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Published articles within the “Microencapsulation of Bioactive Compounds: Tech-
niques and Applications” special issue have been mainly focused on the evaluation of
variables affecting the encapsulation of healthy compounds, aiming to achieve accurate
quality properties in the encapsulates. Most publications have analyzed variables related
to the encapsulation process, applying different techniques and carrying out several de-
terminations to evaluate the quality of the encapsulates themselves. There are few articles
at evaluating the influence of the addition of the encapsulates to food.

Five main groups of publications can be differentiated depending on the bioactive
compounds they have focused on: with recognized antioxidant properties (tomato oil as
a source of lycopene, thyme essential oil as a source of phenolic compounds, oleoresin of
Haematococcus pluvialis as a source of astaxanthin, Cornelian cherry fruits as a source of
anthocyanins and resveratrol solutions), with high content in polyunsaturated fatty acids
(hempseed oil and fish oil as source of omega-3 fatty acids), flavones (tangerine oil as a
source of tangeretin and a commercial genistein solution), flavorings (ethyl acetate and
vanilla) and probiotics (Lactobacillus rhamnosus and L. caser).

Table 1 summarizes the encapsulation variables evaluated for the different bioactive
compounds that have been studied in the publication of this issue. Starting with those
compounds with recognized antioxidant properties, the ability of a-, - and y-cyclodex-
trins to stabilize emulsions with tomato oil and to form powders has been evaluated by
Durante et al. [1]. a-cyclodextrins achieved the highest encapsulation efficiency, while 3-
cyclodextrins showed the best oil dispersion. a- and (3-cyclodextrins demonstrated better
performance than y-cyclodextrins in relation to the antioxidant activity of emulsions and
powders, although their stability was not affected by the cyclodextrin type, with a rapid
decline in the carotenoid content. On the other hand, the capability of y-cyclodextrins to
form a complex with resveratrol has been confirmed by Silva et al. [2], who showed a true
inclusion complex with the resveratrol inside the cavity of the y-cyclodextrin channels. In
the study of Gonzdlez-Reza et al. [3], the influence of different encapsulating (poly-e-ca-
prolactone and ethylcellulose) and stabilizing (polyvinyl alcohol and Pluronic® F-127) pol-
ymers on quality parameters of thyme essential oil nanocapsules has been evaluated. The
use of poly-e-caprolactone and polyvinyl alcohol had a positive effect on physical, anti-
oxidant and stability properties of the nanocapsules of thyme essential oil, being inferred
its potential application in food processing and preservation. The effect of including do-
decanol as a membrane stabilized in resveratrol niosomes formulated with mixtures of
Tween 80 and Span 80 has been evaluated by Machado et al. [4]. The presence of do-
decanol preserved the antioxidant capacity and release of resveratrol without affecting
the general properties of niosomes, such as size or shape. The use of lupin protein isolate,
carrageenan and chitosan as ionic interfacial layers to stabilize multilayer emulsions of
astaxanthin oleoresin has been evaluated by Morales et al. [5]. In this study, lupin protein
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isolate has been used to obtain the first layer, which covers the oily phase. Then, carragee-
nan and chitosan were added over, obtaining second and third layers, respectively. Alt-
hough all emulsions stabilized with one, two, and three interfacial layers presented
greater physical stability, those with two layers were the most stable when subjected to
different pHs, and higher astaxanthin retention was found with two and three layers in
comparison to one. Thus, stable multilayer emulsions with astaxanthin microencapsu-
lated can be produced using lupin protein isolate, carrageenan and chitosan as ionic in-
terfacial layers. Dumitrascu et al. [6] have investigated the influence of pasteurization and
sterilization treatments on the potential of soy proteins to ensure the efficient encapsula-
tion and gastric stability of anthocyanins from cornelian cherry fruits, based on previous
results that demonstrated the influence of the wall material on the encapsulation of these
bioactive compounds. Preheated soy proteins reduced the encapsulation efficiency but
improved the stability of anthocyanins during gastric digestion. Thus, the authors of this
work considered it necessary to identify the optimum heat conditions for soy proteins to
allow higher encapsulation efficiency of the target compounds.

