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Abstract

Vitamins are essential micronutrients for the functioning of the human body. Vitamins can be classified as
water-soluble and fat-soluble, and are obtained through diet or supplementation. Fat-soluble vitamins
include vitamin A, vitamin D, vitamin E, and vitamin K. These compounds are very sensitive to external
factors, including light, oxygen, pH, and temperature. Lack of compound stability, poor solubility, and low
permeability can compromise the bioavailability and usefulness of fat-soluble vitamins. The methodology of
encapsulation of vitamins is currently being widely studied in order to improve their transportation and
usage. Proteins (including protein isolates and concentrates) and carbohydrates derived from legumes are
very interesting materials to coat compounds, considering their functional properties, and the fact that they
are beneficial for the environment and human health. This review describes in detail the current knowledge
about the use of legume protein and carbohydrates as materials for the encapsulation of fat-soluble
vitamins. The functionality, health, and environmental advantages of legume fractions (particularly soy and
pea fractions) as wall materials are also discussed. Future use of legume wastewater (soaking and cooking
water derived from the treatment of legumes) as wall materials is evaluated as well. The study of
encapsulation of fat-soluble vitamins by leguminous fractions is mainly focused on soy and pea protein
isolates and concentrates and can still be expanded, considering the numerous benefits of encapsulation
they provide. Research on encapsulation using legume carbohydrates is scarce and may be interesting due
to their high encapsulation efficiency and easy digestibility. Saponins, proteins, and carbohydrates present
in legume wastewaters could offer useful properties to encapsulation processes, while benefiting the
environment.
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Introduction

Vitamins are micronutrients that the human body needs for proper growth, development, and functioning.
Vitamins can be classified as water-soluble or fat-soluble. The latter includes vitamins A, D, E, and K [1, 2].
The incorporation of these substances in the human body is extremely important due to the functions that
they fulfill [1]. Vitamin A is a group of organic compounds belonging to the retinol family known primarily
for being a good agent for the treatment of eye and skin disease [3, 4]. Vitamin D is a steroid involved in
bone metabolism which can be synthesized in the human skin when exposed to the ultraviolet (UV) rays of
sunlight [1, 5]. The rest of fat-soluble vitamins including vitamin E and vitamin K are terpenes [1]. The
former has several functions, including antioxidant and immune properties, while the second one
participates in coagulation and bone processes [1, 2, 6]. In order to avoid pathologies related to vitamin
deficiency, they must be included in the diet in sufficient quantities or through supplementation [1, 7]. The
diseases and health problems caused by the deficiency of fat-soluble vitamins are diverse and vary from
minor problems to serious and irreversible pathologies [8]. The deficiency of these substances represents a
problem but their overabundance can also lead to several complications [9]. When incorporated in excess,
water-soluble vitamins are efficiently eliminated. However, fat-soluble vitamins cannot be excreted and
tend to accumulate in adipose tissue and in the liver [2]. Prolonged or excessive incorporation of these
vitamins can cause various health complications [7].

Microencapsulation technology is generally used to protect several compounds from external
environmental factors and also, it allows releasing them into the active site in a controlled manner. Fat-
soluble vitamins are substances that are highly sensitive to various environmental factors, which can
change their functionalities. The low water solubility of these vitamins makes their incorporation difficult
in several systems [10]. Therefore, over the years, various technologies and methods have been developed
to improve their application in the pharmaceutical, food, and cosmetic industries, thus preserving their
structure and keeping their multiple health benefits. Microencapsulation based on the coating of substances
was one of the more efficient processes for such purposes. The protective coating or film can be made up of
various materials or mixtures of different coating agents, depending on the type of substance to be
protected [10].

The technology to achieve encapsulation has evolved significantly throughout the years. Currently,
various methodologies are employed to encapsulate fat-soluble vitamins, among which the following stand
out: physical methods (spray drying, extrusion, electrospinning) and physicochemical methods
(emulsification, coacervation, solvent evaporation, inclusion complexes), emulsification and spray drying
the most prominent methods [10, 11]. Among these materials, proteins and carbohydrates of animal and
plant origin have been evaluated by various authors [10]. Legume proteins may be useful for encapsulation
processes, considering the multiple properties they have, their benefits for the environment and their low
price.

The purpose of this review is to summarize the latest information on the use of proteins and
carbohydrates from legumes for the encapsulation of fat-soluble vitamins. Special attention is paid to the
functionality and advantages of these encapsulation materials.

Functional aspects of fat-soluble vitamins

The structure, functions, and effects of low consumption of these vitamins are widely detailed in the
literature [1, 7]. However, taking into account certain general characteristics of these vitamins is important
to evaluate the main aspects of their metabolism and, therefore, the encapsulation processes. Thus, a brief
summary of the main aspects of each fat-soluble vitamin is presented below.
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Vitamin A and provitamin A

Vitamin A is found in a variety of foods, including carrots, cheese, egg yolk, liver, milk, kale, pumpkin, sweet
potato, and spinach [7, 10]. The functions of vitamin A are diverse, encompassing the proper functioning of
vision, respiratory, urinary, reproductive, and immune systems, as well as the promotion of skin cells, hair,
and bone growth, and support in wound healing [1, 7]. Besides, vitamin A is considered an antioxidant.
Vitamin A can be found as retinol, retinal, and retinoic acid, which are its three active forms [4, 7], and it
comes from two main sources: provitamin A and preformed vitamin A. On one hand, provitamin A is in the
form of carotenoids (including a- and (-carotenes). This form of vitamin A is found in plant sources and is
converted into retinol. On the other hand, preformed vitamin A is in the form of retinol, which is the most
readily usable form of vitamin A and the most commonly found form in animal-sourced foods [3, 4]. As
mentioned before, the accumulation of fat-soluble vitamins in the body can generate several health issues.
Excess in vitamin A can lead to symptoms such as headaches, vomiting, enlarged liver, hair loss, and skin
problems, as well as birth defects due to teratogenic effects [4]. Nevertheless, these cases are considered
rare and are likely to occur only with high doses of vitamin A ingested through supplements. Tolerable
upper intake levels of preformed vitamin A are 600-2,800 pg/day for children (from birth to 18 years old),
whereas the limit for adults is 3,000 pg/day [12].

