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A B S T R A C T   

Background: Fruit and vegetable by-products (FVBP) from the food industry and post-harvest represent one of the 
world’s most common environmental pollution problems. However, these wastes are now being recognized for 
their functional value. Encapsulation is among the most popular food processing alternatives since it helps to 
improve the stability and bioavailability of bioactive compounds. Encapsulated products provide excellent health 
benefits, and therefore can be used as functional ingredients in food. 
Scope and approach: This review describes the creation of encapsulated bioactive compounds (EBC) using 
microencapsulation techniques and their application in food. The work aimed to identify the various previously 
studied bioactive compounds from FVBP related to their extraction, characterization, encapsulation, and 
application. Encapsulation protects bioactive compounds against the adverse conditions inherent in food pro-
cessing, and its use allows for functional food to be obtained. 
Key findings and conclusions: Encapsulation technologies, such as spray-drying, freeze-drying, and coacervation, 
are those most used to produce EBC from FVBP. The effectiveness of these technologies in producing EBC with 
high encapsulation efficiency and excellent functional properties has been proven, and the stability and solubility 
of bioactive compounds were thereby improved. EBC from FVBP were added to food with various purposes, 
including enrichment, fortification, coloring, and stability improvement against oxidation and microbial pro-
liferation. Several studies regarding the application of EBC from FVBP in food have been performed thus; EBC is a 
promising alternative in the treatment of agricultural and agro-industrial by-products and one that merits further 
investigation.   

1. Introduction 

At a global scale, food industry by-products represent a critical 
source of pollution: food losses and waste occur throughout the food 
supply chain, accounting for around 1.3 billion tons per year, or 16% of 
the total food supply (FAO, 2011; Kummu et al., 2012). In case of fruits 
and vegetables, food losses of 20%–40% begin in initial agricultural 
production and continue throughout the production phases, all the way 
to the final consumer (FAO, 2011). A wide range of by-products come 
from fruit and vegetable processing —particularly from the juice 

industry, including leaves, peels, unusable pulp, seeds, cull fruits and 
stones— and a large amount of this material is ultimately discarded 
(Amaya-Cruz et al., 2015; Fernández et al., 2018). The conversion of 
these wastes into high-value food products could mitigate losses by 
increasing demand for post-harvest and agro-industrial by-products that 
can be used as sources of bioactive compounds with antioxidant prop-
erties and applied in the development of functional products (Socaci, 
2017). 

Several studies on fruit and vegetable by-products (FVBP) —in the 
form of peels, seeds, flower, leaf, stem, pomace, bagasse, and extracts— 
have found a wide variety of bioactive compounds, such as phenolic 
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acids, flavonoids, anthocyanins, carotenoids, and vitamin C (Barros 
et al., 2012; Kabir et al., 2015; Silva et al., 2014). FVPB extracts and 
isolated compounds with antioxidant properties have been used as in-
gredients to develop new functional food products with high rates of 
consumer interest and acceptance (Socaci, 2017). These compounds 
could also be used as nutraceuticals in medicinal and pharmaceutical 
products. Due to their bioactive compound content and biological ac-
tivity in humans, a number of FVBP may have applications as natural 
additives in the food, biotechnology, and pharmaceutical industries 
(Coman et al., 2020). However, their instability under normal food 
processing and storage conditions, such as pH variations, temperature, 
light, oxygen, and ions, limits their use. Fortunately, the encapsulation 
effectiveness of specific bioactive compounds has been demonstrated 
using encapsulation techniques to decrease sensitivity to environmental 
conditions while improving stability and water solubility (Gomes et al., 
2019; Souza et al., 2017). 

The possibility of producing food with added natural ingredients that 
can provide health benefits has drawn more attention from food re-
searchers in recent years. The use of encapsulated bioactive compounds 
(EBC) in foods is a growing industry trend, resulting in the expansion of 
well-known functional foods (Lavelli et al., 2016; Oancea et al., 2018; 
Tupuna-Yerovi et al., 2020). 

This review article’s primary goal is to demonstrate the encapsula-
tion process’s potential in improving the stability, solubility, and bio-
accessibility of bioactive compounds extracted from FVBP, and the 
application of encapsulated products as functional food ingredients 
(Fig. 1). 

2. Bioactive compounds in FVBP 

Due the increasing amounts of agro-industrial wastes, several studies 
have focused on the characterization of bioactive compounds, mainly in 
FVBP. These organic residues can provide a cheap source of bioactive 
compounds (Table 1), which can be used to develop new ingredients or 
additives for functional food products. 

2.1. Fruit by-products 

The type of by-products primarily depends on the fruit type. Fruits 
can be classified according to the physical characteristics of peel and 
seeds, and said classification also serves to define the necessary pro-
cessing method and steps. Pomes (e.g., apple and pears) have a central 
seed-containing core surrounded by a thick layer of pulp and a thin layer 
of peel, while berries are small and juicy, with thin skins that are an 
attractive source of bioactive compounds. Usually, the entire fruit is 
pressed to extract the juice producing by-products in the form of pomace 
(peel, seeds, and leftover pulp), which is discarded following the pro-
cessing of juices, jam, jelly, fruit bars, and marmalades. Apple pomace 
(approx. 25% of fresh fruit weight) is rich in phenolic compounds 
─phloridzin and chlorogenic acid being the most abundant─ which can 
act as radical scavenger agents, showing antioxidant properties (Rana 
et al., 2015). The amount of total phenolic compounds (TPC) is higher in 
seeds than in peel (Rabetafika et al., 2014), is higher in the peel than in 

Abbreviations 

EBC Encapsulated Bioactive Compounds 
EPC Encapsulated Phenolic Compounds 
FVBP Fruit and Vegetable By-Products 
TPC Total Phenolic Compounds 
TAC Total Anthocyanin Content 
TFC Total Flavonoid Content 
TCC Total Carotenoid Content 
EY Encapsulation Yield 
EE Encapsulation Efficiency 
MD Maltodextrin 
GA Gum Arabic 
DE Dextrose Equivalent 
WPC Whey Protein Concentrate 
WPI Whey Protein Isolate 
C/W Core/wall material  

Fig. 1. Food application of encapsulated bioactive compounds extracted from fruit and vegetable by-products.  
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pulp (Vieira et al., 2011). 
The TPC content and antioxidant activity of berry by-products is 

generally represented by anthocyanins and depends on the solvent and 
operating conditions used for extraction (Kapasakalidis et al., 2006; 
Kitrytė et al., 2017; Santos et al., 2019). Oszmiański et al. (2016) re-
ported that the TPC in cranberry juices was lower than in fruit and 
pomace, and the TPC in pomace was higher than in fruit. In studies 
performed with blueberry, red raspberry, and cranberry pomace, the 
extracts showed remarkable antioxidant activity. The pleasant flavor 
and high bioactive compound content of tropical berries —such as 
acerola and jaboticaba— have led to increased consumption. However, 
their processed by-products contain higher amounts of bioactive com-
pounds —with antioxidant activity and moderate anti-inflammatory, 
anti-proliferative, and antimicrobial activities— than that found in the 
fruit’s edible fleshy part. Neither was any hepatotoxicity shown, 
meaning that there are no toxicity issues with application (Albuquerque 
et al., 2020; Rezende et al., 2017). 

The wine and juice industry rejects large amounts of grape by- 
products in the form of pressed grape pomace. Phenolic compounds 
are not fully extracted during the winemaking process, and various 
studies have identified numerous phenolic compounds left behind in 
grape pomace from different extraction methods (Goula et al., 2016; 
Montibeller et al., 2019). The seeds showed more TPC and antioxidant 
activity than skin (Ky & Teissedre, 2015). The phenolic compounds 
showed potential benefits for cardiovascular and metabolic health, 
cancer prevention, and antioxidant, anti-inflammatory, and antimicro-
bial activity (Ferri et al., 2017; Thimothe et al., 2007). 

Drupes (e.g., mangos, peaches, plums, and olives) have an outer peel 
covering a soft fleshy fruit, which surrounds a single hard stone or pit 
containing the seed. They must be peeled prior to processing, and the 
seed/kernel is often removed, leaving behind only the edible fleshy part 
for use. Mango by-products (35%–60% of fresh fruit weight) have a high 
concentration of phenolic acids and carotenoids and lower amounts of 
flavonoids and phytosterols (Marcillo-Parra et al., 2021). The total 
carotenoid content (TCC) is higher in the peel than in the seed kernel, 
while mangiferin is the predominant phenolic compound in both 
(Ruales et al., 2018). Extracts from mango, peach, and plum by-products 
showed antioxidant activity, antimicrobial activity, inhibitory activity 
against α-amylase, and the prevention of degenerative liver diseases 
(Amaya-Cruz et al., 2015; Sójka et al., 2015). Citrus fruits have a thick 
outer rind and a membrane that separates the pulp into segments. They 
are generally consumed in the form of fresh-squeezed, concentrated, or 
pasteurized juice, producing high amounts of discarded by-products. 
Orange, lemon, lime, mandarin, clementine, kumquat, and grapefruit 
peels are rich in bioactive compounds. Carotenoids and flavonoids 
─hesperidin the predominant─ are more abundant than phenolic acids, 
flavones, and limonoids (Agócs et al., 2007; González-Molina et al., 
2010), and the peel contains higher amounts of phenolic compounds, 
vitamin C, and minerals than the pulp (Barros et al., 2012). The anti-
oxidant and anti-inflammatory activities are positively correlated with 
bioactive compound content (Chen et al., 2017). 

