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Figure. 1- Bioactive peptides have a wide range of biological activities, including antimicrobial, anti-inflammatory,
immunomodulatory, antiproliferative, antioxidant, and antihypertensive. However, there are obstacles that affect the
biological functions of peptides and limit their commercial food applications. These obstacles include food matrix
interactions, low water solubility, moisture absorption, chemical (enzymatic) degradation, low bioavailability, and bitter

taste.
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Figure 7 The freeze-drying method for encapsulation includes the steps of mixing the solution with the carrier material,
freezing, drying, and collecting the final product.
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Figure 8: The emulsion encapsulation process, including the mixing and homogenization steps and the preparation of the
final emulsion solution.
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Figure 9: Steps of encapsulating materials using the extrusion method, including mixing the target and carrier materials,
entering the device using a syringe or nozzle, converting into small particles through high-voltage vibration, and

polymerization and producing stable encapsulations.

L} UWL")MQ u,uLw‘)J 56&Lo.>u‘ ué;t_im} »))5.4)») Juj.w
SR oM J5 ol oy aiile O > 4yl OS5

S sl 5 oslinal b YU sles ¢ panss Olyupas 4 g
Zabot, Schaefer Rodrigues, Polano Ody, ) s,la ;L3

Vinicius Tres, Herrera, Palacin, Cérdova-Ramos,
«sles o (Best and Olivera-Montenegro et al., 2022
5 gyl Sl 4T canl gl b ol Ggamdgel g
OeSgn 0llad b (OIW) ol (uig p Jolome o (49, o lab
oMb 5 G S (o0 S 1) (WIO) 55, 550 (o]
b olond (o058 Sgm D)l L aS w30 &) (eFsn
Aguilar-Toald,

Quintanar-) ogs o W el

Guerrero, Liceaga and Zambrano-Zaragoza et al.,
(O Jsoz) (2022

&Y

S 3Lwd g STl (sla o9 (S s lio
rAdghe ol

S5 Jebots pgisea) (ot oty (3o 3o
(39 syl g Bl (ol 3lecin s (Sl
g jged waitand Loy (g goucsSSl sl (ormilio a8 5
30 58,5 13 plKe A wilowds aisle aodgand a¥es
58 s5)S sladsSeys 5 sl o ol bae
o5 Wb Jols 1) o slaalaizs a5 wims oo JuSis
Aguilar-Toala, Quintanar-) wleass jgams ], o

‘_g‘).g solawl 3,90 ‘_;La:u’bb

Guerrero, Liceaga and Zambrano-Zaragoza et al.,
Jolis sl o0 S Sis sl g, 5l eslatul 5Ll (2022
02l 035 Gl g olsS N3l pley eydg 48 podys e
Cely wilgy oo cidly 0 SSiS wgg opl b ol Jgame
Lo Gl Jdoa bty 1 (S0 aead 9 Ggelysilis
S 3gidle wiile Jolo 0lge dd 159l ol 0 jued] a0
solizinl &l oy wles SLS 55l cdadlrs sl 2L (MD)



Table 1 - General comparison of encapsulation methods

Sensitivity to
Environmental
Conditions

Scalability

Advantages

Disadvantages

Loss of activity of

Specific Applications

Medium

High

Production of dry powders
with high shelf life, suitable
for heat-sensitive materials

biological compounds at

high temperatures, need

for advanced equipment
Limitation in

Encapsulation of
probiotics, biological
peptides, and flavorings

Low

Medium

Suitable for encapsulation of
lipophilic compounds,
reduction of oxidation of
biological materials

encapsulating hydrophilic

compounds, need for low
temperature
High sensitivity to

Encapsulation of oils and
fat-soluble vitamins

Encapsulation of heat-

High

Medium

Mild method preserving
biological activity, high
biocompatibility, no need for
high temperature

environmental conditions,

limitation in particle size
control

High cost, low stability in

sensitive biological
materials and targeted
drugs

Low

Low

Increased bioavailability of
compounds, protection of
biological materials against
degradation

varying environmental
conditions, need for
specific production
methods

Targeted drug delivery,
cosmetic and hygiene
products

Method Cost Proces§
Complexity
Spr_ay Low Medium
Drying
Spray . .
- Medium Medium
Cooling
lonic .
Gelation Low Simple
Liposomes High Complex
Extrusion  Medium Complex

Low

High

Production of particles with
uniform size, suitable for
encapsulation of materials
sensitive to environmental

conditions

Process complexity, need
for advanced equipment,
high production cost

Encapsulation of food
and pharmaceutical
materials, production of
controlled microcapsules
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Table 2 - Types of carrier or coating materials used in various encapsulation methods

Encapsulation Type

Coating Materials

Descriptions

Encapsulation with Polysaccharides

Maltodextrin (MD),

Chitosan, Arabic Gum

Biodegradable, safe (GRAS), low cost, high reactivity with active
compounds. Chitosan has active functional groups for interaction with

biological compounds.