Vitamin D

Vitamin D includes ergocalciferol (vitamin D2) and cholecalciferol (vitamin D3) [2, 10]. The latter is
synthesized by human skin when exposed to UV rays of sunlight. When the epidermis is irradiated by light
UV, a sterol compound is activated in order to form vitamin D [10, 13]. Vitamin D sources are not abundant.
Among them, mushrooms, some dairy products, meats, and fortified foods can be mentioned. Regarding the
functions of vitamin D, these include the hormonal balance of calcium and phosphorus metabolism, the
correct functioning of the nervous system and the formation of ribonucleic acid (RNA), and the
participation in the immune system and in cardiovascular health [1, 13]. Small amounts of vitamin D in the
body can lead to the appearance of rickets or osteomalacia, while an excess of this compound can lead to
mental disorientation, weight loss, and lack of appetite and, in some cases, it can cause death; hence, the
maximum amounts suggested for adults are 50 pg/day [12].

Vitamin E

Vitamin E has different isoforms, including tocopherols and tocotrienols [8]. This vitamin plays a crucial
role in antioxidant, anti-inflammatory, and neuroprotective functions, supporting the proper functioning of
the immune system and aiding in the formation of red blood cells [1, 7]. Sources of vitamin E include oils
from soy, corn, palm, peanut, sunflower, nuts, almonds, and fish, as well as wheat germ, and some
vegetables like broccoli, spinach, and pumpkin [7, 14]. The recommended dietary allowance (RDA) for
vitamin E is usually covered by food ingestion, therefore problems related to its shortage are not so
common [13]. However, intake of vitamin E under the RDA can lead to neurological pathologies, including
Parkinson’s disease and Alzheimer’s disease, whereas an excess of this vitamin (above 1,000 mg/day for
adults) may cause some types of cancer [12].

Vitamin K

Correct blood coagulation depends on the presence of vitamin K [15]. In addition, this vitamin participates
in calcium metabolism [16]. It can be obtained through the diet or by bacterial production in the intestine.
There are different forms of vitamin K: vitamin K1, which is especially found in plants (in the forms of
phytonadione and phylloquinone) and, other parts of vitamin K are produced in the human and animal gut
(often known as vitamin K2, in the form of menaquinone) through the intestinal microbiota [10, 17, 18].
Vitamin K1 is found in high concentrations in dark leafy plants, such as spinach, collards, soybean, and olive
oil [6, 19]. Besides, another form of vitamin K (known as vitamin K3) is a synthetic compound that can be
transformed into K2 in the intestinal tract [15]. If supplementation with vitamin K is high, this vitamin
could inhibit the action of some medicines. The characteristics such as source, functionality, and
recommended intake of fat-soluble vitamins are summarized in Table 1.
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Table 1. Source, functionality, and recommended intake of fat-soluble vitamins

Vitamin RDA Sources Functions Reference
A Children: 400-600 pg/day; Plant sources: broccoli, carrots, Antioxidant, bone development, eye [4,7,12]
adults: 800-1,300 pg/day kale, mangoes, pumpkin, red integrity, growth of epithelial tissue,
peppers, spinach, sweet potato immunity, reproductive functions
Animal sources: dairy, egg yolk,
fish oil, liver
D Children: 10-15 pg/day; Plant sources: mushrooms, dark ~ Bone mineralization, calcium and [7,12, 20]
adults: 15-20 pg/day chocolate phosphorus absorption, cardiovascular

Animal sources: cheese, eggs, health, immunity

fish, liver
E Children: 4—11 mg/day; Plant sources: almonds, Antioxidant, anti-inflammatory, [1,7,12,
adults: 16 mg/day asparagus, broccoli nuts, oils atherosclerosis prevention, calcium and 14, 16]
(corn, palm, peanut, sunflower, phosphorus homeostasis, erythropoiesis,
soy), pumpkin, spinach, wheat immunity, neuroprotective
germ
Animal sources: fish
K Children: 30-75 pg/day; Plant sources: asparagus, broccoli, Bone metabolism, prevention of [6,7,12]
adults: 90-120 pg/day cabbage, spinach calcification of blood vessels

Animal sources: beef, egg, fish,
liver

It is possible to cover the recommended intake of vitamins through the consumption of a wide variety
of fresh foods that include the listed fruits and vegetables, nuts, legumes, and foods of animal origin.
However, it is known that the current dietary patterns of the majority of the population are associated with
the deficiency of various nutrients, little variety of ingredients and consumption of highly processed foods,
with decreasing intake of fresh products [21]. The combination of these factors can contribute to the
development of hidden hunger, defined as “insufficient intake or poor biological use of micronutrients”
[22]. Deficiencies in fat-soluble vitamins may occur in these cases, bringing about problems that may not be
easily observable; if left untreated, these deficiencies could lead to more serious illnesses [23]. In addition,
lack of natural light and high exposure to screens can be associated with a deficiency in vitamin D,
considering that this compound is produced when the sterols present in the skin are exposed to UV rays [5,
24]. In this sense, vitamin D deficiency has become a highly prevalent condition in the general population
[5, 21]. Considering this scenario, it is possible to identify that vitamin supplementation is presented as a
necessary strategy to be implemented in a great part of the population, possibly as part of health policies, in
order to contribute to the prevention of diseases.