Juicy fruits such as pomegranate and cactus fruit have thick skins 
and numerous seeds, generating many by-products. Pomegranate by- 

Table 1 
Bioactive compounds from fruit and vegetable by-products.  

Food by-product Bioactive compounds References 

Fruits 
Acerola pomace Anthocyanins, carotenoids, 

vitamin C, and yellow 
flavonoids 

Rezende et al. (2017); Silva 
et al. (2014) 

Apple pomace 
Blackberry pomace 
Blackcurrant 
pomace 
Black chokeberry 
press cake residue 
Cranberry skin 
Pear pomace 
Sour cherry peel 

Phenolic acids, flavonoids, 
and anthocyanins 

Rana et al. (2015) 
Santos et al. (2019) 
Kapasakalidis et al. (2006) 
Kitrytė et al. (2017) 
Oszmiański et al. (2016) 
Fernández et al. (2018) 
Yılmaz et al. (2015) 

Cactus peel and 
mucilaginous part 
with seeds 

Phenolic acids, flavonoids, 
betalains, and tocopherols 
(vitamin E) 

Melgar et al. (2017) 

Cashew apple peel 
and pulp’s leftovers 
Mango peel, pulp’s 
leftovers, and seed 
kernel 
Peach peel and 
pulp’s leftovers 

Phenolic acids, carotenoids, 
anthocyanins, and yellow 
flavonoids, vitamin C, and 
tannins 

Silva et al. (2014) 
Marcillo-Parra et al. (2021); 
Ruales et al. (2018) 
Amaya-Cruz et al. (2015);  
Gil et al. (2002) 

Clementine peel 
Grapefruit peel 
Kumquat peel 

Carotenoids Agócs et al. (2007) 

Grape pomace Phenolic acids, flavonoids, 
anthocyanins, tannins, and 
stilbenes 

Goula et al. (2016); Ky and 
Teissedre (2015);  
Montibeller et al. (2019) 

Guava pomace 
Papaya pomace 
Passion fruit seeds 
Surinam cherry 
pulp’s leftovers 

Carotenoids, anthocyanins, 
and yellow flavonoids 

Silva et al. (2014) 

Jaboticaba pomace Phenolics, anthocyanins, 
and tocopherols (vitamin E) 

Albuquerque et al. (2020);  
Souza et al. (2017) 

Lemon peel 
Lima peel 
Mandarin peel 
Orange peel and 
seeds 

Phenolics, vitamin C, 
carotenoids, and flavonoids 

Agócs et al. (2007) 
Barros et al. (2012) 
González-Molina et al. 
(2010) 
Chen et al. (2017) 

Persimmon peel 
Pomegranate peel 
Quince peel and 
seeds 

Phenolic compounds Kabir et al. (2015) 
Kaderides et al. (2015) 

Pineapple peel and 
pulp’s leftovers 
Sapodilla pomace 

Anthocyanins and 
carotenoids 

Silva et al. (2014) 

Plum press cake 
residue 

Phenolic acids, vitamin C, 
anthocyanins, and 
flavonoids 

Gil et al. (2002); Sójka et al. 
(2015) 

Raspberry and 
strawberry 
extrudate 

Phenolic acids and 
anthocyanins 

Vázquez-González et al. 
(2020) 

Star fruit peel and 
seeds 

Phenolic acids, flavonoids, 
and vitamin C 

Saikia et al. (2015) 

Vegetables 
Artichoke stalk, leaf, 

receptacles, and 
outer bract 

Phenolic acids, flavonoids, 
and inositols 

Ruiz-Cano et al. (2014) 

Asparagus leaf and 
spears 

Phenolics, flavonoids, and 
saponins 

Fuentes-Alventosa et al. 
(2013) 

Black carrot peel 
Sweet potato 
(Shinzami) peel 

Phenolic acids and 
anthocyanins 

Kamiloglu et al. (2016) 
Kim et al. (2012) 

Broccoli stalk, 
inflorescence, and 
leaves 
Cauliflower leaves 
and stem 
Chicory leaves 
Lettuce leaves 
Yarrow leaves dust 

Phenolic acids and 
flavonoids 

Ferreira et al. (2018) 
Llorach et al. (2003) 
Llorach et al. (2004) 
Kabir et al. (2015) 
Vladić et al. (2016) 

Cabbage leaves Phenolic compounds Kabir et al. (2015)  

Table 1 (continued ) 

Food by-product Bioactive compounds References 

Olive press cake 
residue 
Onion scape, 
umbel, surpluses, 
and root 

Phenolic acids, flavonoids, 
and tyrosol 

Fernández et al. (2018) 
Roldán et al. (2008) 

Potato peel Phenolic acids Akyol et al. (2016) 
Red pepper peel and 

seeds 
Carotenoids and 
tocopherols (vitamin E) 

Silva et al., (2013) 

Tomato peel and 
seeds 

Carotenoids, phenolic 
acids, and flavonoids 

Fernández et al. (2018);  
Stajčić et al. (2015)  
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products (up to 40% of the whole) have a higher amount of phenolic 
compounds, which showed antioxidant, antibacterial, anti-allergic, and 
anti-inflammatory properties (Panichayupakaranant et al., 2010; Çam 
et al., 2014). For cactus fruit by-products, a high bioactive compound 
content was reported by Melgar et al. (2017), with the amount in peel 
being higher than in seeds. The correlation factors demonstrated a 
synergetic effect between the functional properties (antioxidant and 
antimicrobial) and the bioactive compound content. Likewise, the ex-
tracts showed no toxicity, making cactus fruit by-products a potential 
functional ingredient in the food industry. 

Silva et al. (2014) evaluated the bioactive compounds in by-products 
from several Brazilian tropical fruits. The authors reported that in 
pineapple, acerola, cashew, guava, papaya, mango, and surinam cherry, 
the level of at least one of the four compounds analyzed (β-carotene, 
lycopene, anthocyanins, and yellow flavonoids) was higher in 
by-products than in pulp. Passion fruit showed no statistical difference 
between values, while the number of bioactive compounds was unde-
tectable in monbin, soursop, and tamarind by-products. These findings 
support the potential commoditization of traditional and non-traditional 
fruit by-products rich in bioactive compounds. 

2.2. Vegetable by-products 

Vegetable handling, commercialization, and processing produces a 
significant amount of by-products. Vegetables are processed for different 
ends, including canning, juice, concentrate, jam, and fermented bever-
ages. As with fruits, the by-products depends on the vegetables type. 
Vegetables can be classified according to which edible part of the plant is 
processed for human consumption. When different parts of the same 
plant are edible, they may fall into more than one category, e.g., roots 
and leaves of beetroot can be consumed. 

In the case of edible flowers of certain vegetables, such as artichoke, 
broccoli, and cauliflower, the unprocessed part is considered a by- 
product. The TPC, total flavonoid content (TFC), and antioxidant ac-
tivity of artichoke by-products vary widely by the bract positions of the 
artichoke head and the thermal treatments used (Ruiz-Cano et al., 
2014). The fractions of most interest for use as functional ingredients are 
situated closest to the artichoke heart. Llorach et al. (2003) reported a 
high TPC in cauliflower by-products. The amount was higher in 
by-products than in edible parts, showing potential antioxidant activity. 
Interestingly, cauliflower by-product TPC was higher than that of apple 
and grape pomaces. 

When an edible stalk is the central part of a vegetable, e.g., aspar-
agus, the remainder of the plant is considered a by-product. Asparagus 
by-products are rich in many bioactive compounds, found in the dis-
carded edible part of the spears. Compound extraction was optimized, 
and enhanced TPC and TFC were obtained, along with increased anti-
oxidant activity. Given the antioxidant properties, regular use could aid 
in the prevention of several diseases related to oxidative damage in 
humans (Fuentes-Alventosa et al., 2013; Kabir et al., 2015). 

Bulbs are vegetables that usually grow just below the ground’s sur-
face and produce a fleshy, leafy shoot above ground, often consisting of 
layers clustered segments, e.g., onions. Onion by-products from 
handling and processing and industrial onion seed production showed 
an exciting amount of bioactive compounds and remarkable antioxidant 
activity, along with providing an efficient anti-browning effect; thereby 
highlighting their potential use as functional ingredients (Fernández 
et al., 2018; Roldán et al., 2008). 

Vegetables whose edible portion is a long or round-shaped taproot 
are classified as roots (e.g., carrots); while when they grow underground 
on a plant root they are known as tubers (e.g., potatoes). They are 
processed in a variety of ways —chopped, frozen, and canned— and 
processing begins with peeling and removal of the top and bottom, 
producing by-products. Carrots peel is rich in phenolic compounds and 
carotenoids (Šeregelj et al., 2021). Kamiloglu et al. (2016) reported a 
high TPC and total anthocyanin content (TAC) in by-products from black 

carrot processing. They mentioned that phenolic compounds are one of 
the main contributors to extract antioxidant activity. Recent years have 
seen an increase in processed potato consumption in the form of cakes, 
croquettes, snacks, mash, dehydrated powder, and even prepared 
modified starch. Many tons of peel are generated as a result of this 
processing. TPC is higher in the peel than in the edible fleshy part, and 
the phenolic extracts showed considerable antioxidant activity and 
other functional properties (Akyol et al., 2016). Other varieties of 
colored potato, such as the Korean purple-fleshed sweet potato (‘Shin-
zami’ cultivar), showed a singular anthocyanin content (Kim et al., 
2012). 

