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Abstract

BACKGROUND: Peanut skin, a byproduct of peanut processing, is a rich source of phenolic compounds (520.65 mgGAE
(100 g)~" d.b.) with strong antioxidant capacity, but which remains underutilized. The direct incorporation of phenolic extracts
into dairy products is challenging, due to their instability during processing and storage and possible interactions that may
affect product quality. Encapsulation techniques can improve the stability and functionality of these bioactive compounds. This
study evaluated peanut skin as a sustainable source of phenolics and compared two encapsulation methods - spray drying and
ionic gelation - to stabilize its extract prior to incorporation into yogurt, with quality monitored over 42 days of storage.

RESULTS: Spray drying with maltodextrin and ionic gelation using pectin-starch microparticles crosslinked with calcium chlo-
ride were applied as stabilization strategies. Both methods achieved high encapsulation efficiency (90-95%) and similar phe-
nolic concentrations, although wet ionic gelation microparticles presented a more intense reddish color. During storage, the
microparticles effectively preserved phenolic compounds, antioxidant activity, and color stability. When incorporated into
yogurt, phenolic content reached 18.87 mgGAE g~ ' d.b. for spray-dried particles and 18.20 mgGAE g~ d.b. for wet particles.
Antioxidant activity remained around 75%, while color variation was minimal (AE < 3.56). No significant changes were
observed in acidity, proximate composition, or microbiological quality.

CONCLUSION: Peanut skin can be converted into a stable, value-added functional ingredient for yogurt. Both encapsulation
techniques preserved the phenolic compounds and product quality during storage, representing a scalable and sustainable
strategy to enhance the nutritional value of dairy products while reducing agro-industrial waste.

© 2026 The Author(s). Journal of the Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of
Chemical Industry.
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Microencapsulation is an effective strategy to protect bioactive
compounds, improving their stability and expanding their appli-
cations.” In the food industry, such strategy prevents degradation,
masks undesirable flavors, reduces hygroscopicity, and enables
incorporation into dry systems.® Several authors have raised the
importance and need for the use of edible and biodegradable

INTRODUCTION

Agro-industrial residues have attracted attention due to their
valuable composition, including carbohydrates, proteins, and
antioxidant compounds, offering low-cost raw materials with
commercial potential.! Phenolic compounds are known for their
ability to neutralize reactive oxygen species and prevent
lifestyle-related diseases, although their effectiveness depends
on intake, digestion, and bioavailability.

Peanut skin, representing about 3% of peanut mass and generating
approximately 0.93 million metric tons annually worldwide, is largely
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discarded despite being rich in proteins (12%), lipids (16%), carbohy-
drates (729%), and polyphenols (140-150 mg g™ "), particularly catechin
and proanthocyanidins with strong antioxidant activity.> Its phenolic
fraction has important nutritional and pharmaceutical value, as well as
an increasing application as a functional ingredient.®
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films and various biopolymers (such as maltodextrin, glutenin, or
surfactants as a medium of extraction) for the production of
films/coatings for microencapsulation of bioactive compounds
(antioxidants and natural preservatives).”"' Among several exist-
ing microencapsulation methods, ionic gelation is a simple and
low-cost technique that provides acceptable protection of
bioactive compounds,'*'® while spray drying is widely used for
heat-sensitive compounds due to its efficiency, simplicity, and
production of high-quality powders.'*

The functional food market, particularly of dairy products, con-
tinues to grow as consumers seek health-promoting foods."”
Although yogurt is recognized for its probiotic and bioactive pep-
tide benefits,'®'” incorporating additional bioactive compounds
is challenging due to sensory and formulation constraints.'®'?

Therefore, the study reported here aimed to encapsulate pea-
nut skin extract obtained from agro-industrial waste, as well as
to evaluate the stability of the microencapsulated extract, using
two methods: ionic gelation and spray drying. Also, the study
intended to investigate peanut skin extract application in tradi-
tional yogurt to improve functional properties, simultaneously
promoting the sustainable valorization of waste.