Absorption and transportation of fat-soluble vitamins

Fat-soluble vitamins have diverse structures, which makes the absorption process complex. Like other
lipophilic compounds, these vitamins must be transferred to specific organs to be able to perform their
functions. These vitamins, unlike water-soluble ones, must be linked to carrier proteins (or lipoproteins) in
order to be transported into the blood circulation system. Certain characteristics of fat-soluble vitamins
make it difficult for them to reach the target site or carry out their actions. Lack of stability to several
factors (pH, light, temperature, and oxygen, among others), poor solubility, and low permeability can

compromise the bioavailability and usefulness of fat-soluble vitamins [25], factors are summarized in
Figure 1.

Vitamin absorption can be influenced by various factors, including the characteristics of the food
matrix as well as individual physiological traits. Factors such as the presence of fat, dietary fiber, or certain
micronutrients in the food matrix can change vitamin absorption. As well as other lipophilic compounds,
the absorption of fat-soluble vitamins can be increased by consuming fat during meals. Lipids incorporated
through foods can bind to fat-soluble vitamins, transporting them through the cell walls of the intestine and
into the blood circulation system. These vitamins are then stored in the liver or adipose tissue [1, 7].
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Figure 1. Factors affecting the stability of fat-soluble vitamins [25]. The upward arrow indicates “increase”

People who do not have an adequate intake of fat may have difficulties in absorbing fat-soluble
vitamins, thus, it is necessary for those who follow a low-fat diet to reinforce the incorporation of these
substances, considering the vital functions they fulfill. Other authors suggest that low-fat regimens should
only be taken into account when there is low cholesterol consumption or when fatty foods are not
absorbable [1]. Vitamin deficiency should also be considered in situations when malabsorption problems
exist, like gastrectomy, cystic fibrosis, pancreatic pathologies, or fat malabsorption [7]. The amount of food
ingested, bile secretion, alcohol consumption, and the age of the individual, can increase or decrease the
absorption of fat-soluble vitamins [24]. Some authors have proposed that the proportion of adipose tissue
in the individual can also condition the serum levels of vitamin D [24]. People with obesity may present
differences in bioavailability, homeostasis, and/or requirements of fat-soluble vitamins in comparison with
people without this condition [26, 27]. All the named factors must be considered when designing vitamin
supplementation programs for the general population.

When foods or supplements with fat-soluble vitamins are ingested, they travel through the digestive
tract until they arrive at the small intestine. Once in this organ, the fat-soluble vitamins cross the cell wall of
the enterocytes, reaching the blood circulation system. Bile enzymes, fats, and the action of the pancreas are
required for the digestion process. The storage of these vitamins occurs in the liver or adipose tissue, where
they stay until they perform their functions [7].

Taking into account all the factors that can affect the absorption and bioavailability of fat-soluble
vitamins mentioned, an adequate way to protect these compounds is through encapsulation with different
matrices [11]. Encapsulation can be defined as “the entrapment of a substance (active agent) within a
carrier material (wall material)” [28]. The trapped substance is called core material, whereas the protective
compound is considered wall material, carrier, encapsulant, or coating material. Encapsulation
methodologies are crucial techniques for protecting active ingredients from adverse environmental factors,
the gastrointestinal tract, and potential damage during processing and storage [29]. When protecting fat-
soluble vitamins, some properties of the wall material such as film-forming and emulsifying capacities are
worth noting [30]. Through encapsulation, fat-soluble vitamins can increase their solubility and
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bioavailability, ensuring their precise delivery to their sites of action [10]. The recommended dietary
amounts of fat-soluble vitamins could be enhanced through the ingestion of encapsulated supplements.
Liposomes, films, micro or nanoparticles, or emulsions can be used for the encapsulation process.

According to Wijekoon et al. [10], when encapsulating fat-soluble vitamins or similar compounds, it is
important to evaluate several factors, including the inherent characteristics of the fat-soluble compound, its
compatibility and potential interactions with the chosen wall material, and the optimal form of
encapsulation. It is also relevant to evaluate the ultimate intended application of the encapsulated
compound (i.e., cosmetic or food products). Additionally, considering that fat-soluble vitamins must be
consumed with some regularity, it is important to know whether or not individuals follow a
supplementation plan using encapsulated vitamins [13]. [t may be relevant to evaluate the cost of the final
encapsulated product, the presence of unpleasant sensory characteristics (like undesirable flavor and
aroma), or gastric adverse effects, as well as social factors such as beliefs and personal attitudes that may
affect the use of these encapsulated supplements [31, 32].