The packaging process produces large amounts of waste and resi-
dues. These by-products may account for high percentages of the har-
vested material, as in the processing of edible plant leaves. Waste from 
the fresh-cut salad industry currently presents a serious environmental 
issue, but since by-products are highly perishable, management is not 
always easy. Llorach et al. (2004) obtained enriched phenolic extracts 
from lettuce and chicory by-products. They reported the presence of 
flavonoids, and both samples showed a very similar phenolic acid pro-
file. The purified extracts showed remarkable antioxidant activity, 
higher than that obtained in another study with extracts from cauli-
flower by-products. 

In several plants, the “vegetable” is a fleshy, seed-containing fruit. In 
these cases, processing by-products may be in the form of a pomace (e.g., 
tomato) or seeds (e.g., pepper). Tomato by-products have been exten-
sively studied to assess recovery and identify and quantify phenolic 
compounds and their health benefits. The most abundant carotenoid is 
lycopene, which comprises 70%–80% of the TCC, and tomato peel 
contains nearly five times more lycopene than tomato pulp (Saini et al., 
2018). Tomato by-products are also rich in phenolic compounds 
(Fernández et al., 2018). According to the correlation coefficients re-
ported by Stajčić et al. (2015), TCC contributes significantly to the 
remarkable antioxidant activity of by-product extracts. Red pepper 
(chili) is commonly used in food recipes and consumed fresh, dried, 
pickled, or powdered. It generates many by-products, including seeds 
from red pepper paste or powder processing, which contain fatty acids 
(over 80% of which are unsaturated) and capsaicinoids (responsible for 
sensory qualities, i.e., heat). Red pepper peel is a good source of carot-
enoids such as β-Carotene (peel), essential for human health, and 
vitamin D, which has protective health benefits (Romo-Hualde et al., 
2012; Silva et al., 2013). 

Most studies on FVBP have focused on phenolic compounds and 
carotenoids and their subtypes: they are the most abundant, are widely 
distributed across plants, and can offer health benefits. However, other 
bioactive compounds, such as terpenes and alkaloids, are also naturally 
occurring, and these findings indicate a need for future research on their 
characterization and identification. 

3. Encapsulation 

Encapsulation technology has been widely used in the food industry 
to provide components that create the main characteristics (texture, 
taste, and color) as part of new product development. It now shows 
potential applications in obtaining functional ingredients incorporated 
into food to provide health benefits. Encapsulation is a process in which 
a core material is packed into food-grade wall material. It can come 
either in individual fractions or in mixtures of various components to 
obtain capsules with different properties (Chranioti & Tzia, 2015). 

Nanoencapsulation and microencapsulation refer to capsule particle 
size, which ranges from 10 to 1000 nm (nano) and from 3 to 800 μm 
(micro), respectively (Sobel et al., 2014). These techniques can coat 
bioactive core compounds with wall materials to create capsules, which 
form an effective barrier against environmental and chemical in-
teractions. Encapsulation allows for the controlled delivery of functional 
compounds to the target site, thereby improving their bioavailability 
and water solubility and increasing their stability (Davidov-Pardo et al., 
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2013; Lauro et al., 2015; Lourenço et al., 2020). 

3.1. Microencapsulation 

More specifically, microencapsulation is a technique whereby 
various food ingredients —in the form of solid particles, liquid droplets, 
or gas bubbles— are stored in a microscopic-sized shell for protection 
and later release at controlled rates under specific conditions (Sobel 
et al., 2014). The primary objective of encapsulation is to efficiently 
protect certain substances (core materials), such as bioactive com-
pounds sensitive to adverse environmental conditions such as light, 
temperature, humidity, oxygen, and variations in pH. Promoting an 
increased shelf-life of the product and allows for controlled release of the 
substances in question. Commonly-used wall materials include hydro-
colloids (gum arabic, alginate, chitosan, pectin), carbohydrates (modi-
fied starch, maltodextrin, cyclodextrins), cellulose, proteins (casein, 
whey protein, gelatin, soy protein), and lipids (hydrogenated vegetable 
oils, phospholipids, mono- and triglycerides) (Vila et al., 2015). 

A range of techniques has been developed and used for encapsulation 
in the food and pharmaceutical industries. The excellent process is 
selected for each specific variation of core substance, coating material, 
and intended final application. The primary difference between each 
methodology depends on the bioactive compound entrapment method 
and its combination with the wall material: it can be a solution, an 
emulsion, or dispersion, depending. Microencapsulation techniques can 
thus be classified into (i) physical methods (mechanical) such as spray- 
drying, freeze-drying, extrusion, fluid-bead coating, and processes using 
supercritical fluids; (ii) physicochemical methods including spray cool-
ing, ionic gelation, solvent evaporation, liposome entrapment, and 
coacervation; and (iii) chemical methods such as interfacial polymeri-
zation, and molecular inclusion cross-linking (Fang & Bhandari, 2010; 
Garti & McClements, 2012; Ozkan et al., 2019). 

Irreversible aggregations and the migration of bioactive compounds 
are core issues with microcapsules, and drying technologies present an 
excellent alternative to improve compound stability. They are widely 
used in the food industry to deliver emulsified food ingredients, such as 
lipophilic bioactive compounds. In the food industry, spray-drying and 
freeze-drying are the most commonly-used techniques to achieve the 
controlled release of functional compounds (Garti & McClements, 2012) 
and recover by-products from agro-industrial processes. The coacerva-
tion technique can be considered as the best encapsulation method, 
thanks to its high loading capacity, low temperature, improved thermal 
stability, and ability to provide a controlled release of active materials. 
Furthermore, it requires no specific equipment, and the procedure is 
simple; it uses non-toxic solvents and low agitation. However, unlike 
more automated processes, coacervation entails more preparation and 
training, and a great deal of care must be taken in order to ensure a 
successful outcome (Ozkan et al., 2019). 

3.2. Encapsulation of bioactive compounds from FVBP by-products 

In contrast to the traditional linear economy, by-products generated 
from agricultural and agro-industrial processes should be used as a 
source of bioactive compounds to develop high-value food products and 
reduce environmental pollution. A review of the literature yields ex-
amples of FVBP used as sources of bioactive compounds. Several of these 
studies began with identifying and quantifying possible nutraceutical 
agents but only went as far as research into profile characterization. In 
contrast, other studies continued on to encapsulation (Table 2), with the 
intent of isolate compounds of interest and improving their stability, 
solubility, bioactivity, and controlled release in possible applications as 
functional food ingredients. 

Several studies have been carried out to obtain encapsulated 
phenolic compounds (EPC) from FVBP extracts. In most, only TPC has 
been considered as the core microcapsule agent in calculating encap-
sulation efficiency (EE) and encapsulation yield (EY). An integrated 

process based on extraction and encapsulation of phenolic compounds 
was proposed to recover FVBP from the Brazil nut (press cake residue), 
olive pomace, mill wastewater and leaves, pineapple peel, pomegranate 
peel, mango seed kernel, and yarrow (herbal dust from the filter tea 
industry) using spray-drying and freeze-drying (Table 2). The micro-
capsules showed the best overall results for TPC and TFC, and the 
addition of maltodextrin (MD) as an encapsulating agent —alone or 
blended with other materials— improved the physical properties, thus 
demonstrating this carbohydrate’s remarkable efficacy in encapsulation. 
The best EE and EY results were achieved when several operating pa-
rameters ─inlet temperature, wall material concentration, core/wall 
material (C/W) ratio, feed flow rate, compressed air flow rate, and 
drying air flow rate─ were optimized. In EY, values of <50% were found 
when higher inlet temperature and C/W ratio were applied. Even when 
the same bioactive compound was encapsulated using the same drying 
technique, the authors reported EY variations: this could be explained by 
the effect of some operating parameters, such as feed solids 
concentration. 

Various studies also assessed the bioavailability of EPC: Davi-
dov-Pardo et al. (2013) reported a high release of phenolic compounds 
from encapsulated commercial grape seed extract (95% TPC) in simu-
lated gastric and intestinal fluid. Encapsulation likewise provided 
adequate thermal stability to phenolic compounds. Saikia et al. (2015) 
obtained EPC from star fruit pomace. The in vitro gastrointestinal 
simulation digestion showed a more significant release of phenolic 
compounds in simulated gastric fluid (pH = 1.2) than in simulated in-
testinal fluid (pH = 6.8). EPC from red orange pomace was stable in the 
gastric environment, demonstrating that the encapsulation process 
improved phenolic compounds stability and prolonged shelf-life and 
antioxidant properties. In addition it maintained the phenolic extract’s 
inhibitory effects on metalloproteinases activity (Lauro et al., 2015). 

These studies demonstrate that it was possible to obtain microcap-
sules with a high phenolic compound retention using different drying 
methods. Their antioxidant properties are already well-known; there-
fore, the microcapsules obtained showed exceptional antioxidant ac-
tivity In addition, the microcapsules showed satisfactory stability under 
storage conditions. The release of phenolic compounds in the gut is 
influenced by pH, and depends on the characteristics of each wall ma-
terial used in the drying process. Encapsulation could thus protect the 
phenolic compounds while encouraging their controlled delivery and 
release during the digestion process. 

In addition to TPC, other studies assessed the extraction, quantifi-
cation, identification, and encapsulation of phenolic acids, flavonoids, 
anthocyanins, carotenoids, ascorbic acid, and prebiotics. Rezende et al. 
(2018) encapsulated an extract obtained from acerola pomace. They 
reported that the EE of phenolic compounds, carotenoids, and ascorbic 
acid was higher for freeze-dried microcapsules due to the use of high 
temperatures during spray-drying. 