Encapsulation with Lipids

Phosphatidylcholine,
Phospholipids

Biocompatible, similar to cell membranes, sensitive to oxidation and heat.
Suitable for encapsulation of fat-soluble compounds and increasing their

bioavailability.

Encapsulation with Proteins

Whey Protein, Casein,

Gelatin

Good emulsifying and gelling properties, increased stability and
hydrophobic interactions with peptides. Suitable for protecting sensitive

biological compounds in the digestive system.

Encapsulation with Biodegradable Polymers

Polylactic Acid (PLA),
Polylactic-co-Glycolic
Acid (PLGA)

Biodegradable, capable of controlled release, suitable for pharmaceutical
and food applications. These polymers provide precise control over the

release rate of biological compounds.

Encapsulation with Hydrogels

Alginate, Gelatin

High water absorption, suitable for long-term release, biocompatible.
These materials have the ability to protect biological compounds in

various environmental conditions.

Encapsulation with Nanoemulsions

Vegetable Oils,

Surfactants

Increased bioavailability, protection of water- or fat-soluble peptides,

small nanoparticle size leading to higher stability and effectiveness.
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Table 3. Summary of recent literature on the encapsulation of biopeptides using different matrix materials

Encapsulation Source of Bioactive Biological . WMC (wiv :
Method Peptides Activity Wall Material %) EE (%)  Size (um) References
Flax (Linum S (,ka; rbf/lglllll’ Mahgi' J%%éliéb
H H H arabandi, Ohammadi, az
usitatissimum) Antioxidant Maltodextrin NR NR ~2-13 Hoshmati anz%{’g)zeshki etal.,
Lima Bean (Phaseolus Hypoglycemic, . - N (Cian, Salgado, Mauri and Drago
lunatus) Antihypertensive Maltodextrin, Arabic Gum 12 82 3-7 et al., 2020)
Canola Antihypertensive Canola Protein Isolate 8 84-99 5-12 (X. Wang and Zhang et al., 2013)
. . Locust Bean Gum, . .
%?:;}gg’ngggstg?;T ACE-I Inhibitor I\I/Ialtgdextrri\n, Pyrcl)lpiad 6 90< 5-7 (Cian, Salg;dcff %8‘2‘6‘)”‘1 Drago
columbina Phycocolloids v
. AP Poly(Lactic-co-Glycolic (Zhu, Huang, Zhang, Mei, Pan, Li
. Exenatide Antidiabetic Acid) PLGA 20 84.5 3-6.6 and Wu et al., 2015)
Spray Drying . o B-Cyclodextrin/Glutathione [3- B-CD < (Webber, de Siqueira Ferreira,
Glutathione GSH Antioxidant CD/GSH and 2.5-35 62.4 : Barreto, Weiss-Angeli and
chitosan .
Chitosan/Glutathione Vanderlinde e al., 2018)
Pectinz2.5 63.7 (Calderon-Oliver, Pedro(zia-lslas,
- P . . . ectin=2. M- Escalona-Buendia, Pedraza-
Nisin Antimicrobial Pectin/Alginate Alginate=125 846 17.9-4487  ~y-vern and Ponce-Alquicira ef
al,, 2017)
Protein Hydrolysate Antioxidant Various NR Variable NR (Sarabandi and Jafari er al., 2020)
Fish Qil Antioxidant Hordein/Glutelin NR NR 1-5 (Ramof&ggr‘;’;re‘}a%’%cz};‘)“d and
. . . - Jiang, Pan, Tao, Zhang, Z:
Whey Peptides Antimicrobial Soy Lecithin NR NR NR ( D o G ot ain§62f3)rlg,
; ] ] B (IThan-Ayisigi, Budak, Celiktas,
Rice HutS_k (Oryza Anticancer Chitosan 0.05 89 180-257 Sevimli-Gur and Yesil-Celiktas et
sativa) nm al,, 2021)
Jujube (Ziziphus jujube) Antioxidant Sodium Alginate 2-25 72-74 ~800 (Kanbargi, Sa"l“az"(v)‘i‘}f; and Arya et
. . Pugli Bollati, Gelain, Arnoldi
Soy, Bean Hypoglycemic RADAL16 Peptide 1 NR NR (Pug and Lo ot a?,?lz%wgm !
lonic Gelation Greer‘ljﬁ!e%aoei d(gisgl)orella Anticancer Chitosan-Sodium Alginate NR 37%.15: NR (X. Wang and Zhang et al., 2013)
Goby Fish . L .
f . Chitosan and (Lina Liu, Chen, Chen, Xu, Liu,
(()Zpﬁls(t)%grs)?]?lfj%; Antioxidant Tripolyphosphate NR 58 3.78 Su, Qiao and Liu et al., 2023)
: Antihypertensive
Beta-Lactoglobulin fgyr ' - (Madadlou, Floury, Pezennec and
(Whey Peptides) ﬁm:gggg{}tc Calcium Carbonate NR NR 3 Dupont et ai., 2018)
Whey Peptides and s ; ; ~ | (Torres, Murray and Sarkar ef al.,
Fatty Acids Antimicrobial Calcium lon 2 70-90 20-50 7019)
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Encapsulation Source of Bioactive Biological . o o ;
Method Peptides Activity Wall Material WMC (wiv %) EE (%) Size (um) References
- - Soy Phospholipid, S
Peanut Peptide Fraction . . . N 79-301 (Gong, Shi, Liu, Liu, Hu, Yang,
(PPF) Antinypertensive - Cholesteol, Sodium, 44 62-60 T Adbikri and Wang cral, 2016)
Peanut Antihypertensive Lecithin, Cholesterol 0.4-2 6774 47 nm (Ning Li, Sh;’ll“;aélfgg‘;nd Zhang et
s 80.61 . .
. Lecithin, Cholesterol, 138-850 (Mazloomi, Mahoonak, Ghorbani
Orange Seeds Antioxidant Chitosan 010204 gggg nm and Houshmand et al., 2020)
; Antioxidant, . _
Liposome Winged Bean Seeds Antihypertensive Soy Lecithin 2 27.6 193 nm (Chay, Tan and Saari et al., 2015)
iposomes - —
. Chitosan and Phospholipids I .
Atlantic Ssgllr;}())n (Salmo Antioxidant Derived from Milk Fat NR 71.3 200nm  (ZhiyuLi, Pauzl(s)?rsl)and Gill e al,
Globule Membrane
Giant Squid (Dosidicus o . - (Kao, Wu, Chou, Fu, Liu, Chai
gigas) Collagen ACE Inhibitor Phosphatidylcholine <75 53 70.3 nm and Chen et al,, 2018)
a-Casozepine Peptide Antioxidant, . . (Batista, Castro, Madureira,
(Decapeptide Antihypertensive, Cyclodegghngngrcmtosan 0.18 8363 'Zlgi 1.8+08 Sarmento and Pintado et al.,
YLGYLEQLLR) Antidiabetic ) 2021)
Probiotic Lactobacillus L Cupuacu Butter / Stearic (Jiang, Pan, Tao, Zhang, Zeng,
acidophilus Antioxidant Acid NR 74 NR Wu and Guo er al., 2021)
Eudragit Polymer, .
Pearl Millet Peptides Antioxidant Polysorbate 20, Polyvinyl 3 19-88 150242  (Agrawal, JOS;(‘);‘;? Gupta et al.,
Alcohol Solution
A . . Amaranth Protein Isolate, . oy
maranth Antihypertensive Sunflower Oil 12 NR 911 (Suérez and Afion et al., 2019)
Emulsions Polyglycerol Polyricinoleate, . o
Soy Peptides Antihypertensive Lecithin, Oil, Modified 40 80 29-74 1-12 (Ymg;r%a&’,;u’ ]\;[a’l L%;‘flhlka“
Starch, Maltodextrin getal, 2021)
Nisin Antimicrobial Poly(Lactic Acid) (PLA) NR NR ﬁgﬁ?g (Ji, Lu, Liu, Srivastava, Song, Liu
y um and Lee et al., 2014)
. Lo Temperature . (Ramos, Bernard, Ganachaud and
Silk Fibroin Regulation n-Eicosane NR 64-74 8-38 Miserez et al., 2022)
. Heat-Sensitive
Coacervation Materials, such as 06.40— (Moawad, El-Kalyoubi, Khallaf,
Limonene, Citral, Food Flavorings Alginate and Tween 80 NR 9707 < 1000 um  Gawad, Saed and Farouk et al.,