Proteins and carbohydrates from legumes for the encapsulation of fat-
soluble vitamins

Several food systems can be used as carriers for hydrophobic compounds. Proteins are an interesting
material for the coating of substances, considering that they have emulsification properties and can form
gel structures [33]. Proteins with hydrophobic regions have binding capacity for lipophilic substances.
Besides, proteins can have antioxidant activity, film-forming capacity and ability to self-assemble into
specific structures, and have high nutritional value [25]. Proteins provide benefits regarding encapsulation
and carrying of substances, considering that they can circulate through blood during high periods of time,
they present targeting ability, and they can bind to certain molecules [34]. Other advantages of using
proteins for encapsulation include environmental benefits, since they are renewable and biodegradable [25,
35]. Besides, foods usually have a generally recognized as safe (GRAS) status, so they represent an
advantage over other resources [30]. Food-grade delivery systems made of proteins have been evaluated,
showing high potential as vehicles for bioactive ingredients [36]. The benefits of proteins as carriers of fat-
soluble vitamins are summarized in Figure 2.

o e . , Gel formation
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5;9 and f|Im—formlng \ Y ” High nutritional value
capacity
@Targeting abiity ¢m— Proteins —= $Economical
Protein Binding capacity ‘

Bioactive
compound

& Prolonged blood
‘ circulation
. Biodegradable

.. 7 Renewable

A

Figure 2. Advantages of proteins as carriers

Note. Adapted from “Plant protein-based delivery systems: an emerging approach for increasing the efficacy of lipophilic
bioactive compounds,” by Gomes A, Sobral PJDA. Molecules. 2021;27:60 (https://www.mdpi.com/1420-3049/27/1/60). CC BY.

Plant-based proteins are worth considering for compound encapsulation purposes, due to the positive
attention they have received and the potential benefits (environmental, sustainability, health, and lower
costs) that foods derived from plants may offer when compared to those of animals’ origin [25, 37]. Besides,
people who have personal or religious beliefs against animal consumption would benefit from the use of
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encapsulation materials with plant-based components [36]. However, there are some disadvantages in
vegetable proteins compared to animal proteins, such as the presence of anti-nutritional factors, and the
reduction of certain properties of interest (such as lower emulsifying or lower fat-binding capacities) [25].
Gliadin, which is present in wheat, zein, and maize, has been studied as a plant protein-based carrier [36].
These two proteins have a hydrophobic nature and are promising options to deliver fat-soluble vitamins.

Legume protein (as well as its concentrates or isolates) can represent a useful material for
encapsulating compounds [29, 38, 35]. Extensive studies have been conducted on the encapsulation of
water-soluble vitamins through legume proteins [29, 38], whereas the encapsulation of fat-soluble vitamins
is not as well-developed. Most research regarding the protection of fat-soluble vitamins with legume
proteins focuses on soy proteins [10]. Some procedures, including heat treatments, can impact positively on
legume protein characteristics, making them more useful for microencapsulation processes [30, 35].
Nesterenko et al. [39] found that the acylation process applied to soy protein isolates (SPI) led to the
enhancement of the retention of a-tocopherol, as it favored the amphiphilic character of SPI. This protein
isolate has several useful encapsulation properties, including emulsifying, oil-binding, and high thermal
stability [40]. Wang et al. [41] evaluated the potential of soybean lipophilic protein (found in SPI) for nano-
emulsion delivery systems in neutral and alkaline environments. This lipophilic protein can be used as an
emulsifier. The authors found that this fraction can be used as a stable wall material for the encapsulation
of vitamin E. Vitamin D encapsulation was evaluated by Walia and Chen [42], Khan et al. [43], and Almajwal
et al. [44]. All the studies presented positive results when pea or soy fractions were added to the
encapsulation process. The current knowledge about the encapsulation of fat-soluble vitamins with legume
fractions is summarized in Table 2. The encapsulation efficiency of a compound can be considered as the
rate between the content of the compound in the emulsion (or form of encapsulation) and the total content
of the compound initially incorporated [41].

Table 2. Characteristics of legume proteins as wall materials for the encapsulation of fat-soluble vitamins

Wall Core material Encapsulation Main findings Encapsulation Reference
material technique efficiency
PPC Vitamin D Nano-emulsion PPC used as a surfactant improved 94-96% [42, 45]
vitamin absorption
PPI Vitamin E Emulsions Higher stability of PPl emulsions when NI [46]
(tocopherol) compared with SPI emulsions
Vitamin D Nano-emulsion created PPl enhanced vitamin absorption NI [44]
by ultrasound
SPI Vitamin D Microcapsules Encapsulation has high vitamin retention > 82% [43]
and higher stability with respect to free
vitamin D
Nano-emulsions Protect vitamin D from UV exposure > 70% [47]

Vitamin E Microencapsulation by  SPI was modified by acylation, leading to Native SPI: 80%; [40]
(tocopherol)  spray-drying a higher retention efficiency of vitamin E  modified SPI: 95%
compared to native protein

Emulsions Stable delivery system at low NI [46]
temperatures (4°C)
Vitamin E Nano-emulsion Stable delivery system 60-90% depending [41]
on pH
Vitamin A (- Nanoparticles Successfully managed to preserve 3- > 93% [48]
carotene) carotene inside the protein aggregates

PPC: pea protein concentrate; PPI: pea protein isolate; NI: not informed

In addition to proteins, other components can be used for encapsulation and transport of functional
ingredients. Among them, carbohydrate-based delivery systems have been evaluated by various authors.
These systems can be made of carbohydrates coming from different animal, plant, or microorganism
origins. Agar, xanthan gum, inulin, starch, and other materials can be used as encapsulation materials.
Starches (including different fractions of starch such as resistant starch from roots and legumes) can be
used as interesting encapsulation agents, considering that they are easily digestible, provide faster release
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than other encapsulating materials and present high encapsulation efficiency [36, 49, 50]. Many of the
substances encapsulated with carbohydrates consist of water-soluble vitamins. Carbohydrates are highly
hydrophilic substances, considering they contain -OH group, thus, it is easy for them to bind water-soluble
substances. The available literature shows research on encapsulations of bioactive compounds using
starches or other carbohydrates derived from legumes [35]. Zhu [51] and Hasanvand et al. [52] evaluated
the usefulness of corn starch as wall material for the protection of vitamin D. To date, not many studies
have been found on the use of carbohydrates derived from legumes as wall material in encapsulation of fat-
soluble vitamins. It could be of interest to take advantage of the carbohydrate fraction of legumes,
considering that they make up a large part of these foods. Hydro-lipophilic agents, such as emulsifiers, can
be used to enhance the capacity of carbohydrates for fat-soluble vitamin encapsulation. The hydrophilic
part of the named agents would bind to carbohydrates, while the lipophilic part would bind to the fat-
soluble compound.