Anthocyanins are natural water-soluble compounds that give 
blackberries their typical color and which have been considered as po-
tential substitutes for synthetic dyes in the food industry. Their chro-
mophoric groups are highly sensitive to pH variations, and changes in 
pH impact stability. Several studies have been carried out to obtain 
encapsulated anthocyanins from berry by-products, such as blackberry 
and jabuticaba pomaces, by spray-drying and freeze-drying with 
different wall materials (Table 2). The microcapsules showed high 
anthocyanin retention, and the optimal value was reached when MD 
alone was used: this carbohydrate was efficient in reducing anthocyanin 
degradation. The spray-dried samples showed better stability at a lower 
pH, and longer anthocyanin half-life than non-encapsulated extracts. 
The microcapsules likewise showed higher antioxidant activity, and this 
was influenced by pH: at a lower pH, no significant difference was 
observed during storage. MD was thus the best wall material for 
anthocyanin protection. According to the morphological analyses of 
spray-dried microcapsules, the use of MD and gum arabic (GA) allowed 
more homogeneous particles to form, improving water solubility, and 
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Table 2 
Encapsulated bioactive compounds from fruit and vegetable by-products.  

Food by-product Encapsulated bioactive 
compound 

Wall Materials Encapsulation 
Method 

Main Findings References 

Acerola pomace Phenolic compounds 
Carotenoids 
Ascorbic acid 

Maltodextrin 
Gum arabic 

Spray-drying 
Freeze-drying 

Encapsulation efficiency up to 50% was reached. Rezende et al. (2018) 

Blackberry pomace Anthocyanins Maltodextrin Spray-drying The encapsulated anthocyanins half-life time was higher 
than non-encapsulated extract. 

Santos et al. (2019) 

Freeze-drying Better anthocyanin retention in microcapsules was 
obtained using MD DE10 than MD DE20 

Yamashita et al. 
(2017) 

Brazil nut cake 
extract 

Phenolic compounds Octenyl succinic 
anhydride- 
modified starch 
Inulin 

Spray-drying Stability and antioxidant activity of EPC with wall 
materials ratio (1:1) were maintained after 120 days. 

Gomes et al. (2019) 

Espresso spent 
coffee 

Phenolic compounds 
Caffeine 

Maltodextrin 
Whey protein 
isolate 
Gum arabic 
Inulin 

Spray-drying The combination of WPI and inulin demonstrated 
protection and stability of encapsulated bioactive 
compounds after 42 days. 

Abrahão et al. (2019) 

Grape skin and 
seeds 

Anthocyanins Maltodextrin Spray-drying 
Freeze-drying 

Spray-dried samples showed higher anthocyanin retention 
values than freeze-dried samples. 

de Souza et al. 
(2015) 

Grape skin Anthocyanins Maltodextrin 
Gum arabic 

Freeze-drying High encapsulation efficiency and anthocyanin retention 
up to 89.6% and 91.5%, respectively. 

Stoll et al. (2016) 

Anthocyanins Gum Arabic 
Polydextrose 
Partially 
hydrolyzed guar 
gum 

Spray-drying 
Freeze-drying 

Spray-dried samples had better physical characteristics 
when compared to freeze-dried samples. 

Kuck and Noreña 
(2016) 

Grape seeds Phenolic compounds Maltodextrin 
Mesquite gum 
Zein 

Spray-drying The releases in simulated gastric and intestinal fluid were 
71% and 63%, respectively. The EPC did not show 
degradation up to 180 ◦C. 

Davidov-Pardo et al. 
(2013) 

Jaboticaba pomace Anthocyanins Maltodextrin 
Gum Arabic 
Modified starch 

Spray-drying The use of MD alone (30%) at higher inlet temperature 
(180 ◦C) showed the higher anthocyanin retention. 

Silva et al., (2013) 

Maltodextrin 
Pectin 
Soy protein isolate 

Freeze-drying The encapsulation process was able to stabilize and extend 
shelf-life of anthocyanins. 

Souza et al. (2017) 

Mango seed kernels Phenolic compounds Maltodextrin 
Gum Arabic 
Gelatin 
Sodium alginate 

Spray-drying The combination 5.95% GA, 23.9% MD and 0.11% sodium 
alginate showed the best stability and encapsulation 
efficiency of EPC. 

Maisuthisakul and 
Gordon (2012) 

Oat bran Phenolic compounds 
Xylooligosaccharides 

Maltodextrin 
Whey protein 
concentrate 

Complex 
coacervation 

The xylooligosaccharides showed prebiotic properties. 
The release percent of EPC was ranged from 70% to 83% 
after 2 h of digestion. 

Bannikova et al. 
(2020) 

Olive pomace Phenolic compounds Maltodextrin Spray-drying Optimal operation parameters showed high recovery of 
phenolic compounds, remarkable antioxidant activity and 
good stability under storage. 

Aliakbarian et al. 
(2018) 

Olive mill 
wastewater 

Phenolic compounds Maltodextrin 
Skimmed milk 
powder 

Spray-drying High encapsulation efficiency (93.7%) with optimal 
operation parameters was reached. 

Goula and Lazarides 
(2015) 

Olive leaf Phenolic compounds Maltodextrin 
Trehalose 
dehydrate 

Freeze-drying The wall materials and the C/W ratio had a significant 
effect on the encapsulation efficiency and the antioxidant, 
thermal, physical and microstructural properties of EPC. 

González-Ortega 
et al. (2020) 

Orange peel oil Phenolic compounds Maltodextrin 
Gelatin 

Freeze-drying High encapsulation efficiency (75.75%) and encapsulation 
yield (90.19%). All encapsulated oil samples showed 
antioxidant and antibacterial properties. 

de Araújo et al. 
(2020) 

Pepper seeds oil Polyunsaturated fatty 
acids 

Starch sodium 
octenyl succinate 
Soy protein isolated 
Gelatin 
Maltodextrin 

Spray-drying The loading efficiency of the microcapsules (up to 94.35%) 
was reached. The starch sodium octenylsuccinate and MD 
formulation displayed the best physicochemical results. 

Wang et al. (2017) 

Maltodextrin 
Gum arabic 

Encapsulated pepper seed oil showed high thermal 
stability and antimicrobial properties. 

Karaaslan et al. 
(2021) 

Pepper seeds, skin 
leftovers, and 
stems 

Vitamins (A and E) Gum Arabic 
Tween 80 

Spray-drying High encapsulation efficiency for vitamin E (73.4%) and 
provitamin A (77.1%). The stability of encapsulated 
provitamin A was higher than free provitamin A over 
storage time (35 days) at temperature room. 

Romo-Hualde et al. 
(2012) 

Pineapple peel Phenolic compounds Maltodextrin 
Inulin 
Gum Arabic 

Spray-drying The EPC showed good stability and antioxidant activity 
during six months of storage at 5 ◦C. 

Lourenço et al. 
(2020) 

Pomegranate peel Phenolic compounds Maltodextrin 
Skimmed milk 
powder 
Whey protein 
isolate 
Gum arabic 

Spray-drying The highest encapsulation efficiency (99.80%) was 
reached when MD/WPI (50:50), and optimal operating 
parameters were used. 

Kaderides et al. 
(2015) 

(continued on next page) 
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paving the way for use in beverages as a natural colorant. On the other 
hand, freeze-dried microcapsules had irregular structures with different 
sizes and low water solubility. Regardless of drying method, it was 
possible to obtain natural colorants with antioxidant properties and a 
good shelf-life. The stability at lower pHs allows them to be used as a dye 
with antioxidant properties in various foods, such as yogurt, beverages, 
juices, soft drinks, jams, and jellies. 

Grape by-product encapsulation has been the subject of much study 
due to the high TPC and TAC. In a study performed by de Souza et al. 
(2015), the anthocyanin retention of spray-dried microcapsules was 
significantly influenced by inlet temperature and MD concentration; 
with higher temperatures, retention increased. Stoll et al. (2016) re-
ported that malvidin-3-glucoside was the predominant anthocyanin, 
and the microcapsules obtained with GA showed the highest antioxidant 
activity. The EPC obtained using a combination of partially-hydrolyzed 
guar gum and polydextrose as wall material also showed high TPC and 
anthocyanins retention and notable antioxidant activity (Kuck & 
Noreña, 2016). In general, the microcapsules showed high EE and 
anthocyanin retention, independent of the type of wall material used, 
and the spray-drying technique has been shown to be superior: 
spray-dried samples had better results than freeze-dried samples, and 
favorable characteristics —such as low moisture content, water activity 
(aw), particle size, and hygroscopicity, along with high solubility and 
color stability— making this by-product useful as a natural food addi-
tive. These properties bode well for future technological application in 
food matrices. 

