other research carried out by Tran et al. (2017) (59 citations), Tumbas éaponjac et al. (2016) (38 citations), and
Hidalgo et al. (2018) (29 citations) presents beetroot as a good source of bioactive compounds. This last article shows a direct applica-
tion since adding beetroot pomace to water biscuits had a positive effect on betanin, isobetanin, total phenols, and antioxidant capac-
ity. Moreover, other authors explore other by-products in their research to produce bioactive compounds, as Melgar et al. (2017) (55
citations). Through the chemical characterization of the by-products (Opuntia ficus-indica and Opuntia engelmanni peels), it was possi-
ble to identify the phenolic and betalain profiles and show the advantages of the by-products as a new source of functional ingredi-
ents. Vigano et al. (2016) (44 citations) identified and quantified five phenolic compounds in passion fruit peel extracts, isoorientin,
vicenin, vitexin, orientin, and isovitexin, with pressurized liquid extraction (PLE) with ethanol:water, being the most efficient extrac-
tion method. On the other hand, Liew et al. (2018) (37 citations) evaluated the antioxidant activity, total phenolic content, and
flavonoids of the peels of Camelia sinensis, finding high antioxidant activities, total phenolic content, and flavonoids in this raw mater-
ial. Finally, Cattaneo et al. (2016) (30 citations) identified constituents such as C-glycosyl flavones, including schaftoside, isoschafto-
side, vicenin II, vitexin and isovitexin, in polyphenolic extracts. Based on the above, it is possible to establish that there are a wide va-
riety of opportunities for by-products since they have many bioactive compounds that may be of interest to the agri-food industry.

4.4. Study of authors, journals, institutions, and countries

The bibliometric analysis of vitexin, betanin, and by-product research presented the study of authors, journals, institutions, and
countries. Table 1 shows the ranking of the 10 top publication areas, affiliations, countries, and journals based on the number of pub-
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lications. Fig. 8 shows the three-field graph of the most relevant authors, keywords, and sources. The main research area was Food Sci-
ence Technology, which was the most relevant area, with 36 publications, followed by Chemistry (18 publications), Biochemistry Molec-
ular Biology (13 publications), and Pharmacology Pharmacy (8 publications). The leading country in these research topics is Spain (11
publications), China (10 publications), Brazil, Italy, and Serbia (6 publications each). According to the number of publications from
the leading countries in the area, it is possible to establish that research is being carried out in parallel throughout the world, which
allows the extraction of betaine and vitexin from agri-food by-products. The most productive institutions were the Polytechnic Insti-
tute of Braganca (Portugal), University of Auckland (New Zealand), and University of Novi Sad (Serbia) (4 publications each), fol-
lowed by the Universiti Putra Malaysia (3 publications), Complutense University of Madrid (2 publications), and Spanish National Re-
search Council (2 publications). The most relevant journals were Molecules (9.52%), Food Chemistry (7.93%), Antioxidants (4.76%),
and Journal of Food Science and Technology Mysore (4.76%).



L. de Freitas Marinho et al. Biocatalysis and Agricultural Biotechnology 51 (2023) 102744

Table 3
Clusters of the main keywords obtained on VOSviewer software.

Cluster Keywords on VOSviewer Network

Betacyanins, betalains, betanin, biosynthesis, color, ficus indica, food, food colorants, juice, pigments, pitaya, red, stability.

Antioxidant activity, apoptosis, bioactive compounds, extract, fractions, in vitro digestion, isovitexin, oxidative stress, polyphenols, vitexin.
Acid, antioxidant, antioxidant capacity, antioxidant properties, assays, extracts, identification, inhibition, products, rutin.

Antioxidants, by-products, extraction, flavonoids, fruit, leaves, optimization, phenolic compounds, purification.

Capacity, fruits, plants, ultrasound-assisted extraction

Phenolic compounds, antioxidant capacity, by-products, polyphenols, antioxidant, beetroot, cactus, extraction, flavonoids.

Betanin, betlains, antioxidant, betacyanins, food colorants, color, pitaya.

Antioxidant activity, buckwheat hull, flavonoid, oil palm leaves.

Antocyanin, bioactive compounds, curcumin, natural colorants.