Legume discards for the encapsulation of fat-soluble vitamins

As mentioned in the different sections of the current review, diverse plant-based coating materials have
been studied for the encapsulation of substances. Proteins or carbohydrates present in food are two of the
most studied compounds due to their multiple advantages as delivery systems. Among them, legume
proteins stand out as relevant carriers. However, in order to be properly consumed, legumes need to go
through soaking or cooking processes so as to enhance organoleptic characteristics and reduce the content
of certain antinutritional compounds [53, 54]. The treatment of legumes before consumption represents an
environmental problem, considering the amount of water used and its consequent discards. In this sense,
waste from legume processing, such as aquafaba, has become relevant in recent years. Aquafaba is a diluted
solution, usually obtained from canned or cooked chickpeas [55], and it is used as a substitute for eggs in
the elaboration of different foods. Aquafaba has diverse properties, including foaming and gelation
characteristics, as well as emulsification functions [55, 56]. Besides this case, water from the processing of
legumes is not widely used. The composition of water coming from legumes is variable, and it depends on
the type of grain and cooking conditions (temperature, pH, time, and ionic force, among others).
Wastewater from legumes contains oligosaccharides and polysaccharides, low-molecular-weight proteins
(that are water-soluble), saponins, fiber, and phenolic compounds, among others [57]. Martins et al. [58]
evaluated the composition of water coming from the processing of legumes as a source of saccharides of
different polymerization degrees and their revalorization in the context of the circular economy. According
to Serventi et al. [59], wastewater from legumes can contain interesting amounts of different nutrients.
Protein contents of these waters can be around 1 g/100 g aquafaba [59].

The application of legume wastewater is mainly carried out as an egg substitute. According to Mustafa
and Reaney [57], new functions of this byproduct may include its use in the cosmetic sector, and certain
functions in the pharmaceutical industry (such as the encapsulation of active ingredients). In this sense, and
considering the presence of protein and other nutrients in legume wastewaters, these materials could be
used for the preservation of fat-soluble vitamins. Additionally, these byproducts have the capacity to
contribute to foam stability [57], a capacity that can be enhanced by the presence of saponins [59].
Saponins from legume wastewaters can be of great interest as nonionic surfactants. When elaborating
micelles, liposomes, and microemulsions, surfactants can be used as carrier materials. Saponins as
surfactants can enhance the bioavailability of compounds and avoid undesirable effects [60]. Encapsulation
of vitamin K through micelles with saponins has been studied by Sun et al. [61], who stated that an efficient
combination of protein and carbohydrates can help to achieve a good emulsifying and film-forming capacity
while having a material supporting the formation of a matrix [62, 63]. All these factors would be useful to
take advantage of a resource that is currently discarded, which would be economical and could provide
certain properties of interest. The standardization of aquafaba and other legume wastewater as products
with different applications could be very useful in order to reuse the water obtained from legume
processing. No research was found at present on fat-soluble vitamin encapsulation with aquafaba from
legumes.
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Besides, byproducts from the elaboration of tofu or other “vegetable cheeses” made of legumes may be
useful for the delivery of hydrophobic compounds. Soy whey, derived from tofu production, is an ingredient
rich in proteins and carbohydrates that could be used for different applications [64]. The application of
different technological processes to standardize the quality of legume wastewaters or discards increases
their potential use as emerging natural ingredients in encapsulated products, foodstuff, and cosmetic and
pharmaceutical goods.

Conclusions

Fat-soluble vitamins are necessary for the proper functioning of the human body, so their intake in
adequate quantities is necessary. However, the current lifestyle, characterized by the lack of fresh foods,
high consumption of highly processed meals and high exposure to screens instead of sunlight, can lead to a
notable shortage of these vitamins in the general population. These substances are very sensitive to various
environmental factors and those of the human organism, so their encapsulation is relevant to protect and
transport them through the body. Various studies have been carried out on encapsulation strategies, as well
as on the materials for said process. Among these, the use of vegetable proteins is of great interest due to
various functional, health, and environmental advantages. The study in the encapsulation of fat-soluble
vitamins with legume proteins can still be expanded, considering that studies tend to focus on proteins to
protect water-soluble vitamins. The majority of the available works about the encapsulation of fat-soluble
vitamins are usually carried out with soy or pea protein to protect vitamins D and E. Besides, carbohydrates
can be used as wall materials, considering several interesting properties of these materials. However, to
date, not much research has been conducted on the use of carbohydrates derived from legumes as
encapsulating materials.

Legumes are usually soaked and/or cooked before being eaten, resulting in large volumes of water that
are then discarded. These waters contain various components, such as proteins, carbohydrates, and
saponins have relevant functional properties. From a future perspective, it would be interesting to evaluate
the usefulness of these proteins as a means of encapsulation of fat-soluble compounds. Saponins could be
used as surfactants. The reuse of water from the processing of legumes for encapsulation could be an
innovative alternative for environmental care.