Table 1. Evaluated variables for encapsulation different bioactive compounds in the “Microencap-
sulation of Bioactive Compounds: Techniques and Applications” especial issue.

MAIN PROP-
ERTY

ENCAPSULATED MATE-
RIAL-COMPOUNDS

ENCAPSULATION VARIABLE REFERENCE

Tomato oil-carotenoids

Thyme essential oil-phenolic

Type of wall material: a-, 3- and y-cyclodex-

. 1
trins. 1]

Different encapsulating (poly-e-caprolactone

d ethylcellul d stabilizi lyvinyl 3
compounds and ethylcellulose) .an stabilizing (polyviny [3]
alcohol and Pluronic® F-127) polymers.
Resveratrol solution Use of y-cyclodextrins. 2]
Antioxidant
Resveratrol solution Use of dodecanol as membrane stabilizer. (4]
Use of lupin protein isolate, carrageenan and
Astaxanthin oleoresin chitosan as ionic interfacial layers to stabilize [5]
multilayer emulsions.
Cornelian Cherry fruits-an-  Effect of temperature on the potential of soy .
thocyanins proteins as wall material [el
Percentage of oil loaded.
. Use of maltodextrine in combination to dif-
Hempseed oil . (7]
S ferent plant-based proteins (hempseed, pea
Rich in PUFA . .
and rice), as wall material.
Fish oil Different interfacial layers: lecithintmalto- .
dextrine vs. lecithin+maltodextrine+chitosan. (5]
Zein vs. zein/carboxymethyl chitosan as wall
Genistein solution material. [10]
Flavons
. . . Percentage of oil loaded in an oil-in-water of
Tangerine oil-tangeretin (11

sodium alginate and pectin as wall materials.
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Conditions of complex coacervation condi-
tions (percentage of gum Arabica and chi-

Vanill
Flavorings amta tosan, and pH). Influe.nce of spray-drying af- (2l
ter complex coacervation.
Maltodextrine with different dextrose equiv-
Ethyl acetate [13]
alent.
Alginate microbeads coated with different
L. rhamnosus materials (xanthan gum, gum acacia, sodium [14]
Probiotics caseinate, chitosan, starch, carrageenan).
L. casei Use of modified charge pectin. 115]

Cooling or freeze-drying hydrogels.

As for oils rich in polyunsaturated fatty acids, the use of a combination of maltodex-
trin with hemp, pea or rice proteins, as coating materials, to encapsulate hempseed oil has
been studied by Kurek et al. [7]. These authors have also investigated the effect of the level
of oil loaded. The two evaluated variables significantly influenced the encapsulate char-
acteristics. Both rice and pea proteins were found to be a viable plant-based alternative
for wall material in terms of encapsulation efficiency, and the use of 10% oil loading and
the combination of maltodextrin with pea protein achieved the best results. Solomando et
al. [8] have evaluated fish oil microcapsules from emulsions with different interfacial lay-
ers, lecithin + maltodextrine (monolayered) and lecithin + maltodextrine + chitosan (mul-
tilayered). These authors focused on the profile of volatile compounds of the powders,
finding a low abundance of volatile compound from lipid oxidation in monolayered mi-
crocapsules. This may indicate the major protection of the maltodextrine-chitosan layer
against fish oil oxidation.