Isovitexin, mung bean, vitexin.
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Table 4
Top 10 most cited documents based on publications between 2010 and 2022.
Ranking Title Journal Publication  Total Reference
year Citations
Ist Phytochemical and therapeutic potential of cucumber Fitoterapia 2013 87 Mukherjee et al.
(2013)

2nd Recovery of colorants from red prickly pear peels and pulps enhanced by Innovative Food Science & 2016 74 Koubaa et al.
pulsed electric field and ultrasound Emerging Technologies (2016)

3rd Antiradical, antimicrobial and cytotoxic activities of commercial beetroot Food & Function 2013 60 Vulic et al. (2013)
pomace

4th Starch-based bio-elastomers functionalized with red beetroot natural Food Chemistry 2017 59 Tran et al. (2017)
antioxidant

5th By-products recovery of Opuntia spp. peels: Betalainic and phenolic Industrial Crops and 2017 55 Melgar et al.
profiles and bioactive properties Products (2017)

6th Pressurized liquids extraction as an alternative process to readily obtain ~ Food and Bioproducts 2016 44 Vigano et al.
bioactive compounds from passion fruit rinds Processing (2016)

7th Encapsulation of Beetroot Pomace Extract: RSM Optimization, Storage Molecules 2016 38 Tumbas Saponjac
and Gastrointestinal Stability et al. (2016)

8th Phytochemical composition and in vitro antioxidant activities of Citrus PeerJ 2018 37 Liew et al. (2018)
sinensis peel extracts

9th Flour from Prosopis alba cotyledons: a natural source of nutrient and Food Chemistry 2016 30 Cattaneo et al.
bioactive phytochemicals (2016)

10th Microencapsulates and extracts from red beetroot pomace modify Food Chemistry 2018 29 Hidalgo et al.
antioxidant capacity, heat damage and colour of pseudocereals-enriched (2018)
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Finally, the most cited authors in the area are Barros L (4 publications), Dias MI, Ferreira ICFR, Lee SY, Shaari K, and Zain MSC (3
publications each). The results indicate that several authors are investigating the extraction of vitexin and betanin from agri-food by-
products, which makes it possible to obtain different alternatives for extracting these compounds.

5. Biological applications of betanin and vitexin

Research has shown that betanin can inhibit membrane lipid peroxidation and LDL oxidation. In addition, it prevented H,0, (hy-
drogen peroxide) and ONOO (peroxynitrite), through RSA (radical scavenging activity), from causing any anomaly in DNA. Betanin
compounds may inhibit enzymes such as lipoxygenase. Betanin can also inhibit ICAM-1 (cell adhesion molecule), which can mediate
inflammation. (Esatbeyoglu et al., 2014; Sakihama et al., 2012).

Betanin also has an antihepatotoxic property by stimulating the enzyme quinone reductase II. In tests applied to rats, it attenuated
the toxicity caused by carbon tetrachloride, for example. Among the properties of betanin, the antioxidant capacity proved signifi-
cant. It can prevent nitrosative stress by inhibiting ICs, (Sakihama et al., 2012). Still, regarding antioxidant activity, betanin can in-
hibit free radicals (ROS and RNS) produced due to contact with radiation, leading to mutation and even lethality. Studies have shown
that betanin can reduce generators of cardiac fibrosis, which is associated with hyperglycemia. This aspect is because betanin can re-
duce the number of collagen crosslinks by increasing soluble collagen and decreasing Maillard reaction products (Han et al., 2015;
Khan, 2016).

The research described below using betanin as a treatment in animal model revealed considerable anticancer potential (Khan,
2016). Betanin applied at a dose of 2.5 mg/100 mL of water is responsible for inhibiting tumors, such as skin tumors induced by 7,12-
dimethylbenz(a)anthracene (DMBA) and developed by UV-B light. Furthermore, betanin decreased the occurrence of a type of two-
stage hepatocarcinogenesis stimulated by N-nitrosodiethylamine (NDEA) and developed by phenobarbital. Studies have shown that
the anticancer property is related to a decrease in the amount of endothelial microvessels (CD31*) to prevent angiogenesis ptosis
(Zhang et al., 2013).

Betanin has also shown antiproliferative characteristics with several cell genera with ICs, values between 142 and 164 pmol/mL.
The cytotoxicity (ICs, of 40 pmol/L) that betanin exhibited concerning human chronic myeloid leukemia (K562) was developed
through cellular events, such as decreases in mitochondrial membrane properties. Betanin is capable of inhibiting TrxR1 (selenopro-
tein thioredoxin reductase), which leads to an increase in the concentration of reactive oxygen species (ROS) and the elimination of
cancer cells, such as lung and breast cancer (Sun et al., 2021; Zhang et al., 2017).