Abbreviations

NI: not informed

PPI: pea protein isolate

RDA: recommended dietary allowance
SPI: soy protein isolates

UV: ultraviolet

Declarations

Author contributions

ADC and JNP: Conceptualization, Investigation, Writing—original draft. MCP: Conceptualization,
Writing—review & editing, Supervision. All authors read and approved the submitted version.

Conflicts of interest

The authors declare that they have no conflicts of interest.

Ethical approval
Not applicable.

Explor Foods Foodomics. 2024;2:30-42 | https://doi.org/10.37349/eff.2024.00024 Page 38



Consent to participate

Not applicable.

Consent to publication

Not applicable.

Availability of data and materials

Not applicable.

Funding

This work was financially supported by Agencia Nacional de Promocién Cientifica y Tecnoldgica
[PICT2019-877]; Consejo Nacional de Investigaciones Cientificas y Técnicas [PIP202-1252]; and
Universidad Nacional del La Plata [2020-A346]. The funders had no role in study design, data collection and
analysis, decision to publish, or preparation of the manuscript.

Copyright
© The author(s) 2024.

References

1.

10.

11.

12.

Hashemi SMB, Pourmohammadi K, Gholamhosseinpour A, Es I, Ferreira DS, Khaneghah AM. Fat-
soluble vitamins. In: Barba FJ, Saraiva JMA, Cravotto G, Lorenzo JM, editors. Innovative thermal and
non-thermal processing, bioaccessibility and bioavailability of nutrients and bioactive compounds.
Cambridge: Woodhead Publishing; 2019. pp. 267-89.

Rafeeq H, Ahmad S, Tareen MBK, Shahzad KA, Bashir A, Jabeen R, et al. Biochemistry of fat soluble
vitamins, sources, biochemical functions and toxicity. Haya Saudi ] Life Sci. 2020;5:188-96.

Maurya VK, Shakya A, Bashir K, Kushwaha SC, McClements D]. Vitamin A fortification: recent advances
in encapsulation technologies. Compr Rev Food Sci Food Saf. 2022;21:2772-819.

Bastos Maia S, Rolland Souza AS, Costa Caminha MF, Lins da Silva S, Callou Cruz RSBL, Carvalho Dos
Santos C, et al. Vitamin A and pregnancy: a narrative review. Nutrients. 2019;11:681.

Cui A, Xiao P, Ma Y, Fan Z, Zhou F, Zheng ], et al. Prevalence, trend, and predictor analyses of vitamin D
deficiency in the US population, 2001-2018. Front Nutr. 2022;9:965376.

Halder M, Petsophonsakul P, Akbulut AC, Pavlic A, Bohan F, Anderson E, et al. Vitamin K: double bonds
beyond coagulation insights into differences between vitamin K1 and K2 in health and disease. Int ]
Mol Sci. 2019;20:896.

Stevens SL. Fat-soluble vitamins. Nurs Clin North Am. 2021;56:33-45.

Youness RA, Dawoud A, ElTahtawy O, Farag MA. Fat-soluble vitamins: updated review of their role
and orchestration in human nutrition throughout life cycle with sex differences. Nutr Metab (Lond).
2022;19:60.

Moyersoen I, Devleesschauwer B, Dekkers A, De Ridder K, Tafforeau ], Van Camp J, et al. Intake of fat-
soluble vitamins in the belgian population: adequacy and contribution of foods, fortified foods and
supplements. Nutrients. 2017;9:860.

Wijekoon MJO, Mahmood K, Ariffin F, Nafchi AM, Zulkurnain M. Recent advances in encapsulation of
fat-soluble vitamins using polysaccharides, proteins, and lipids: a review on delivery systems,
formulation, and industrial applications. Int ] Biol Macromol. 2023;241:124539.

Mujica-Alvarez ], Gil-Castell O, Barra PA, Ribes-Greus A, Bustos R, Faccini M, et al. Encapsulation of
vitamins A and E as spray-dried additives for the feed industry. Molecules. 2020;25:1357.

For health professionals [Internet]. Bethesda: National Institutes of Health (NIH) Office of Dietary
Supplements (ODS). [Cited 2023 Nov 3]. Available from: https://ods.od.nih.gov/HealthInformation/
healthprofessional.aspx

Explor Foods Foodomics. 2024;2:30-42 | https://doi.org/10.37349/eff.2024.00024 Page 39


https://ods.od.nih.gov/HealthInformation/healthprofessional.aspx
https://ods.od.nih.gov/HealthInformation/healthprofessional.aspx

13.

14.

15.

16.

17.

18.

19.

20.
21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

Roth DE, Abrams SA, Aloia ], Bergeron G, Bourassa MW, Brown KH, et al. Global prevalence and
disease burden of vitamin D deficiency: a roadmap for action in low-and middle-income countries.
Ann N'Y Acad Sci. 2018;1430:44-79.

Chaves MA, Ferreira LS, Baldino L, Pinho SC, Reverchon E. Current applications of liposomes for the
delivery of vitamins: a systematic review. Nanomaterials (Basel). 2023;13:1557.

Fusaro M, Gallieni M, Porta C, Nickolas TL, Khairallah P. Vitamin K effects in-human health: new
insights beyond bone and cardiovascular health. ] Nephrol. 2020;33:239-49. Erratum in: ] Nephrol.
2020;33:3809.

Akbari S, Rasouli-Ghahroudi AA. Vitamin K and bone metabolism: a review of the latest evidence in
preclinical studies. Biomed Res Int. 2018;2018:4629383.

Gholami H, Chmiel JA, Burton JP, Maleki Vareki S. The role of microbiota-derived vitamins in immune
homeostasis and enhancing cancer immunotherapy. Cancers. 2023;15:1300.