MATERIALS AND METHODS

Materials

Runner variety peanut skin, classified as type 1, was supplied by
Cooperativa Coplana (Guariba — SP) in the form of pellets. The
encapsulation materials were low methoxylation (BTM) amidated
pectin GENU® 104-AS-Z (CP Kelco, Limeira/Brazil), food-grade cal-
cium chloride (Dinamica, Diadema/Brazil), Maizena cornstarch,
and maltodextrin (Morrex 1910 D10). The following analytical-
grade (PA) reagents with purity above 99% were used for the eval-
uations: ethyl alcohol, acetone, EDTA, potassium chloride, sodium
carbonate, sodium acetate trihydrate, 0.06 mmol L™' DPPH solu-
tion, ABTS solution, potassium persulfate, 2 nmol L™ Trolox
solution, gallic acid, Folin—Ciocalteu reagent, potassium bromide,
potassium chloride, hydrochloric acid, monobasic potassium
phosphate, and sodium hydroxide (5 mol L™"). For the production
of yogurt: skimmed milk powder (La Serenissima®, Braganca Pau-
lista/Brazil) and thermophilic starter culture — YCE128A (Sacco Sys-
tem, Sousas/Brazil). For the production of regular or traditional
yogurts: pasteurized type A skimmed light milk A Xandé®
(Laticinios Xandd, Araras/ Brazil) (9 kg m™ of total solids), of
which 2% were used, composed of the microorganisms Strepto-
coccus thermophilus and Lactobacillus delbrueckii ssp. bulgaricus
(LYOFAST Y 450B (Sacco System/Italy).

Methods
Extract production
The phenolic extract was produced by a partner company, Cen-
troflora Inova (Campinas - SP). In order to obtain the extracts,
the residue was treated with a 50% (v/v) alcoholic solution in a
proportion of 1:20 (w/v). Thereafter, the mixture was kept in ultra-
sound equipment (Ultronique, Model Q9.5/40A) for 30 min under
heating (25-30 °C). After this period, the extract was filtered in a
filter bag with a 100 pm mesh and sent to a rotary evaporator
(R-100, BUCHI Brasil Ltda, Valinhos/Brazil) to recover the solvent.
The extract was characterized using the methods described in
the following subsections.

Total phenolic compound content. Total phenolic compound con-
tent was determined according to the spectroscopic method of

Folin-Ciocalteau, used by Erkan-Koc et al.?° Sample and standard
curve readings (n = 3) were conducted using a UV-visible spec-
trophotometer (Cary 60 MY13110012, Agilent Technologies,
USA) at a wavelength of 750 nm. The results were expressed as
mgGAE (100 g)~', where mgGAE is milligrams of gallic acid
equivalent.

Moisture content. The moisture content was determined gravimet-
rically (drying oven, Quimis Q319V2, Diadema, Brazil) by drying at
70 °C without vacuum for 24 h, followed by vacuum drying for
another 24 h. The analysis was performed (n = 3) with approxi-
mately 1072 kg of sample.?’

Identification and quantification of phenolic compounds by high-
performance liquid chromatography (HPLC). For phenolic com-
pound extraction from peanut skin liquid extract, 2 x 1072 kg of
sample was homogenized with 2 x 107® m? of H,0. This solution
was quickly homogenized by vortexing and then centrifuged
(166.7 Hz, 15 min, 4 °C). The supernatant was collected and a
new dilution was performed (5x 107 m*® of supernatant
+1.5 x 107® m® of H,0). This solution was quickly homogenized
by vortexing and then centrifuged in Amicon® Ultra 10k tubes
(83.3 Hz, 60 min, 4 °C). The lower fraction was collected, filtered
(0.45 pm filter, PVDF), and injected into the HPLC system.