Bannikova et al. (2020) encapsulated the TPC and xylooligo-
saccharides from oat bran using the complex coacervation technique. In 
the encapsulating agent, the use of a higher proportion of whey protein 
concentrate (WPC) than MD results in the highest EE. During the 
simulated digestion in vitro, full release of the core material was ach-
ieved in simulated intestinal conditions, further highlighting micro-
capsule structural stability in the gastric stage. The prebiotic activity of 
xylooligosaccharides was verified based on the growth dynamics of 
probiotics (Lactobacillus acidophilus and Bifidobacterium bifidum). The 
ability of encapsulation techniques to turn oat bran into functional in-
gredients was thus proven, opening up the possibilities for food products 
with bifidogenic properties. The presence of MD also improved WPC 
efficiency as a carrier of phenolic compounds. Among the advantages of 
using whey protein, we can highlight the ability to control the release 
rate of small molecules at different pH values. In the encapsulation of 
phenolic compounds from spent espresso processed by spray-drying, 
wall material type did not influence TPC, caffeine, and chlorogenic 
acid (5-CQA) retention. However, the whey protein isolate (WPI) alone 
effectively maintained the antioxidant activity compared with other 
wall material combinations (Abrahão et al., 2019). The encapsulation of 
phenolic compounds using whey protein thus preserves antioxidant 
activity while enabling incorporation into functional foods. 

Polyunsaturated fatty acids are another bioactive compound with 
functional properties related to nerve function, blood clotting, brain 

health, and energy storage. They are thus considered “essential”: the 
body needs them to function, and they must be obtained as part of the 
diet. Unfortunately, the chemical structure of essential oils allows them 
to be easily oxidized. Wang et al. (2017) encapsulated red pepper seed 
oil ─rich in polyunsaturated fatty acids and capsaicinoids─ by 
spray-drying to protect them against oxidation. The use of a combina-
tion of MD and starch sodium octenyl succinate as wall material allows 
for a high EE. Costa et al. (2020) evaluated the encapsulation of 
pomegranate seed oil ─rich in conjugated linolenic acids─ by complex 
coacervation followed by spray-drying as a hardening step. An accept-
able EE (>60%) was reached, positively influenced by the C/W ratio, 
and using WPI and GA as wall materials. Encapsulated polyunsaturated 
fatty acids were thus successfully obtained using different encapsulating 
agents. 

Essential oils are known for their antimicrobial properties: De Araújo 
et al. (2020) reported the effective growth inhibition of Staphylococcus 
aureus and Escherichia coli using encapsulated essential oil extracted 
from orange peel. This inhibitory effect could be attributed to mono-
terpenes (ex., D-limonene) ordinarily found in essential oils. Meanwhile, 
Karaaslan et al. (2021) recently showed that pepper seed oil encapsu-
lated with GA and MD was highly inhibitive against Staphylococcus 
aureus, Pseudomonas aeruginosa, and Enterococcus faecalis. Encapsulation 
also served to protect pepper seed oil against oxidation during storage. 
These results confirmed that essential oils encapsulated from 
by-products can be used to produce functional ingredients with potential 
food product application. 

Provitamin A and vitamin E were extracted from red pepper by- 
products and encapsulated by spray-drying using GA as wall material, 
and high values of EE (>70%) were achieved. Free vitamin E was stable 
during storage at room temperature, but high losses were observed in 
provitamin A. In contrast, neither of the encapsulated vitamins showed 
significant differences (p > 0.05) during storage. According to the 
thermogravimetric analysis results, no vitamin degradation was 
observed up to 200 ◦C. Encapsulation was thus proven to increase 
vitamin thermal stability, adding to the list of potential functional in-
gredients (Romo-Hualde et al., 2012). 

Various studies have used complex coacervation followed by a dry-
ing technique as the second stage of the encapsulation process to facil-
itate microcapsule storage and future application (Costa et al., 2020; 
Oancea et al., 2018). However, it is not yet known if original coacervate 
structure is maintained during spray-drying: the high pressure and tur-
bulent flow may break particle structure without altering microcapsule 
morphology (Costa et al., 2020). On the other hand, during 
freeze-drying, a possible double encapsulation, mediated by whey pro-
teins and with a rounded outer surface, could allow for coacervates 
(Gheonea (Dima) et al., 2021). 

Based on the correlation coefficient, bioactive compound content 
generally showed a positive correlation with encapsulated extract 
antioxidant activity, being higher for the TPC; thus, they are responsible 
for this functional property. The microcapsules showed high water 

Table 2 (continued ) 

Food by-product Encapsulated bioactive 
compound 

Wall Materials Encapsulation 
Method 

Main Findings References 

Pomegranate seeds Polyunsaturated fatty 
acids 

Whey protein 
isolate 
Gum arabic 

Complex 
Coacervation 

Microcapsules produced with polymer concentration (5%) 
and C/W ratio of 2.75 showed highest punicic acid content 
and oil retention. 

Costa et al. (2020) 

Red orange pomace Phenolic compounds 
Anthocyanins 

Cellulose acetate 
phthalate 
Tween 60 
Tween 80 

Spray-drying The non-encapsulated extracts showed an incomplete in 
vitro dissolution rate in simulated biological fluids, 
probably due to their low solubility. 

Lauro et al. (2015) 

Star fruit pomace Phenolic compounds Maltodextrin Spray-drying 
Freeze-drying 

Encapsulation efficiency was higher for freeze-dried 
(97.2%) than for spray-dried samples (79.07%). 

Saikia et al. (2015) 

Yarrow herbal dust Phenolic compounds Maltodextrin Spray-drying The formulation with the lowest amount of MD (5%) 
showed the high values for bioactive compounds content, 
and antioxidant activity. 

Vladić et al. (2016) 

EPC: Encapsulated phenolic compounds, MD: Maltodextrin, GA: Gum Arabic, DE: Dextrose equivalent, WPI: Whey protein isolate, C/W: Core/wall material. 
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solubility, which would be essential for future application in aqueous 
food matrices, such as beverages. It was therefore possible to encapsu-
late the same bioactive compounds using different wall materials, such 
as gums, protein, and natural and modified polysaccharides, using 
different encapsulation methods. While FVBP currently have little or no 
commercial value, these findings clearly demonstrate them to be a po-
tential source of valuable ingredients. The encapsulation process would 
allow for their incorporation into food, resulting in innovative products 
with functional properties. 

4. Food application of EBC from FVBP: case studies/examples 

In the food industry, functional components are encapsulated for 
later incorporation into processed foods. Various studies have been 
conducted on food application; however, other essential parameters 
have not been fulfilled, such as, for example, a complete delivery system 
analysis. Several examples of food applications of EBC from FVBP are 
shown in Table 3. 

EPC from pomegranate peel extract is the by-product ingredient most 
commonly used to improve stability and functional properties in a va-
riety of foods. Çam et al. (2014) enriched the formulation of ice cream 
with EPC. The ice cream’s functional properties were improved, along 
with antioxidant and α-glucosidase inhibitory activities. During the 
sensory evaluation, the trained panelists detected no astringency in 
enriched ice creams: i.e., the product showed potential market accep-
tance. Kaderides et al. (2015) incorporated EPC into hazelnut paste, and 
the degree of oxidation was determined by measuring the peroxide value 
under accelerated storage conditions (60 ◦C) over 51 days. All the 

samples containing phenolic compounds (both encapsulated and 
non-encapsulated) had lower peroxide values than the control sample. 
The addition of EPC thus inhibited lipid oxidation, resulting in reduced 
peroxide formation and improved hazelnut paste shelf-life, despite the 
limited solubility of the non-encapsulated extract. The study performed 
by Hamid et al. (2020) demonstrated the antioxidant and antibacterial 
activities of EPC. Microcapsules were added in a ready-to-serve mango 
drink, and sensory acceptance was reported. Further enriched drinks 
showed significant improvement in phenolics, flavonoids, and antioxi-
dant activity compared to the control sample. 

Some fruit by-products can be used as wall materials to encapsulate 
bioactive compounds extracted from natural sources or industrial by- 
products. Kaderides et al. (2020) used orange juice by-product powder 
as a “green” wall material to encapsulate phenolic extract from pome-
granate peel by spray-drying. The phenolic compounds (encapsulated 
and non-encapsulated) were then incorporated in cookies at a concen-
tration of 0.5% (w/w) as functional supplements. The baking procedure 
caused a TPC loss of approximately 65% and 76% for the enriched and 
control samples, respectively, showing that in enriched cookies, many 
phenolic compounds were degraded, despite their coating. Nevertheless, 
the addition of phenolic compounds had a significant effect (p < 0.05) 
on the antioxidant activity retention of enriched cookies. The antioxi-
dant activity level remained high and was significantly better than that 
of the control cookies during storage. In terms of oil oxidation, enriched 
cookies were highly stable. Results moreover showed that pomegranate 
peel EPC could be incorporated into cookies without negatively affecting 
sensory quality, at the same time as they provided food products with 
functional properties and storage stability. 

Table 3 
Food applications of encapsulated bioactive compounds from fruit or vegetal by-products.  