Welsh |, Bak M]J, Narvaez CJ. New insights into vitamin K biology with relevance to cancer. Trends Mol
Med. 2022;28:864-81.

Aaseth JO, Alehagen U, Opstad TB, Alexander J. Vitamin K and calcium chelation in vascular health.
Biomedicines. 2023;11:3154.

Benedik E. Sources of vitamin D for humans. Int ] Vitam Nutr Res. 2022;92:118-25.

Titcomb TJ, Tanumihardjo SA. Global concerns with B vitamin statuses: biofortification, fortification,
hidden hunger, interactions, and toxicity. Compr Rev Food Sci Food Saf. 2019;18:1968-84.

Godecke T, Stein A], Qaim M. The global burden of chronic and hidden hunger: trends and
determinants. Global Food Secur. 2018;17:21-9.

Lowe NM. The global challenge of hidden hunger: perspectives from the field. Proc Nutr Soc. 2021;80:
283-9.

Maurya VK, Aggarwal M. Factors influencing the absorption of vitamin D in GIT: an overview. ] Food
Sci Technol. 2017;54:3753-65.

Gomes A, Sobral PJDA. Plant protein-based delivery systems: an emerging approach for increasing the
efficacy of lipophilic bioactive compounds. Molecules. 2021;27:60.

Correa-Rodriguez M, Gémez-Urquiza L, Medina-Martinez I, Gonzalez-Jiménez E, Schmidt-RioValle ],
Rueda-Medina B. Low intakes of vitamins C and A are associated with obesity in early adulthood. Int ]
Vitam Nutr Res. 2022;92:204-13.

Thomas-Valdés S, Tostes MDGV, Anunciacao PC, da Silva BP, Sant’Ana HMP. Association between
vitamin deficiency and metabolic disorders related to obesity. Crit Rev Food Sci Nutr. 2017;57:
3332-43.

Devi N, Sarmah M, Khatun B, Maji TK. Encapsulation of active ingredients in polysaccharide-protein
complex coacervates. Adv Colloid Interface Sci. 2017;239:136-45.

Gharibzahedi SMT, Smith B. Legume proteins are smart carriers to encapsulate hydrophilic and
hydrophobic bioactive compounds and probiotic bacteria: a review. Compr Rev Food Sci Food Saf.
2021;20:1250-79.

Sharif HR, Williams PA, Sharif MK, Abbas S, Majeed H, Masamba KG, et al. Current progress in the
utilization of native and modified legume proteins as emulsifiers and encapsulants-a review. Food
Hydrocolloids. 2018;76:2-16.

Malinowski SS, Barber KE, Kishk OA, Mays AA, Jones SR, Turner AL, et al. Effect of fish oil supplement
administration method on tolerability and adherence: a randomized pilot clinical trial. Pilot Feasibility
Stud. 2019;5:3.

Van der Wurff IS, Meyer BJ], De Groot RH. A review of recruitment, adherence and drop-out rates in
omega-3 polyunsaturated fatty acid supplementation trials in children and adolescents. Nutrients.
2017;9:474.

Explor Foods Foodomics. 2024;2:30-42 | https://doi.org/10.37349/eff.2024.00024 Page 40



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47,

48.

49.

50.

51.

Sridhar K, Bouhallab S, Croguennec T, Renard D, Lechevalier V. Application of high-pressure and
ultrasound technologies for legume proteins as wall material in microencapsulation: new insights and
advances. Trends Food Sci Technol. 2022;127:49-62.

Zhang Y, Sun T, Jiang C. Biomacromolecules as carriers in drug delivery and tissue engineering. Acta
Pharm Sin B. 2018;8:34-50.

Dewan MF, Haque MA. Application of legume-based materials in encapsulation technology: a review.
Legume Science. 2023;5:e188.

Malekzad H, Mirshekari H, Sahandi Zangabad P, Moosavi Basri SM, Baniasadi F, Sharifi Aghdam M, et
al. Plant protein-based hydrophobic fine and ultrafine carrier particles in drug delivery systems. Crit
Rev Biotechnol. 2018;38:47-67.

Willett W, Rockstrom |, Loken B, Springmann M, Lang T, Vermeulen S, et al. Food in the anthropocene:
the EAT-Lancet Commission on healthy diets from sustainable food systems. Lancet. 2019;393:
447-92. Erratum in: Lancet. 2019;393:530. Erratum in: Lancet. 2019;393:2590. Erratum in: Lancet.
2020;395:338. Erratum in: Lancet. 2020;396:e56.

Afzaal M, Saeed F, Aamir M, Usman I, Ashfaq [, Ikram A, et al. Encapsulating properties of legume
proteins: recent updates & perspectives. Int ] Food Prop. 2021;24:1603-14.

Nesterenko A, Alric I, Silvestre F, Durrieu V. Comparative study of encapsulation of vitamins with
native and modified soy protein. Food Hydrocolloids. 2014;38:172-9.

Yang R, Zhu L, Meng D, Wang Q, Zhou K, Wang Z, et al. Proteins from leguminous plants: from
structure, property to the function in encapsulation/binding and delivery of bioactive compounds.
Crit Rev Food Sci Nutr. 2022:62:5203-23.

Wang D, Zhong M, Sun Y, Fang L, Sun Y, Qi B, et al. Effects of pH on ultrasonic-modified soybean
lipophilic protein nanoemulsions with encapsulated vitamin E. LWT. 2021;144:111240.