Linalool and Isoamyl

Acetate

2024)

WMC: wall material concentration, EE: encapsulation efficiency, NR: not reported
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Abstract

Encapsulation techniques, as one of the most important technologies in the food, pharmaceutical, and
biotechnology industries, have been reviewed in this paper. The primary objective of this study is to focus on the
applications and innovations in encapsulation technologies for bioactive compounds, particularly bioactive peptides
and postbiotics, which play a key role in enhancing consumer health and developing functional foods. Due to their
sensitivity to environmental conditions, these compounds require technologies to preserve their bioactivity and control
their release mechanisms. Various encapsulation methods—including chemical, physico-mechanical, and biologically
derived techniques (such as the use of liposomes, polysaccharides, and natural proteins)—have been examined, and
the strengths and limitations of each have been analyzed. Additionally, different coating materials and their roles in
improving stability, bioavailability, and controlled release of the compounds have been discussed. A review of previous
studies indicates that the proper selection of encapsulation methods and the optimal design of the delivery system play
a crucial role in enhancing the efficacy of bioactive compounds. Furthermore, challenges such as loss of bioactivity at
high temperatures, process costs, and industrial-scale limitations have been addressed, along with proposed strategies
for improving performance. This study can serve as a foundation for developing innovative encapsulation systems and
producing high-value-added products in the food industry.
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