Some authors have also focused on the encapsulation of flavones in this special issue.
Xiao et al. [10] have prepared two types of nanoparticles (with zein and zein/carboxyme-
thyl chitosan as covering materials) of genistein. The encapsulation of genistein in
zein/carboxymethyl chitosan better improved water dispersibility, antioxidant activity,
stability and controlled released. In the research of Sun et al. [11], an oil-in-water emulsion
of bergamot oil with tangeretin has been developed, using sodium alginate and pectin as
wall material, and evaluating the percentage of oil loaded. The combination of pectin and
sodium improved stability and encapsulation efficiency, due to the increased incorpora-
tion and concentration of crosslinked polymers in the final matrix. The main findings of
this study demonstrated the capability of different encapsulated concentrations of tange-
retin in a pectin/sodium alginate matrix using bergamot oil as a carrier. Nevertheless, the
retention efficiency increased and the encapsulation efficiency decreased as the concen-
tration of tangeretin rose.

The encapsulation of flavorings has also been aimed among the published investiga-
tions of this issue. Hernandez-Fernandez et al. [12] have developed vanilla oleoresin mi-
crocapsules, evaluating the conditions of complex coacervation (percentage of gum Ara-
bic and chitosan, and pH) and the influence of spray-drying. According to the findings of
this work, it is possible to microencapsulate vanilla oleoresin extracted through complex
coacervation and spray-drying, which allowed the protection of the volatile compounds
to be increased and a higher stability. The optimal conditions found were 0.34% and 1.7%
of gum Arabic and chitosan, respectively, at pH 5.29. Li et al. [12] have investigated the
effect of maltodextrine with different dextrose equivalent values (6, 7 and 12) to encapsu-
late ethyl acetate. In this study, the use of maltodextrine with a high dextrose equivalent,
and whey protein as wall materials provided the best protection for flavor substances
during storage, and increased their release during dissolution.

In this issue, some authors have developed new coating material systems of micro-
encapsulation to protect probiotic. Sun et al. [15] have modified the charge of a pectin
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methylesterase extracted from citrus pulp, which was used to encapsulate L. casei by ion-
otropic gelation. These authors have also evaluated the storage conditions of the hydro-
gels, at 4 °C or freeze-dried. The charge modified pectin shows a high encapsulation effi-
ciency and stability under gastrointestinal simulations, especially when freeze-dried.
Oberoi et al. [14] encapsulated L. rhamnosus into alginate microbeads that were coated
with different materials (xanthan gum, gum acacia, sodium caseinate, chitosan, starch,
carrageenan). The alginate + xanthan gum formulation showed a significantly higher en-
capsulation efficiency (95%) than other coating agents and increased the survival rate of
the cells in stress conditions during gastrointestinal transition compared to the free bacte-
ria.

Some studies of this issue have also dealt with the effects of additional encapsulates
of bioactive compounds to food. Silva et al. [2] aimed to investigate the impact of includ-
ing a resveratrol complex as a functional ingredient to lemon juice, concluding that a com-
plex made with maltodextrine promotes the solubility and antioxidant stability of rever-
atrol in lemon juices. In the studies of Solomando et al. [8,9], who enriched the omega-3
fatty acids in different meat products (cooked and dry-cured sausages) by adding two
types of fish oil microcapsules (monolayered and multilayered), the abundance of volatile
compounds from lipid oxidation and markers of omega-3 oxidation was higher when
adding monolayered microcapsules. Moreover, findings indicated that the changes in vol-
atile compounds during storage depend on the type of fish oil microcapsules and the meat
products, having an increased abundance of omega-3 oxidation markers in dry-cured sau-
sages added with monolayered microcapsules. However, the enrichment of cooked sau-
sages with fish oil microcapsules did not modify the usual variations in the volatile com-
pound profile during culinary cooking. Thus, it seems that a multilayered structure of
chitosan-maltodextrin may achieve greater fish oil protection than the simple coating of
maltodextrin in microcapsules.