The phenolic compounds present in the extract were analyzed
by HPLC, according to the methodology described by Costa
et al.”® using a Dionex Ultimate 3000 HPLC system (Dreiech,
Germany) coupled with a diode array detector and C18 column
(3 um, 120 A, 46 x 107> m x 15 x 102 m) for separation at 30 °
C. Mobile phases (A) H,O-formic acid (99.9:0.1 v/v) and
(B) methanol-formic acid (99.9:0.1 v/v) were used in gradient
mode: 92% A (0-300 s), 92% A (300-780 s), 85% A (780-2700 s),
75% A (2700-4020s), 57% A (4020-4620s), 50% A (4620-
5700 s), 35% A (5700-5820 s), and 92% A (97-107 min). The sol-
vent flow rate was 8.3 x 107° m?® s™'. The standards used for iden-
tification and quantification of the compounds were from
Extrasynthese: catechin (0976S), epicatechin (0977S), epicatechin
gallate (0978S), procyanidin B1 (983); and from Sigma: p-coumaric
acid (C9008-1G), epigallocatechin gallate (E4143), and procyani-
din B2 (42157). All compounds were quantified at a wavelength
of 280 nm, except for p-coumaric acid, which was quantified at
320 nm. The results were expressed as 1072 g kg™ of liquid
extract.

Microencapsulation

Dry microparticles (DP) were produced (1) by drying in a spray
dryer (B-290, BUCHI Brasil Ltda, Valinhos/Brazil) (Fig. 1(A)) and
wet microparticles (WP) were produced (2) by ionic gelation using
an Encapsulator B390 (BUCHI Brasil Ltda, Valinhos/Brazil) (Fig. 1
(B)), followed by absorption of the peanut skin extract by the
microparticles.

Microencapsulation was updated to include the experimental
design for obtaining microparticles?®; the methodologies were
based on those of Budin et al.** and Moura et al.*®

For the ionic gelation method, the independent variables were
vibration frequency (100 to 2200 Hz) and electrode voltage
(400 to 2000 V), with the nozzle diameter set at 450 pm. The dis-
tance from the nozzle to the surface of the calcium solution was
set at 10 cm. The particle curing time in the calcium solution
was 15 min, under agitation.

For the spray drying method, the independent variables were
drying air temperature (160-220 °C) and feed flow rate (8.3-
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25 x 1078 m*®s™"), with the nozzle diameter set at 0.7 x 107> m.
Dependent variables for both methods were the mean diameter, size
distribution, encapsulation efficiency (EE), microscopy, and color.

The best process conditions were used for both DP and WP. For
DP, 500 x 107> kg of extract + 27.86 x 107> kg of maltodextrin,
the process conditions were: inlet temperature (149 °C) leading
to (75°C), air pressure (25%), and a feed rate of 95%
(5.3 x 1078 m® s7"). WP were obtained by ionic gelation followed
by absorption, based on Silveira et al® They were produced in
Encapsulator equipment, generating microparticles (pectin +
starch) without active, which in turn formed a solution formulated
with 70% pectin 2% and 30% starch 0.85%. The best process con-
ditions were: nozzle 300 pm, P = 15.4 kPa, frequency = 100 Hz,
voltage = 250 V. Subsequently, the microparticles were sub-
merged in the peanut skin extract in a proportion of 1 (microparti-
cles) to 2 (extract), for 86.4 x 10 s.

The analysis methods used to characterize the microparticles
were as described in the following subsections.

Average diameter and size distribution. The samples had their aver-
age diameters and size distribution determined using a laser light
scattering analyzer (LA-900, Horiba Instruments, Japan) by
light scattering using a liquid dispersion module. The average
diameter was determined based on the average diameter of a
sphere of the same volume (De Brouckere diameter D[4.3]), calcu-
lated according to Eqn (1):

A4
D[4,3]=§:'Z'3 (1)

where d;is the diameter of the microparticles and n; is the number
of microparticles.

The polydispersity index (ID) was calculated according to Santos
et al,*® using Eqn (2):

— d90 _d10

D== (2)
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Figure 1. (A) Spray dryer (Buchi B-290) for DP production. (B) Encapsulator (Buchi B-390) for WP production.

where d,, dso, and dqg are the diameters at 10%, 50%, and 90% of
the accumulated volume, respectively, that is, doo—d,¢ is the data
range and ds is the average diameter.