The anti-inflammatory property of vitexin is due to its anti-bradykinin, antihistamine, and anti-serotonin activities. Regarding an-
ticancer activity, vitexin can be used as a therapeutic resource against leukemia, acting in the development of the expression of
cleaved caspase-3 and cleaved caspase-9, used in leukemia cells (Lee et al., 2012). Studies indicated that vitexin has an antiaging ca-
pacity in the skin (Hao et al., 2022). Vitexin is also responsible for reducing liver anomalies caused by a diet rich in lipids and for caus-
ing an improvement in metabolic properties. Furthermore, vitexin induced inhibition of adipogenesis in lipid concentration. The hy-
potensive activity of vitexin is due to its characteristics that obstruct the ganglia, and the anti-inflammatory activity is due to its anti-
bradykin, antihistamine, and anti-serotonin characteristics (Lorizola et al., 2018).

Regarding the antiviral property, vitexin showed a considerable result in the fight against parainfluenza virus type 3 (leads to res-
piratory infection), with ICs, values of 20.8 g/mL (inhibited concentration at 50%) and 16.0 g/mL of selectivity index. The antithy-
roid activity of vitexin was evidenced because it can significantly inhibit thyroid peroxidase. Furthermore, vitexin acts on the enzyme
iodothyronine deiodinase to inhibit the metabolism of thyroid hormones. Vitexin showed radioprotective properties of great rele-
vance for people with breast cancer who underwent radiotherapy. About 70% of patients who had vitexin in their bodies did not lose
weight during the radiotherapy process. In comparison, 73% of those who did not have vitexin in their bodies lost weight from 1 to
2 kg after approximately one month (Lindsay and Cooksey, 2014).

6. Green extraction methods of betanin and vitexin

The bibliometric analysis covered several documents referring to extraction methods, revealing certain trends related to this field
of study. Table 5 contains these articles, presenting the extraction method, the solvent used, the compound obtained, and the refer-
ences. There are two technologies, high-pressure processing and high-temperature treatments, to analyze the stability of betalain
from red beet stalk extract (dos Santos et al., 2018). The solid-liquid extraction method is applied (the process exemplified in Fig. 9)
using a domestic blender, which contributes to the stability of the red beet pigment. The PLE was applied with ethanol as solvent to
beetroot (leaves and stems) to analyze the yield of the process, the total phenolic content, and the antioxidant of the recovered ex-
tracts. The study verified that PLE (process exemplified in Fig. 10) contributed considerably to the recovery of compounds present in
the residues, where vitexin was one of the most abundant compounds found in the beet residue, showing excellent results (0.65 mg/g
of extract) when compared to other methods, Soxhlet, and supercritical fluid, for example (Lasta et al., 2019).

The extraction methods employing ultrasound-assisted, subcritical water extraction (SWE), and subcritical water assisted by ultra-
sound using water as solvent had a considerable influence on the yield of polyphenols (which is composed of phenolic acids and
flavonoids, as is the example of vitexin) from buckwheat, in which, among these methods, the one that obtained the highest yield was
SWE (Dzah et al., 2020). Just like the previous work, ultrasound was applied as an extraction method to mung bean shells to obtain
extracts that proved to be extremely efficient in protecting against skin aging, such as vitexin, which showed great results
(3926.00 pg/g dried mung bean hull) when compared to other phenolic compounds (Hao et al., 2022). However, unlike the previous
method, a 60% ethanol solution was used as the solvent. The effect of adding red beet bagasse extracts, pure or microencapsulated, on
the antioxidant properties, thermal damage, and color of einkorn biscuits enriched with pseudocereals was analyzed, in which the mi-
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Table 5

Biocatalysis and Agricultural Biotechnology 51 (2023) 102744

Description of the main extraction methods based on selected publications between the years 2010-2022 and their respective solvents and main compounds.