Regarding the encapsulation techniques used in the works published in this special
issue, spray-drying has been the most applied one. It has been used to form microcapsules
of astaxanthin [5], hempseed oil [7], fish oil [8,9], tangereting [10] and vanilla [11] from
emulsions previously prepared. For astaxanthin and tangereting, the oil phase of emul-
sions was prepared with sunflower and bergamot oil, respectively [5,15], whereas an ole-
oresin extraction was carried out in the case of vanilla [11]. In these studies, a mini spray-
dryer has been used, applying similar conditions (inlet temperature 100-180 °C, feed rate
3-16 mL/min, aspiration 80-100%). The freeze-drying method has been applied to encap-
sulate sources of bioactive compounds with antioxidant recognized properties, tomato oil
[1], resveratrol [2] and anthocyanins [6]. An emulsion of tomato oil and solutions of
resveratrol and anthocyanins have been freeze-dried in these works to obtain the corre-
sponding encapsulates, namely powders, inclusion complexes and microcapsules, respec-
tively. In the case of probiotics, both studies of this issue have applied a gelation proce-
dure to encapsulate the bacteria with sodium alginate or pectin and calcium chloride
[14,15]. Nanocapsules of genistein [9] and thyme essential oil [3] have been prepared by a
phase separation procedure with a final lyophlization, and an emulsification-diffusion
method with ultra-high agitation, respectively. The thin film hydration method has been
also applied to prepare niosomes of resveratrol by evaporating the solvents inside a vac-
uum [4]. Besides, in this issue, a review on supercritical carbon dioxide techniques (Parti-
cles from Gas Saturated Solutions, Particles from Gas Saturated Solutions Drying, Rapid
Expansion of Supercritical Solutions, Gas Anti-Solvent, Supercritical Anti-Solvent Pro-
cess, Solution Enhanced Dispersion by Supercritical Fluid, Supercritical Fluid Extraction
of Emulsions) to encapsulate bioactive compounds has been published [16]. Although dif-
ferent types of encapsulated bioactive compounds can be produced by means of these
supercritical carbon dioxide techniques, there are some drawbacks that need to be consid-
ered: the solubility of the active compounds in the carrier material, which limit the con-
centration of the encapsulated compound; solvents used are not food grade; most used
carrier materials are synthetic polymers; lack of knowledge about the physicochemical
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and functional properties of the final powders. Thus, more studies are required to opti-
mize the processing variables and understand the characteristics of the obtained encapsu-
lates.

In the studies of this special issue, the encapsulates have been preferentially analyzed
by means of the Fourier Transform Infrared Spectroscopy (FTIR), Scanning Electron Mi-
croscopy (SEM), particle size distribution, Polydispersity Index (PDI), Zeta-Potential, den-
sity, moisture content, encapsulation efficiency, stability, release and in vitro digestion. In
the FTIR analysis, the absorption spectra of samples ranged between 4000 and 400 cm™
with a resolution of 4 cm™, allowing the solid characterization of the encapsulates. Particle
size, PDI, Zeta-potential are normally determined by a dynamic scattering of light, using
a Zetasizer Nano [9,11]. PDI is a measure of the width of the particle size distribution and
Zeta-potential gives information about possible interactions among compounds in the en-
capsulates. Bulk and tapped density can be determined to measure the flow properties of
the powders, which can impact on transportation, packaging and mixing. High bulk den-
sity values suppose small container requirements and the amount of air that decreases the
susceptibility to oxidation. Moisture percentage is determined by the gravimetric method,
based on drying in an oven at temperatures higher than 102 °C until at a constant weight.
Encapsulation efficiency has been determined in most of the published papers of this is-
sue, mainly as the final aim is to increase it as much as possible. It is estimated based on
the content of the bioactive compound that is encapsulated in relation to the total amount
in the encapsulate. The stability of the bioactive compounds at different conditions has
also been evaluated. The content of carotenoids in tomato oil microcapsules stored at dif-
ferent temperatures and times was determined by Durante et al. [1], and a similar assay
was conducted by Xiao et al. [9] in nanoparticles of genistein. Morales et al. [5] quantified
the concentration of resveratrol in niosomes under ultraviolet light. The effect of room
and refrigeration temperatures on the survival rate of L. casei hydrogels has been analyzed
by [13]. The release of encapsulated bioactive compounds has also been determined by
means of different conditions and methods. In the case of the thyme essential oil nanocap-
sules, they were suspended in clyclohexane and ultracentrifugated, quantifying the carot-
enoids released over time [1], while Kurek et al. [7] used an aqueous model (phosphate
buffer solution) to analyze the release of hempseed oil from microcapsules. The flavor
release of ethyl acetate microcapsules was investigated under different relative humidity,
to imitate storage environments [13], and the dialysis membrane method was used to
achieve the release of genistein from nanoparticles [13]. Moreover, some of the encapsu-
lates of these studies have been subjected to simulated gastrointestinal digestion.