Total phenolic compounds. The method used was as described in
Total phenolic compound content section. The active ingredient
was extracted from the wet microparticles by dissolving them in
EDTA and extracting them with 70% ethanol and acetone (70%),
alternately.?® The active ingredient was extracted from the dry
microparticles by diluting them in water (1:20) and extracting
them with 70% ethanol.

Antioxidant activity. The antioxidant activity was determined
using the DPPH and ABTS methods according to the methodol-
ogy described in Jiménez-Zamora et al.?’ Absorbance readings
(n = 3) were performed with a UV-visible spectrophotometer
(Cary 60 MY13110012, Agilent Technologies, USA) at a wave-
length of 515 nm (DPPH) and 734 nm (ABTS). The results were
expressed a pmol TE g~ (Trolox equivalent).

Encapsulation efficiency. EE indicates the amount of active ingredi-
ent (total phenolic compounds, TPC) that was effectively retained
in the microparticle structure after processing®:

_ TPCin microparticles <1
" TPCin the extract added to the microparticles

EE (%)
(3)

Stability of micropatrticles

The produced WP were stored in peanut skin extract and the DP
were stored in a poly(ethylene terephthalate) packaging, put in
a refrigerator, and protected from light for 42 days.

Instrumental color. The parameters L*, a* b* and chroma
(\/ a*2+b*2) of the color (n=9) (Chromameter CR-400, Konica-

Minolta Sensing, Osaka, Japan) were evaluated during the shelf-
life monitoring.?®
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Phenolic compound content. This was determined according to the
methodology described Total phenolic compounds section, fol-
lowing the methodology mentioned in Total phenolic compound
content section.

Antioxidant activity. This was determined in accordance with Anti-
oxidant activity section.

Yogurt production
Two samples of traditional yogurt were made in the pilot plant at
Tecnolat/ITAL. For the production of regular or traditional yogurts,
3.3% skimmed milk powder (La Serenissima®, Braganca Paulis-
ta/Brazil) was added to correct the solids content. The mixture
of skimmed milk (La Serenissima®) and milk powder (Laticinios
Xando, Araras/Brazil) was heat treated at 90 °C for 5 min, followed
by cooling to fermentation temperature (around 43 °C), yeast
inoculation, and incubation in BOD (biochemical oxygen demand)
at the same temperature until reaching a pH value of 4.6. The sam-
ple was then cooled to 25-30 °C, homogenized manually for
120 s, bottled, and cooled. Then, 10% of WP and 0.6% of DP were
added, aiming for similarity in the content of phenolic com-
pounds; subsequently, the packages were stored under refrigera-
tion (5 °Q).

The dry particle yogurt (DPY) and wet particle yogurt (WPY)
(n = 3) were characterized in terms of:

+ Microbiology - total lactic bacteria, based on Compendium
APHA?®

« Centesimal composition — moisture and volatiles, based on
AOAC?' official method 990.20.

« Ash, based on AOAC?' official method 945.46.

. Total fat, based on IAL>° method 034B.

« Protein, based on IAL,3® method 037.

. Total carbohydrates, calculated by difference: 100 — (g kg™
moisture + g kg~" ash + g kg™' total fat + g kg~ protein).

« Energy value - based on Passmore et al.*'

« Instrumental color (same as in Instrumental color section).

« Phenolic compounds (same as in Phenolic compound content
section).

+ Antioxidant activity - DPPH (same as in Antioxidant activity
section).

Study of yogurt stability

The freshly processed yogurts were packaged in polyethylene
containers and stored at 5 + 2 °C. The analyses were carried out
during 42 days of storage. The methods used were as follows.

Total phenolic compounds. The quantification of the recovered
active ingredient was performed in accordance with Phenolic
compound content section.

Antioxidant activity. The quantification of the recovered active
ingredient was performed in accordance with Antioxidant activity
section.