Walia N, Chen L. Pea protein based vitamin D nanoemulsions: fabrication, stability and in vitro study
using Caco-2 cells. Food Chem. 2020;305:125475.

Khan WA, Butt MS, Pasha I, Jamil A. Microencapsulation of vitamin D in protein matrices: in vitro
release and storage stability. ] Food Meas Charact. 2020;14:1172-82.

Almajwal AM, Abulmeaty MMA, Feng H, Alruwaili NW, Dominguez-Uscanga A, Andrade JE, et al.
Stabilization of vitamin D in pea protein isolate nanoemulsions increases its bioefficacy in rats.
Nutrients. 2019;11:75.

Walia N, Zhang S, Wismer W, Chen L. A low energy approach to develop nanoemulsion by combining
pea protein and Tween 80 and its application for vitamin D delivery. FHFH. 2022;2:100078.

Galani E, Ly I, Laurichesse E, Schmitt V, Xenakis A, Chatzidaki MD. Pea and soy protein stabilized
emulsions: formulation, structure, and stability studies. Colloids Interfaces. 2023;7:30.

Lee H, Yildiz G, Dos Santos LC, Jiang S, Andrade JE, Engeseth NJ, et al. Soy protein nano-aggregates
with improved functional properties prepared by sequential pH treatment and ultrasonication. Food
Hydrocolloids. 2016;55:200-9.

Murru C. Nanoparticulas de proteinas de soja: preparacion, caracterizacion y aplicacién a la
encapsulacién de -caroteno [dissertation]. Oviedo: Universidad de Oviedo; 2017. Spanish.

Ribeiro AM, Shahgol M, Estevinho BN, Rocha F. Microencapsulation of vitamin A by spray-drying,
using binary and ternary blends of gum arabic, starch and maltodextrin. Food Hydrocolloids. 2020;
108:106029.

Bostan A, Ghaitaranpour A. Co-encapsulation of vitamin D and calcium for food fortification. ]
Nutrition Fasting Health. 2019;7:229-34.

Zhu F. Encapsulation and delivery of food ingredients using starch based systems. Food Chem. 2017;
229:542-52.

Explor Foods Foodomics. 2024;2:30-42 | https://doi.org/10.37349/eff.2024.00024 Page 41



52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Hasanvand E, Fathi M, Bassiri A. Production and characterization of vitamin D; loaded starch
nanoparticles: effect of amylose to amylopectin ratio and sonication parameters. ] Food Sci Technol.
2018;55:1314-24.

Kumar Y, Basu S, Goswami D, Devi M, Shivhare US, Vishwakarma RK. Anti-nutritional compounds in
pulses: implications and alleviation methods. Legume Sci. 2022;4:e111.

Abbas Y, Ahmad A. Impact of processing on nutritional and antinutritional factors of legumes: a
review. Ann.: Food Sci Technol. 2018:19:199-215.

Serventi L. Upcycling legume water: from wastewater to food ingredients. New York: Springer
International Publishing; 2020.

Stantiall SE, Dale K], Calizo FS, Serventi L. Application of pulses cooking water as functional
ingredients: the foaming and gelling abilities. Eur Food Res Technol. 2018;244:97-104.

Mustafa R, Reaney MJT. Aquafaba, from food waste to a value-added product. In: Campos-Vega R,
Oomah BD, Vergara-Castafieda HA, editors. Food wastes and by-products: nutraceutical and health
potential. New York: Wiley-Blackwell; 2020. pp. 93-126.

Martins GN, Carboni AD, Hugo AA, Castilho PC, Gémez-Zavaglia A. Chickpeas’ and lentils’ soaking and
cooking wastewaters repurposed for growing lactic acid bacteria. Foods. 2023;12:2324.

Serventi L, Wang S, Zhu |, Liu S, Fei F. Cooking water of yellow soybeans as emulsifier in gluten-free
crackers. Eur Food Res Technol. 2018;244:2141-8.

Liao Y, Li Z, Zhou Q, Sheng M, Qu Q, Shi Y, et al. Saponin surfactants used in drug delivery systems: a
new application for natural medicine components. Int ] Pharm. 2021;603:120709.

Sun F, Ye C, Thanki K, Leng D, van Hasselt PM, Hennink WE, et al. Mixed micellar system stabilized
with saponins for oral delivery of vitamin K. Colloids Surf B Biointerfaces. 2018;170:521-8.

Ribeiro AM, Estevinho BN, Rocha F. The progress and application of vitamin E encapsulation-a
review. Food Hydrocolloids. 2021;121:106998.

Labuschagne P. Impact of wall material physicochemical characteristics on the stability of
encapsulated phytochemicals: a review. Food Res Int. 2018;107:227-47.

Punoo HA, Rather JA, Muzaffar A. Development of soy whey fortified orange juice beverages: their
physicochemical, rheological, antioxidant, and sensory properties. Explor Foods Foodomics. 2023;1:
206-20.

Explor Foods Foodomics. 2024;2:30-42 | https://doi.org/10.37349/eff.2024.00024 Page 42



	Abstract
	Keywords
	Introduction
	Functional aspects of fat-soluble vitamins
	Vitamin A and provitamin A
	Vitamin D
	Vitamin E
	Vitamin K

	Absorption and transportation of fat-soluble vitamins
	Proteins and carbohydrates from legumes for the encapsulation of fat-soluble vitamins
	Legume discards for the encapsulation of fat-soluble vitamins
	Conclusions
	Abbreviations
	Declarations
	Author contributions
	Conflicts of interest
	Ethical approval
	Consent to participate
	Consent to publication
	Availability of data and materials
	Funding
	Copyright

	References