The following conclusions can be drawn from publications within the “Microencap-
sulation of Bioactive Compounds: Techniques and Applications” especial issue: the great
interest in improving encapsulation conditions to obtain accurate encapsulates of bioac-
tive compounds, especially in the search of optimum wall materials; the need for encap-
sulation diverse bioactive compounds (with recognized antioxidant properties; omega-3
fatty acids; flavons; flavorings; probiotics); spray-drying goes on being the most used tech-
nique to encapsulate bioactive compounds; the aim of increasing encapsulation efficiency
and stability during storage and gastrointestinal digestion; getting knowledge about
structure and physical properties of the encapsulates.

Author Contributions: Conceptualization, T.P.-P.; writing—original draft preparation, T.P.-P.; re-
view and supervision, T.A. and J.C.S.; editing and visualization, T.P.-P. and J.C.S. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding

Acknowledgments: T.P.-P. Thanks for the funding from the Ramoén y Cajal program (RYC-2017-
21842)-Agencia Estatal de Investigacion-Ministerio de Ciencia e Innovacion.

Conflicts of Interest: The authors declare no conflict of interest.



Foods 2022, 11, 205 6 of 6

References

1.

10.

11.

12.

13.

14.

15.

16.

Durante, M.; Milano, F.; De Caroli, M.; Giotta, L.; Piro, G.; Mita, G.; Frigione, M.; Lenucci, M. Tomato Oil Encapsulation by «a-,
-, and y-Cyclodextrins: A Comparative Study on the Formation of Supramolecular Structures, Antioxidant Activity, and Ca-
rotenoid Stability. Foods 2020, 9, 1553. https://doi.org/10.3390/foods9111553.

Silva, A.F.R.; Monteiro, M.; Resende, D.; Braga, S.S.; Coimbra, M.A.; Silva, A.M.S.; Cardoso, S.M. Inclusion Complex of Resvera-
trol with y-Cyclodextrin as a Functional Ingredient for Lemon Juices. Foods 2020, 10, 16. https://doi.org/10.3390/foods10010016.
Gonzalez-Reza, R.M.; Hernandez-Sanchez, H.; Zambrano-Zaragoza, M.L.; Gutiérrez-Lopez, G.F.; Del Real, A.; Quintanar-Guer-
rero, D.; Velasco-Bejarano, B. Influence of Stabilizing and Encapsulating Polymers on Antioxidant Capacity, Stability, and Ki-
netic Release of Thyme Essential Oil Nanocapsules. Foods 2020, 9, 1884. https://doi.org/10.3390/foods9121884.

Machado, N.; Gutiérrez, G.; Matos, M.; Fernandez, M. Preservation of the Antioxidant Capacity of Resveratrol via Encapsulation
in Niosomes. Foods 2021, 10, 988. https://doi.org/10.3390/foods10050988.

Morales, E.; Burgos-Diaz, C.; Zaiiga, R.; Jorkowski, J.; Quilaqueo, M.; Rubilar, M. Effect of Interfacial Ionic Layers on the Food-
Grade O/W Emulsion Physical Stability and Astaxanthin Retention during Spray-Drying. Foods 2021, 10, 312.
https://doi.org/10.3390/foods10020312.