Color analysis. This was performed in accordance with Instrumen-
tal color section. Additionally, the parameter AE (total color varia-
tion) was obtained by using Eqn (4)%%:

AE:\/(AL*)2+(Aa*)2+(Ab*)2 (4)

Evaluation of pH. The pH evaluation was performed using a poten-
tiometer (Digimed, model DM 20, Brazil) according to the meth-
odology described in IAL*® (n = 3).

Total acidity. The total acidity evaluation was performed in accor-
dance with AOAC no. 942.15B%' (n = 3).

Statistical methods

Statistical analysis was performed using Statistica® version
12 (StatSoft Inc., Tulsa, EUA) with a one-way analysis of variance
and Tukey's test. The results were presented as mean + SD. The
differences were considered statistically significant if P < 0.05.

RESULTS AND DISCUSSION

Extract characterization

The extract was characterized in terms of the total amount of phe-
nolic compounds, obtaining the results expressed on a wet and
dry basis in Table 1.

Munekata®? achieved a result of 32.6 + 0.7 mg GAE g~ peanut
skin. In a parallel with the extract used in this study, the values
obtained here were higher; Calomeni** determined 42.88
+ 4.39 mg of phenolics per gram of extract, which is also a smaller
quantity. Costa et al.?> when evaluating peanut skin extract,
found a phenolic compound content corresponding to 401.08
+21.31 mg GAE g~' of extract, also a smaller quantity.

The different extracts can cause this difference in phenolic con-
tent values, as a consequence of time, type of extraction, and tem-
perature, among other factors, which alter the quantity of
bioactive compounds. Another factor that had an impact on the
quantity of phenolics was the lack of control over the temperature
and pressure of the vacuum pan used in the extract production.

Identification and partial quantification of phenolic compounds
from peanut skin extract by HPLC are presented below. The values
are expressed as 1072 g kg™ of liquid extract. Only one sample
preparation was performed due to the high cost of the Amicon fil-
ter (n = 1). It is worth noting that this is a partial quantification
since it represents the portion of the sample with molecular
weight below 10 kDa.

Compounds: p-coumaric acid, 2.1 x 107° gkg™"; catechin,
26.75 x 107° g kg™ '; epicatechin, 236.38 x 107° g kg™'; epicate-
chin gallate, 2890 x 107° g kg™"; epigallocatechin gallate,
5.97 x 107° g kg™"; procyanidin B1,7.67 x 10~ g kg~'; procyani-
dinB2,3159x 10° g kg™

According to Costa et al.*? at the highest levels of peanut shell
extract, compounds such as epicatechin and epicatechin gallate
were the main phenolic compounds detected, followed by cate-
chin and procyanidins. The same results were observed in the pre-
sent study.

Table 1. Total phenolic compounds of peanut skin extract

Sample Total phenolic compounds

520.65 + 21.83 d.b.
2377.76 + 32249 w.b.

Peanut skin extract

Note: Units: (mgGAE g™") d.b. and (mgGAE (100 g)~') w.b.; extract
moisture: 95.51 + 1.84%.
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Figure 2. Microparticle deposit from the spray dryer with peanut skin
extract microparticles.

Y e

(A) S (B

Figure 3. Wet microparticles (A) before and (B) after immersion in peanut
skin extract.

Production of microparticles

Dried micropatrticles

The microparticles produced using a spray dryer are shown in
Fig. 2. As a characteristic of microparticles obtained by using this
method, the final appearance is a fine, light pink powder.

Wet microparticles

After being produced by ionic gelation (Fig. 3(A)), the pectin and
starch microparticles were immersed in the extract for 24 h,
resulting in what is shown in Fig. 3(B). The final appearance of
these microparticles is that of small balls of shiny gel and a dark
red, almost brown color, very similar to peanut skin extract color.

Characterization of microparticles
The microparticles were characterized as total phenolic com-
pounds, resulting in the amounts presented in Table 2.

The results showed that the microparticles obtained by the ionic
gelation method followed by the absorption technique
(WP) presented a similar amount (d.b.) of phenolic compounds
to DP (Table 2).