Extraction method Solvent(s) Main compounds Reference
Ultrasound Water Flavonoids, (flavan-3-ols), flavonols (kaempferol-3-O-glycoside), flavones Dzah et al. (2020)
(vitexin) and anthocyanins (cyanidin-3-O-rutinoside)
Ethanol Protocatechuic acid, isovitexin, vitexin, caffeic acid, 4-coumaric acid, ferulic Hao et al. (2022)
acid, rutin, and chlorogenic acid
Ethanol Betanin, isobetanine, total phenolics Hidalgo et al.
(2018)

Pressurized liquid
extraction

Solid liquid
extraction

Subcritical water

Microwave

Bain marie

Ultrasonic-assisted
subcritical water
Pulsed electric fields

Soxhlet Extraction

Anel de agitacdo
magnética

Juice extractor

Self-hydrolysis

Deep Eutectic
Solvent Extraction

Water, methanol, ethanol, 70%
aqueous methanol, 70% aqueous
ethanol, or DESs

Ethanol

Ethanol

Ethanol

Methanol
Acetona

Water
Ethanol

MeOH

Ethyl acetate, ethyl acetate-methanol,
absolute methanol, and methanol-

water
H20/EtOH
Ethanol
Ethanol

Ethanol

Ethanol and water

Water

Ethanol

Ethanol

Water

Methanol, ethanol, and acetone
Ethanol, methanol, water, and
acetone

Water

Water

Methanol

Ethanol

Ethanol

Ethanol

Ethanol

Flavone C-glycosides (vicenin-2, vicenin-3, schaftoside, vitexin and
isovitexin)

Isoorientin, orientin, and vitexin
Orientin, vitexin, luteolin 7-O-glucoside, apigenin, luteolin, apigenin and
luteolin

Vicenin II, isoschaftoside, schaftoside, vitexin and isovitexin

Orientin/isoorientin and vitexin/isovitexin
Rutin, orientin, homoorientin, vitexin, and isovitexin

Betanin and isobetanin
Vitexin
Isoorientin, orientin, vitexin and isovitexin

Red beet pigment
Catechin, epicatechin, orientin, isoorientin, vitexin, and isovitexin

Phyllocactin, isobetanine, isophylocactin, and betanin
Ferulic acid, vitexin, and synapaldehyde
Vitexin e isovitexin

Isoorientin, vicenin, vitexin, orientin, and isovitexin
Vitexin

Vitexin

Betanin and isobetanin

Betalain

Flavonoids, (flavan-3-ols), flavonols (kaempferol-3-O-glycoside), flavones
(vitexin) and anthocyanins (cyanidin-3-O-rutinoside)

Vitexin

Vitexin

Betanin

Catechin, epigallocatechin, vitexin, rutin, luteolin and apigenin
Vitexin, isovitexin, isoorientin, ori entin, rutin, isoquercetin and quercetin

Flavonoids, (flavan-3-ols), flavonols (kaempferol-3-O-glycoside), flavones
(vitexin) and anthocyanins (cyanidin-3-O-rutinoside)

Betanin and isobetanin

Vitexin

Malic acids, ascorbic acid, citric acid, betanin, and isobetaine

Betanin

Phenolic acids (protocatechuic and ferulic acids) and flavonoids (orientin,
vitexin, and naringenin)

Phenolic acids (protocatechuic and ferulic acids) and flavonoids (orientin,
vitexin, and naringenin)

Jeong et al. (2017)

Li et al. (2013)
Ren et al. (2016)

Uriburu et al.
(2022)

Zain et al. (2021b)
Kalinova et al.
(2014)

Koubaa et al.
(2016)

Maravic et al.
(2022)

Zain et al. (2021a)
Cao et al. (2022)
Zain et al. (2020)

Roriz et al. (2022)
Lasta et al. (2019)
Supasatyankul et al.
(2022)

Vigano et al. (2016)
Maravic et al.
(2022)

Maravic et al.
(2022)

Scarano et al.
(2020)

dos Santos et al.
(2018)

Dzah et al. (2020)

Maravic et al.
(2022)

Maravic et al.
(2022)

Ciriminna et al.
(2019)

Liew et al. (2018)
Park et al. (2019)

Dzah et al. (2020)

Koubaa et al.
(2016)

Bhardwaj et al.
(2022)
Garcia-Saavedra et
al. (2019)
Aztatzi-Rugerio et
al. (2019)

Rico et al. (2022)

Rico et al. (2022)
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Table 5 (continued)

Extraction method Solvent(s) Main compounds Reference
Magnetic stirrer Acetone and methanol Gallic acid, ferulic acid, sinapic acid, vitexin and isovitexin Basha and Rao
(2017)