Dumitrascu, L.; Stanciuc, N.; Aprodu, I. Encapsulation of Anthocyanins from Cornelian Cherry Fruits Using Heated or Non-
Heated Soy Proteins. Foods 2021, 10, 1342. https://doi.org/10.3390/foods10061342.

Kurek, M.A.; Pratap-Singh, A. Plant-Based (Hemp, Pea and Rice) Protein-Maltodextrin Combinations as Wall Material for
Spray-Drying Microencapsulation of Hempseed (Cannabis sativa) Oil. Foods 2020, 9, 1707. https://doi.org/10.3390/foods9111707.
Solomando, ].; Antequera, T.; Martin, A.; Perez-Palacios, T. Effect of Omega-3 Microcapsules Addition on the Profile of Volatile
Compounds in Enriched Dry-Cured and Cooked Sausages. Foods 2020, 9, 1683. https://doi.org/10.3390/foods9111683.
Solomando, J.; Antequera, T.; Martin, A.; Perez-Palacios, T. Fish Oil Microcapsules as Omega-3 Enrichment Strategy: Changes
in Volatile Compounds of Meat Products during Storage and Cooking. Foods 2021, 10, 745.
https://doi.org/10.3390/foods10040745.

10Xiao, Y.; Ho, C.-T.; Chen, Y.; Wang, Y.; Wei, Z.; Dong, M.; Huang, Q. Synthesis, Characterization, and Evaluation of Genistein-
Loaded Zein/Carboxymethyl Chitosan Nanoparticles with Improved Water Dispersibility, Enhanced Antioxidant Activity, and
Controlled Release Property. Foods 2020, 9, 1604. https://doi.org/10.3390/foods9111604.

11Sun, X.; Cameron, R.G.; Manthey, J.A.; Hunter, W.B.; Bai, J. Microencapsulation of Tangeretin in a Citrus Pectin Mixture
Matrix. Foods 2020, 9, 1200. https://doi.org/10.3390/foods9091200.

12Hernandez-Fernandez, M.; Garcia-Pinilla, S.; Ocampo-Salinas, O.L; Gutiérrez-Lopez, G.F.; Hernandez-Sanchez, H.; Cornejo-
Mazon, M.; Perea-Flores, M.D.].; Davila-Ortiz, G. Microencapsulation of Vanilla Oleoresin (V. planifolia Andrews) by Complex
Coacervation and Spray Drying: Physicochemical and Microstructural Characterization. Foods 2020, 9, 1375.
https://doi.org/10.3390/foods9101375.

13Li, K.; Pan, B.; Ma, L.; Miao, S.; Ji, ]. Effect of Dextrose Equivalent on Maltodextrin/Whey Protein Spray-Dried Powder Micro-
capsules and Dynamic Release of Loaded Flavor During Storage and Powder Rehydration. Foods 2020, 9, 1878.
https://doi.org/10.3390/foods9121878.

Oberoi, K.; Tolun, A.; Altintas, Z.; Sharma, S. Effect of Alginate-Microencapsulated Hydrogels on the Survival of Lactobacillus
rhamnosus under Simulated Gastrointestinal Conditions. Foods 2021, 10, 1999. https://doi.org/10.3390/foods10091999.

155un, Q.; Wicker, L. Hydrogel Encapsulation of Lactobacillus casei by Block Charge Modified Pectin and Improved Gastric and
Storage Stability. Foods 2021, 10, 1337. https://doi.org/10.3390/foods10061337.

Klettenhammer, S.; Ferrentino, G.; Morozova, K.; Scampicchio, M. Novel Technologies Based on Supercritical Fluids for the
Encapsulation of Food Grade Bioactive Compounds. Foods 2020, 9, 1395. https://doi.org/10.3390/foods9101395.