Food by-product Encapsulated 
bioactive compound 

Wall materials Encapsulation 
method 

Food product Bioactivity References 

Beetroot pomace Phenolic compounds 
Betacyanins 

Soy protein 
isolate 

Freeze-drying Pseudocereals-enriched 
einkorn wheat water biscuits 

Antioxidant Hidalgo et al. (2018) 

Brewers spent 
grain 

Flavonoids Modified starch Spray-drying Fish burgers Antioxidant Spinelli et al. (2016) 

Carrot waste β-Carotene Sodium alginate Electrostatic 
extrusion 

Yogurt Antioxidant 
Antimicrobial 

Šeregelj et al. (2021) 

Cocoa hulls Phenolic compounds Maltodextrin 
Gum arabic 

Spray-drying Biscuits Antioxidant Papillo et al. (2019) 

Eggplant peel Phenolic compounds Maltodextrin 
Gum arabic 

Spray-drying Gummy candies Antioxidant Sarabandi et al. 
(2019) 

Grape skin Phenolic compounds Maltodextrin Spray-drying Apple puree Antioxidant Lavelli et al. (2016) 
Grape skin Anthocyanins Maltodextrin Freeze-drying Biodegradable film for food 

packaging 
Antioxidant Stoll et al. (2017) 

Grape seeds Phenolic compounds 
Carvacrol 

Chitosan Ionic gelation Biodegradable film for food 
packaging 

Antioxidant 
Antimicrobial 

Alves et al. (2018) 

Grape seeds Phenolic compounds Whey protein 
concentrate 
Gum arabic 

Spray-drying Yogurt Antioxidant Yadav et al. (2018) 

Jaboticaba peel 
and seeds 

Phenolic compounds Sodium alginate 
Chitosan 

Ionic gelation Cassava starch biscuits Antioxidant de Cássia Sousa 
Mendes et al. (2021) 

Pomegranate peels Phenolic compounds Maltodextrin Spray-drying Ice cream Antioxidant 
α-Glucosidase inhibition 

Çam et al. (2014) 

Hazelnut paste Antioxidant Kaderides et al. 
(2015) 

Cookies Antioxidant Kaderides et al. 
(2020) 

Freeze-drying Mango drink Antioxidant 
Antibacterial 

Hamid et al. (2020) 

Sour cherry 
pomace 

Phenolic compounds Whey protein 
isolate 
Soy protein 
isolate 

Freeze-drying Cookies Antioxidant Šaponjac et al. 
(2016) 

Sour cherry skin Anthocyanins Whey protein 
isolate 
Gum arabic 

Coacervation and 
Freeze-drying 

Fermented milk Antioxidant 
Antibacterial 
Bioavailability 

Oancea et al. (2018) 

Tomato peel Lycopene Whey protein 
isolate 
Gum arabic 

Coacervation and 
Freeze-drying 

Salad dressing Antioxidant 
α-Amylase and 
α-glucosidase inhibition 

Gheonea (Dima) 
et al. (2021)  
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In the study performed by Tumbas Šaponjac et al. (2016), EPC from 
sour cherry pomace were also incorporated in cookies to replace 10% 
and 15% of flour content. According to the retention of bioactive com-
pounds, TPC and anthocyanin baking stability was better when lower 
amounts of EPC were added. The enriched cookies showed higher TPC 
values than the control cookies during storage, and as expected, the 
antioxidant activity of control cookies was significantly (p < 0.05) lower 
than that of enriched cookies. The replacement of flour with EPC 
improved the functional value and color of the cookies and enhanced 
storage stability for these properties. The enriched cookies also received 
satisfactory acceptance following a sensorial analyses. 

Beetroot pomace —a by-product of juice preparation— is rich in 
phenolic compounds and betalains. Betanin is concentrated in the red 
beetroot peel and is the only betalain approved for use in food. Red 
beetroot pomace extract (encapsulated and non-encapsulated) was 
added to einkorn water biscuits enriched with pseudocereal flour. The 
addition of antioxidant-rich microcapsules in pseudocereal-enriched 
blends improved TPC and antioxidant properties. Pseudocereal- 
enriched water biscuits thus showed the highest amounts of betanin, 
isobetanin, TPC, and antioxidant activity (Hidalgo et al., 2018). 

In a similar fashion, cocoa hull EPC was incorporated into model 
biscuits. The enriched sample showed the best stability, maintaining 
high TPC and antioxidant activity following baking (Papillo et al., 
2019). Recently, De Cássia Sousa Mendes et al. (2021) used jaboticaba 
pomace EPC in cassava starch biscuits. Following to the visual obser-
vations of expansion, the starch biscuit best suiting the experiment was 
chosen. Once the homogenous biscuit dough was obtained, 0.1 g of the 
microcapsules were added. When the dough reached the desired tem-
perature (26 ◦C), the biscuits were shaped and baked in an electric oven 
at 180 ◦C for 20 min. The results show that encapsulation improves the 
heat stability of phenolic compounds, thereby mitigating the effects of 
baking, while highlighting the potential of by-products to enrich bakery 
products with new bioactive properties. 

The spray-drying encapsulation of phenolic extracts from the brew-
ery industry’s spent grain residue was studied to determine optimal 
operating conditions. EPC were then added as an ingredient in fish 
burgers, which were prepared following a previously optimized recipe 
using minced fish mixed with 5% EPC. These were cooked in an electric 
convection oven at 180 ◦C for 15 min. The sensorial evaluation generally 
showed that in terms of quality (tenderness, juiciness, and taste), the 
cooked burgers were accepted. Spent brewery grain could be a potential 
functional ingredient because the analysis revealed a higher TPC and 
TFC than the control burger (without EPC). These bioactive compounds 
are responsible for the far higher antioxidant potential found in cooked 
burgers (48.49%) as compared to control samples (21.19%) (Spinelli 
et al., 2016). 

The addition of phenolic compound-rich extracts to cooked foods, 
such as biscuits, cookies, and burgers, is impossible due to their easy 
thermal degradation and oxidation. Encapsulation techniques can coat 
extracts in an encapsulating agent, creating barriers that protect the 
compounds of interest from adverse environmental conditions. Incor-
porating EPC from FVBP left over from the manufacturing of juice and 
canned foods thus offers a novel alternative for food enrichment, and 
encapsulation improves the shelf-life stability of phenolic compounds 
and their functional properties. 

Encapsulated anthocyanins from sour cherry skin were incorporated 
into fermented milk, and their prebiotic effect on the probiotic strain 
was tested. The encapsulating agent protected the anthocyanins from in 
vitro gastric digestion, facilitating their release into the intestine. The 
microcapsules also stimulated the growth of Lactobacillus casei during 
the storage period. The number of viable cells in the control sample 
decreased notably (78%) compared to the enriched fermented milk, 
where a much lower reduction (26%) was observed. As expected, the 
color parameters indicate a predominant reddish color of enriched fer-
mented milk (Oancea et al., 2018). Aside from their prebiotic effect, 
these microcapsules could be used as a natural coloring for fermented 

beverages. Yadav et al. (2018) fortified a yogurt with encapsulated 
grape seed extract rich in phenolic compounds. The microcapsules were 
added to milk prior to fermentation, and the fortified yogurt showed 
similar sensory properties to the control sample (without phenolic 
extract). During storage, the physicochemical properties, TPC content, 
and antioxidant activity of the encapsulated-fortified yogurt were un-
affected as compared to non-encapsulated-fortified yogurt. Further-
more, a notable increase in TPC and antioxidant activity was observed in 
encapsulated-fortified yogurt. The decrease in viable count of the yogurt 
starters (Streptococcus thermophilus and Lactobacillus bulgaricus subsp. 
delbrueckii) followed similar trends for all samples during storage at 4 ◦C, 
i.e., the addition of grape seed extract (encapsulated and 
non-encapsulated) had no effect on the viability of the yogurt starter 
cultures compared to the control samples. According to the CIELab color 
parameters values, the addition of encapsulated grape seed extract 
resulted in fortified yogurt color characteristics similar to the control. 
Recently, Šeregelj et al. (2021) evaluated yogurt fortification via the 
addition of encapsulated carotenoids from carrot waste in the traditional 
formulation. Two β-carotene rich concentrations were added after the 
fermentation stage. The fortified yogurt provides the recommended 
daily intake of β-carotene, and the microbiological and physicochemical 
properties remained stable during the storage period. In addition, the 
fortified yogurt samples showed a yellow coloration, which is correlated 
with the release of β-carotene from microcapsules over the storage 
period. According to the bioactivity analysis results, the yogurt fortified 
with β-carotene showed antioxidant, antihyperglycemic, and 
anti-inflammatory activity. In contrast, the control sample (commercial 
yogurt) showed no bioactivity. 

These studies have found that fortification of yogurt with encapsu-
lated natural antioxidants such as phenolics, anthocyanins, and carot-
enoids results in considerable improvement of its antioxidant and 
nutritional properties, and incorporation prior to or following the 
fermentation process had no effect on starter culture viability. In addi-
tion, the microcapsules conferred coloration to yogurt from bioactive 
compounds, acting as a natural additive. The functional value of fer-
mented beverages can thus be enhanced by adding EBC, supporting their 
use as functional ingredients in food or nutraceuticals. This will aid in 
making the consumption of enriched fermented beverages more effec-
tive in reducing diseases associated with nutritional deficiencies, while 
exploiting food by-products rich in bioactive compounds. 

Lavelli et al. (2016) incorporated EPC from grape skin into apple 
puree as a natural colorant with functional properties to substitute 
synthetic dyes and make use of the health benefits of bioactive com-
pounds. The enriched samples were exposed to 95 ◦C to simulate a 
pasteurization/sterilization process and model the effectiveness of heat 
treatment, and the degradation of anthocyanins and non-colored 
phenolic compounds was assessed during heat processing and storage. 
The phloridzin, phloretin xyloglucoside, flavonols and proanthocyani-
dins remained stable in enriched apple puree, even following the most 
intensive treatment. However, extended exposure to high temperatures 
affected anthocyanin stability. Prior to application of the most intensive 
treatment, anthocyanins and antioxidant activity retention were 72% 
and 67%, respectively. During a 1-month storage period at 15–35 ◦C, the 
addition of EPC increased the content and stability of monomeric and 
dimeric flavanols and proanthocyanidins, and enriched apple puree 
continued to retain phenolic compounds, showing that encapsulation 
ensures processing and storage stability for bioactive compounds. We 
can conclude that encapsulated grape skin is suitable as a functional 
colorant and ingredient in food products, with added health benefits. 