Others Ethanol/water Camphor, ethyl acetate, citric acid, linoleic acid and lauric acid, a- Chahdoura et al.
tocopherol, quercetin-3-O-rutinoside, quercetin-O-(deoxyhexoside- (2019)
rutinoside), betanin and isobetanin

Methanol Vitexina, orientina e isoorientina Czemplik et al.
(2016)

Ethanol Octanol, ellagic acid, epicatechin, quercetin, betanin, ascorbic acid, Bulkan et al. (2022)

limonene, hexanal, car-3-ene and myrcene
Acetone/water C- glicosil flavonas (schaftoside, isoschaftoside, vicenin II, vitexin e Cattaneo et al.
isovitexin) (2016)

Ethanol, deionized water, and n- Betanin Lee et al. (2022)

hexane

Ethanol Vitexin Lorizola et al.
(2021)

Methanol Vitexin and isovitexin Ni et al. (2022)

Methanol J-carotene Silos-Espino et al.
(2020)

Ethanol P-hydroxybenzoic acid, catechin, and vitexin Sun et al. (2022)

Deionized water Phyllocactin and betanin Thaiudom et al.
(2021)

Methanol Rutin and vitexin Zielinska et al.
(2013)

Methanol Caffeic acid, ferulic acid, rosmarinic acid, vitexin, luteolin-O-glucuronide Zuniga-Lopez et al.
(2021)

Solvent « —— Feedstock
Solid/Liquid

extraction vessel

F 3
Solid residue Extract

Fig. 9. Example of solid-liquid extraction method. Adapted from da Gabriel da Rosa et al. (2022).

croencapsulated biscuit enriched with water was considered the richest in betanin showing good values (1377 mg/kg). As in previous
studies, the extraction method used was ultrasound, differing in that it used 0.5% ethanol as the solvent (Hidalgo et al., 2018). Differ-
ent solvents were evaluated, such as water, methanol, ethanol, 70% aqueous methanol, 70% aqueous ethanol, and deep eutectic sol-
vents (DES), applied to the ultrasonic bath technique to analyze the presence of flavone C-glycosides. Through the study, it was
proved that the use of ultrasound for more extended periods and also the use of solvents with lower water contents generated a
greater yield of flavone C-glycosides, such as vitexin, where the solvent that presented the best result was the DES (0.087 mg/g)
(Jeong et al., 2017). Extraction methods not commonly used were analyzed, such as pulsed electric fields (PEF) and ultrasound-
assisted extraction (UAE) (process exemplified in Fig. 11), to increase the extraction of red dyes (such as betanin) from the peel and
pulp of prickly pear (Opuntia stricta Haw.). Both evaluated methods used water as a solvent and showed good results compared to tra-
ditional methods (Koubaa et al., 2016). Similar to the previous work, the present study aimed to evaluate different types of unconven-
tional extraction methods, solid/liquid extraction, microwave- and ultrasound-assisted extraction, pressurized liquid extraction, and
subcritical extraction with water (process exemplified in Fig. 12), to extract polyphenols from sugar beet leaves. Among the polyphe-
nols, vitexin was one of the best results, 627-681 mg/100 g using solid-liquid, microwave, and ultrasound extraction. This study dif-
fered from the previous one because all methods used ethanol as a solvent, in which extractions assisted by ultrasound and mi-
crowaves showed better results (Maravic et al., 2022). The UAE was evaluated method using 60% ethanol as solvent to obtain
flavonoids (such as vitexin) compared to a conventional method, in which the ultrasonic bath obtained considerably higher yields (Li
et al., 2013).

The high-speed counter-current chromatography (HSCCC) method was evaluated, and it was proved efficient in separating
flavonoids (such as vitexin) from Spirodela polyrhiza (aquatic plant), reaching a purity level of more than 90% for all flavonoids ana-
lyzed. Ethanol was used as the solvent in an ultrasonic bath (Ren et al., 2016) to extract dry Spirodela polyrhiza,. Seeds of Prosopis alba
(white algarrobo) were obtained through the flour and enriched phenolic extracts, and their characterization was evaluated to use
them as non-traditional sources of nutritional ingredients. These enriched extracts were passed through an ultrasonic bath using 70%
ethanol as a solvent, in which vitexin was among the most found compounds in this extract (Uriburu et al., 2022). The ultrahigh-
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Fig. 11. Example of extraction method using ultrasound. Reproduced from da Rosa et al. (Gabriel da Rosa et al., 2022), with modifications.

performance liquid chromatography with an ultraviolet/photodiode array (UHPLC-UV/PDA) was analyzed to determine luteolin and
apigenin derivatives in compounds extracted from oil palm leaves using methanol as a solvent in an ultrasonic bath. Ultrasound
showed excellent results (244.35 pg/mL) in the extraction of vitexin, derived from apigenin, when compared with other compounds,
such as isovitexin (Zain et al., 2021b).

The potential antioxidant activity of Camelia sinensis (sweet orange) peel extracts and their relationship with their phytochemical
content was analyzed using methanol, ethanol, and acetone solutions in a water bath as an extraction method. The research con-
cluded that the extraction method contributed to obtaining extracts with a high phytochemical content (phenolics and flavonoids),
such as vitexin (Liew et al., 2018). The effect of solvents, ethanol (in different percentages), methanol, water, and acetone employees
in a water bath and applied to common buckwheat and tartar hulls was evaluated (Park et al., 2019). The extract obtained through
the solvents had a high yield, such as the methanol and 80% ethanol extracts, which had good amounts of flavonoids such as vitexin
(12.2 mg/g). Purified melon peel extracts obtained by two nonconventional methods (hydrothermal treatment and alkaline DES ex-
traction) were evaluated. Both methods obtained good results concerning pectin using ethanol from 85% as a solvent. It is also possi-
ble to quantify phenolic acids and flavonoids, such as vitexin, which showed better results (6 mg/g) using phenolic fraction recovered
with resin water wash liquor after extraction and pectin precipitation adsorption (Rico et al., 2022).

The effect of natural dyes (such as betanin) extracted by the Naviglio method from residues of Opuntia ficus-indica (L.) Miller was
evaluated (Scarano et al., 2020). This method is considered an ecologically correct and current technique of solid-liquid extraction
that uses a solution of ethanol and water as solvents. The study proved that compared to other conventional methods under the same
conditions, the Naviglio method obtained better yields concerning the extraction of pigments, such as betanin. The PLE was utilized
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Fig. 12. Example of extraction method using subcritical water.

to evaluate the conditions for extracting phenolic compounds and flavonoids from mung bean seed husks. The extract obtained from
PLE was compared with conventional extraction methods used, such as the Soxhlet method, proving to be superior in several aspects,
such as the extraction speed and the yield of phenolic compounds and flavonoids, such as vitexin (130.53 mg/g of extract)
(Supasatyankul et al., 2022). Similar to a previous study, the PLE was compared with the usual methods of extraction (Soxhlet and
maceration) to obtain bioactive compounds, such as vitexin, from passion fruit peel (Vigano et al., 2016). Additionally, a previous
study found that PLE obtained the best yields for the extraction of bioactive compounds. The 80% acetone was used as a solvent in ul-
trasound to extract e-caprolactam from germinated achenes, unlike cases cited previously that used ethanol (Kalinova et al., 2014).
According to the previous information, it was possible to verify that most works described used an ultrasonic bath and pressurized lig-
uid extraction as extraction methods. With this, it is possible to observe a growing trend in using ecologically correct extraction meth-
ods and green technologies.

7. Conclusion

Bibliometric analysis was applied as a tool for evaluating the advances in the green extraction methods and the biological proper-
ties of betanin and vitexin over the last 12 years. The number of publications related to this area has been increasing in recent years,
reaching its peak in 2021. This trend demonstrates that the interest in these fields has been increasing, mainly due to the intensified
waste use demand and interest in bioactive compounds expansion. The bibliographical analysis showed that vitexin is among the
words identified as motor themes. That is, it is considered a current and well-developed theme. Studies related to betanin began in
2005, therefore, conceptualized as basic themes considerably explained. In addition, bibliometrics indicated that one of the most used
keywords was betanin in studies associated with inflammation properties and food dyes. Through the studies used to generate the
analysis, it was found that most of the warranty processes used as a method were ultrasound, pressurized liquid generation, solid-
liquid generation, and subcritical water generation, thus demonstrating a determined tendency to use methods of responsibility that
do not harm the environment, that is, clean technologies. Finally, the green extraction of betanin and vitexin from agri-food by-
products are promising bioactive compounds for application in the food, pharmaceutical, and health industries, due to the relevant
biological properties, such as antioxidant, anti-inflammatory, and anticancer activity.
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