The encapsulation of eggplant peel extract was studied by Sarabandi 
et al. (2019). The microcapsules with the highest TPC and antioxidant 
activity were used to production gummy candy. The non-encapsulated 
and encapsulated eggplant peel phenolic extract were added at 
different levels at the final preparation step when the ingredient mixture 
dropped to 40 ◦C, and the sample without the extract was used as a 
control. Based on the sensorial analysis results, the use of EPC in fortified 
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gummy candy obtained the highest color score and resulted in an 
attractive red color in the product. Neither the non-encapsulated nor the 
encapsulated enriched samples affected the hardness, gumminess, and 
chewiness of candy. Panelists did not report any perception of astrin-
gency or unpleasant taste in the product prepared with 0–1.5% EPC, 
which was primarily attributable to the carbohydrates and gelatin used 
in the candy manufacturing process (these compounds serve to mask the 
astringent taste caused by the phenolic compounds of microcapsules). 
The addition of EPC from eggplant peel therefore improved color 
properties and overall product acceptability, meaning that it could be 
useful as a natural coloring with antioxidant properties in functional 
food formulation including sauces, chocolates, jelly, ice cream, candy 
products, and instant drink powders. 

Recently, Gheonea (Dima) et al. (2021) added encapsulated lycopene 
into salad dressing preparations. It was added in different percentages 
during the homogenization phase (10 min) of dressing ingredients into 
sunflower oil. A sample without microcapsules was used as a control, 
and during 14 days of storage at 4 ◦C, all samples were analyzed for 
lycopene stability and antioxidant activity. The samples supplemented 
with 1% and 5% of microcapsules exhibited 3.5 and 14-times higher 
lycopene content than the control, respectively, meaning that antioxi-
dant activity in the enriched samples was also higher than the con-
trol—thereby demonstrating the added value of the encapsulated 
lycopene via higher antioxidant activity. The rheological measurements 
carried out within 3 h after preparation showed the salad dressing 
samples to have typical solid-like behavior. Lycopene microcapsules 
could therefore be used as functional ingredients in food formulations. 

Growing consumer concern for the environment has resulted in food 
packaging manufactured from natural sources, such as polysaccharides, 
proteins, and lipids. Natural and synthetic additives with antioxidant or 
antimicrobial properties can also be included in the biodegradable 
material matrix to prolong the shelf-life of packaged foods. Stoll et al. 
(2017) assessed the effect of an active biodegradable film, enhanced 
with encapsulated grape skin anthocyanins, on the quality of 
extra-virgin olive oil under accelerated storage conditions (heat and 
light). Compared to a commercial polypropylene, olive oil packaged in 
the enriched film pouches showed good oxidation stability under 
accelerated thermal and photo-oxidative conditions. According to the 
limits established by Codex Alimentarius, olive oil quality was main-
tained for over eight days, while oil packed in polypropylene pouches 
degraded prior to the 4th day of storage. 

Alves et al. (2018) encapsulated grape seed extract and carvacrol 
using chitosan as an encapsulating agent. The microcapsules were 
incorporated into chitosan films, and their effect on physicochemical 
and microbiological properties was tested using salmon. The active 
chitosan film showed a lower water solubility value than the chitosan 
control film, which contributes to its application in food packaging. The 
salmon packed in active chitosan film and stored at 5 ◦C maintained 
luminosity values closer to fresh salmon and showed the lowest value of 
total volatile basic nitrogen and pH for a more extended storage period 
(up to seven days). The growth of the microorganisms in active chitosan 
films was slower than in the chitosan control film and (non-packaged) 
control samples. In general, microbial tests showed that salmon packed 
in active chitosan films showed lower bacterial count values and did not 
exceed the allowed maximum limit through 4–7 days of storage. The 
antimicrobial effect of the bioactive compounds in active chitosan films 
thus increases refrigerated salmon’s shelf-life during storage. 

Taken together, these studies demonstrated that EBC —such as 
phenolics, anthocyanins, and essential oils— could guarantee food 
products adequate protection against oxidative and microbial deterio-
ration when incorporated in biodegradable films, and proved that their 
role in developing active packaging showed promise. Active biode-
gradable films could also be used in packaging for other types of food, 
such as bread, cheese, and meat. Active packaging could serve as a 
sustainable alternative to non-biodegradable materials, such as 
petroleum-based plastics, and it presents an attractive way to add value 

to food processing by-products while increasing food shelf-life. 

5. Food application of EBC from FVBP: critical aspects 

Recent studies have shown that FVBP contains considerable amounts 
of bioactive compounds. The main objective of the encapsulation tech-
nique is to increase their stability under the adverse temperature, light, 
humidity, and oxygen conditions present in food industry processing 
and storage. Unfortunately, the bioactive compounds extraction yield 
from FVBP is generally low, which may explain why research largely 
fails to include the application of EBC. 

There is no encapsulation method that is technology-specific or 
recommended for each bioactive compound: several studies used two or 
three different technologies to encapsulate bioactive compounds and 
compare them (especially for the drying process). At times, there were 
significant differences in the encapsulation efficiency and loss of core 
material during the encapsulation processing (process yield) depending 
on the technology used. Although we can still recommend using 
encapsulation technology in these cases, the particular version used may 
not be the most appropriate. The differences did not depend only on the 
bioactive compound. Instead, they have more to do with the wall ma-
terials and operating parameters used: i.e., if other process conditions 
were used, the chosen technology might not be the most appropriate. 
For these reasons, studies at times include a second stage to optimize the 
encapsulation technology. Almost all studies have chosen encapsulation 
technology based on previous studies on similar compounds or equip-
ment availability and costs. In specific cases, the methodology is chosen 
at random. 

Certain studies, including toxicological assays of EBC from FVBP or 
novel food products, are necessary. These analyses must be performed to 
guarantee new additive safety. Likewise, the issue of relationships be-
tween food matrix structural components should be considered, along 
with the theoretical explanation of the release process. Future studies 
are thus necessary to investigate the interaction of bioactive compounds 
and encapsulating agents with other food product components. 

Numerous works on the application of EBC from FVBP have been 
published in indexed journals or books. However, many studies examine 
the food matrix application of bioactive compounds that are non- 
encapsulated or are not obtained from by-products, for this reason, 
they are not included in this review. Montibeller et al. (2018) added 
anthocyanins extracted from grape by-products as a natural coloring in 
kefir and carbonated water and assessed their storage stability under 
light exposure. The results showed good anthocyanin retention and 
half-life time (t1/2) of food products during storage. Utpott et al. (2020) 
extracted fiber from red pitaya by-products and applied used it straw-
berry ice cream as a fat substitute. The fiber addition improved the 
overrun and rheological properties of ice cream, showing a 73.5% 
reduction in fat. The ice cream also had a high overall acceptability, 
making it possible to develop an attractive alternative that reduced fat 
while increasing nutritional value. 

The anthocyanin-rich barberry extract was encapsulated and used as 
a natural coloring in jelly powder, as an alternative to synthetic addi-
tives. The jelly sample tinted using encapsulated anthocyanins had 
sensory acceptability and physicochemical assessments that were 
higher, even, than the commercial jelly containing synthetic coloring. 
The wall materials tested in this study provided better protection and 
enhanced the storage stability of anthocyanins (Akhavan Mahdavi et al., 
2016). Tupuna-Yerovi et al. (2020) incorporated encapsulated norbixin 
from annatto seeds into an isotonic tangerine soft drink as a natural 
colorant, without exceeding food additive regulations. According to 
color parameters, the beverage acquired the expected intense orange 
shade. The addition of encapsulated norbixin positively affected 
beverage stability during storage under accelerated heat and light con-
ditions—and as a result, the t1/2 was significantly higher (29.71 days) 
than beverage samples with non-encapsulated norbixin (393.39 min). 

In the case of studies regarding the food application of bioactive 
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compounds extracted from FVBP without previous encapsulation (free), 
the results obtained could have been improved thanks to the protection 
conferred by wall materials as a barrier against adverse conditions. As 
far as the food application of EBC extracted from non by-products, the 
main difference is the number of bioactive compounds. As was detailed 
in section two of this review, many studies on the chemical character-
ization of fruit and vegetables reported a higher number of bioactive 
compounds in by-products than the edible part of the fruit or vegetable. 

6. Conclusions 

The encapsulation of bioactive compounds from FVBP is a promising 
alternative for the use of agro-industrial waste as an ingredient in the 
food industry. Several studies have demonstrated that bioactive com-
pounds are extractable from by-products, and their stability and solu-
bility can be improved with the use of appropriate encapsulation 
techniques and wall materials. The products obtained could offer health 
benefits, such as antioxidant, antimicrobial, anti-inflammatory proper-
ties and enzymatic inhibition. To date, more encapsulation and appli-
cation studies have been carried out on bioactive compounds extracted 
from by-products from fruits than from vegetables. A wide variety of 
encapsulated bioactive compounds have been developed, characterized, 
and successfully applied in food. The use of encapsulation has increased 
in the food industry in recent years, but the industrial application of EBC 
is still far from being fully developed. Extraction process yield is low and 
various procedures are required to purify the compound of interest, and 
the technology is costly. R&D in food science and technology must 
merge food industry constraints and requirements to make by-product 
encapsulation viable—from the extraction of bioactive compounds 
through their application in the final product. 
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Ascheri, D. P., de Macêdo, I. Y. L., & de Souza Gil, E. (2021). Microencapsulation of 
jabuticaba extracts (Myrciaria cauliflora): Evaluation of their bioactive and thermal 
properties in cassava starch biscuits. Lebensmittel-Wissenschaft und -Technologie, 137, 
110460. https://doi.org/10.1016/j.lwt.2020.110460 

Chen, X.-M., Tait, A. R., & Kitts, D. D. (2017). Flavonoid composition of orange peel and 
its association with antioxidant and anti-inflammatory activities. Food Chemistry, 
218, 15–21. https://doi.org/10.1016/j.foodchem.2016.09.016 

Chranioti, C., & Tzia, C. (2015). Encapsulation of food ingredients: Agents and 
techniques. In T. Varzakas, & C. Tzia (Eds.), Food engineering handbook (p. 628). CRC 
Press LLC.  

Coman, V., Teleky, B.-E., Mitrea, L., Martau, G. A., Szabo, K., Calinoiu, L.-F., & 
Vodnar, D. C. (2020). Bioactive potential of fruit and vegetable wastes. Advances in 
Food & Nutrition Research, 91, 157–225. https://doi.org/10.1016/bs. 
afnr.2019.07.001 

Costa, A. M. M., Moretti, L. K., Simões, G., Silva, K. A., Calado, V., Tonon, R. V., & 
Torres, A. G. (2020). Microencapsulation of pomegranate (Punica granatum L.) seed 
oil by complex coacervation: Development of a potential functional ingredient for 
food application. Lebensmittel-Wissenschaft und -Technologie, 131, 109519. https:// 
doi.org/10.1016/j.lwt.2020.109519 

Davidov-Pardo, G., Arozarena, I., & Marín-Arroyo, M. R. (2013). Optimization of a wall 
material formulation to microencapsulate a grape seed extract using a mixture 
design of experiments. Food and Bioprocess Technology, 6(4), 941–951. https://doi. 
org/10.1007/s11947-012-0848-z 

Fang, Z., & Bhandari, B. (2010). Encapsulation of polyphenols – a review. Trends in Food 
Science & Technology, 21(10), 510–523. https://doi.org/10.1016/j.tifs.2010.08.003 

FAO. (2011). Global food losses and food waste – extent, causes and prevention. 
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(2018). Microencapsulates and extracts from red beetroot pomace modify 
antioxidant capacity, heat damage and colour of pseudocereals-enriched einkorn 
water biscuits. Food Chemistry, 268, 40–48. https://doi.org/10.1016/j. 
foodchem.2018.06.062 

Kabir, F., Tow, W. W., Hamauzu, Y., Katayama, S., Tanaka, S., & Nakamura, S. (2015). 
Antioxidant and cytoprotective activities of extracts prepared from fruit and 
vegetable wastes and by-products. Food Chemistry, 167, 358–362. https://doi.org/ 
10.1016/j.foodchem.2014.06.099 

Kaderides, K., Goula, A. M., & Adamopoulos, K. G. (2015). A process for turning 
pomegranate peels into a valuable food ingredient using ultrasound-assisted 
extraction and encapsulation. Innovative Food Science & Emerging Technologies, 31, 
204–215. https://doi.org/10.1016/j.ifset.2015.08.006 

Kaderides, K., Mourtzinos, I., & Goula, A. M. (2020). Stability of pomegranate peel 
polyphenols encapsulated in orange juice industry by-product and their 
incorporation in cookies. Food Chemistry, 310, 125849. https://doi.org/10.1016/j. 
foodchem.2019.125849 

Kamiloglu, S., Capanoglu, E., Bilen, F. D., Gonzales, G. B., Grootaert, C., Van de Wiele, T., 
& Van Camp, J. (2016). Bioaccessibility of polyphenols from plant-processing 
byproducts of black carrot (Daucus carota L.). Journal of Agricultural and Food 
Chemistry, 64(12), 2450–2458. https://doi.org/10.1021/acs.jafc.5b02640 

Kapasakalidis, P. G., Rastall, R. A., & Gordon, M. H. (2006). Extraction of polyphenols 
from processed black currant (Ribes nigrum L.) residues. Journal of Agricultural and 
Food Chemistry, 54(11), 4016–4021. https://doi.org/10.1021/jf052999l 
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Kitrytė, V., Kraujalienė, V., Šulniūtė, V., Pukalskas, A., & Venskutonis, P. R. (2017). 
Chokeberry pomace valorization into food ingredients by enzyme-assisted 
extraction: Process optimization and product characterization. Food and Bioproducts 
Processing, 105, 36–50. https://doi.org/10.1016/j.fbp.2017.06.001 

Kuck, L. S., & Noreña, C. P. Z. (2016). Microencapsulation of grape (Vitis labrusca var. 
Bordo) skin phenolic extract using gum Arabic, polydextrose, and partially 
hydrolyzed guar gum as encapsulating agents. Food Chemistry, 194, 569–576. 
https://doi.org/10.1016/j.foodchem.2015.08.066 

Kummu, M., de Moel, H., Porkka, M., Siebert, S., Varis, O., & Ward, P. J. (2012). Lost 
food, wasted resources: Global food supply chain losses and their impacts on 

freshwater, cropland, and fertiliser use. The Science of the Total Environment, 438, 
477–489. https://doi.org/10.1016/j.scitotenv.2012.08.092 

Ky, I., & Teissedre, P. L. (2015). Characterisation of Mediterranean grape pomace seed 
and skin extracts: Polyphenolic content and antioxidant activity. Molecules, 20(2), 
2190–2207. https://doi.org/10.3390/molecules20022190 

Lauro, M. R., Crasci, L., Carbone, C., Aquino, R. P., Panico, A. M., & Puglisi, G. (2015). 
Encapsulation of a citrus by-product extract: Development, characterization and 
stability studies of a nutraceutical with antioxidant and metalloproteinases 
inhibitory activity. Lebensmittel-Wissenschaft und -Technologie- Food Science and 
Technology, 62(1, Part 1), 169–176. https://doi.org/10.1016/j.lwt.2015.01.017 

Lavelli, V., Sri Harsha, P. S. C., & Spigno, G. (2016). Modelling the stability of 
maltodextrin-encapsulated grape skin phenolics used as a new ingredient in apple 
puree. Food Chemistry, 209, 323–331. https://doi.org/10.1016/j. 
foodchem.2016.04.055 

Llorach, R., Espín, J. C., Tomás-Barberán, F. A., & Ferreres, F. (2003). Valorization of 
cauliflower (Brassica oleracea L. Var. botrytis) by-products as a source of antioxidant 
phenolics. Journal of Agricultural and Food Chemistry, 51(8), 2181–2187. https://doi. 
org/10.1021/jf021056a 

Llorach, R., Tomás-Barberán, F. A., & Ferreres, F. (2004). Lettuce and chicory byproducts 
as a source of antioxidant phenolic extracts. Journal of Agricultural and Food 
Chemistry, 52(16), 5109–5116. https://doi.org/10.1021/jf040055a 

Lourenço, S. C., Moldão-Martins, M., & Alves, V. D. (2020). Microencapsulation of 
pineapple peel extract by spray drying using maltodextrin, inulin, and Arabic gum as 
wall matrices. Foods, 9(6), 718. https://doi.org/10.3390/foods9060718 

Maisuthisakul, P., & Gordon, M. H. (2012). Influence of polysaccharides and storage 
during processing on the properties of mango seed kernel extract 
(microencapsulation). Food Chemistry, 134(3), 1453–1460. https://doi.org/10.1016/ 
j.foodchem.2012.03.054 

Marcillo-Parra, V., Anaguano, M., Molina, M., Tupuna-Yerovi, D. S., & Ruales, J. (2021). 
Characterization and quantification of bioactive compounds and antioxidant activity 
in three different varieties of mango (Mangifera indica L.) peel from the Ecuadorian 
region using HPLC-UV/VIS and UPLC-PDA. NFS Journal, 23, 1–7. https://doi.org/ 
10.1016/j.nfs.2021.02.001 

Melgar, B., Dias, M. I., Ciric, A., Sokovic, M., Garcia-Castello, E. M., Rodriguez- 
Lopez, A. D., Barros, L., & Ferreira, I. (2017). By-product recovery of Opuntia spp. 
peels: Betalainic and phenolic profiles and bioactive properties. Industrial Crops and 
Products, 107, 353–359. https://doi.org/10.1016/j.indcrop.2017.06.011 

Montibeller, M. J., de Lima Monteiro, P., Tupuna-Yerovi, D. S., Rios, A. de O., & 
Manfroi, V. (2018). Stability assessment of anthocyanins obtained from skin grape 
applied in kefir and carbonated water as a natural colorant. Journal of Food 
Processing and Preservation, 42(8). https://doi.org/10.1111/jfpp.13698. e13698. 

Montibeller, M. J., Monteiro, P. de L., Stoll, L., Tupuna-Yerovi, D. S., Rodrigues, E., 
Rodrigues, R. C., Rios, A. de O., & Manfroi, V. (2019). Improvement of enzymatic 
assisted extraction conditions on anthocyanin recovery from different varieties of V. 
Vinifera and V. Labrusca grape pomaces. Food Analytical Methods, 12(9), 2056–2068. 
https://link.springer.com/article/10.1007/s12161-019-01548-x. 

Oancea, A.-M., Hasan, M., Vasile, A. M., Barbu, V., Enachi, E., Bahrim, G., Râpeanu, G., 
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