WP presented high moisture of 91.60 + 2.04, while moisture of
DP was 2.49 + 1.08 (Aw 0.375 + 0.05); therefore, it was necessary
to express the results on a dry basis for all the microparticles, in
order to allow a better comparison between them. When calculat-
ing the EE, a value of 95% was obtained for DP, while WP achieved
90%. Budin et al** observed values of 87.86 + 1.79 mgGAE
(100 g)~" on a wet basis for microparticles of yerba mate extract

Table2. Total phenolic compounds of peanut skin extract micropar-
ticles on dry and wet basis

Microparticle Total phenolic compounds

DP 266.84a + 2245 d.b./ 26 016.19 + 2189.53 w.b.
WP 254.56a + 2.57 d.b./ 2138.36 + 21.59 w.b.

Note: Results expressed as mean + standard deviation, n = 3; means
followed by different lowercase letters differ statistically at the 5%
error level by Tukey's test (P < 0.05). Units: (mgGAE g 1) d.b. and
(mgGAE (100 g)_‘) w.b. DPY, Dry particles. WPY, Wet particles.

obtained by ionic gelation, with EE of 45%. Santos et al.>° obtained

EE values of 25.76% to 54.51% in terms of phenolic compounds in
the encapsulation of pitanga (Eugenia uniflora L.) extract by ionic
gelation followed by fluidized bed drying. These results are well
below the values found in this study, which reached a concentra-
tion of 2138.36 + 21.59 mgGAE (100 g)~' on a wet basis. In spray
dryer microencapsulation, values of 90% or higher can be easily
found.®

Romanini et al.>* produced grape pomace extract microparticles
through freeze drying, determining a quantity of phenolics of
1473 + 21 mgGAE (100 g)~, reaching a larger value than that
for the microparticles in this work. Guil° studied the microencapsu-
lation of royal jelly in different proportions of gum arabic and
maltodextrin by using spray drying, observing a total phenolic
content of 128.91 mgGAE (100 g)~', which is a lower value than
that for the microparticles in this work. This difference can be
explained by the crops (grape and royal jelly) and methodologies
(freeze drying and spray drying) for obtaining the extracts and
microparticles.

If the spray dryer and ionic gelation methods are compared, the
advantages of spray dryer are considered to be a rapid, continu-
ous, simple, economic, reproducible, and easy-to-scale-up
method in comparison with other drying processes. Regardless
of the numerous advantages, relatively high drying temperatures
can damage sensitive compounds such as lycopene, f-carotene,
anthocyanins, vitamin C, colors, and flavors. Additionally, low
product yield is reported due to loss of dry particles in the wall
of the drying vessel >

lonic gelation is a simple and easy procedure, which does not
require specialized equipment, high temperature, or organic sol-
vent and it can be considered of low cost. However, one of its dis-
advantages is the occurrence of heterogeneous gelation of gel
particles due to the diffusion mechanism, as surface gelation
often occurs before core gelation, which in this case becomes a
soft core. A limitation of the ionic gelation technique lies in its
restricted applicability on a large scale. However, recent studies
have explored the use of microfluidic devices as a promising strat-
egy for process scale-up (scale-out) and the development of por-
table systems for on-demand production. Further large-scale
evaluations are still required to confirm ionic gelation feasibility
for industrial implementation.>®

Hamed et al3” produced peanut skin extract microparticles
through freeze drying, determining a quantity of phenolics of
109.46 mgGAE g™, reaching a lower value than that for the
microparticles in this work.

The encapsulation of peanut skin extracts with maltodextrin has
been proven to effectively reduce the intensity of bitterness and
astringency by delaying their solubilization in the mouth by saliva.
The chemical antioxidant activity of the extracts was not found to
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Table 3. Evaluation of microparticle color on the L*, a*, b* scale

Microparticle L* b* c*
DP 81.51a + 0.64 5.02b + 0.03 20.25b + 0.17 20.86b + 0.27
WP 44.00b + 0.76 14.26a + 0.21 22.63a + 0.36 26.75a + 3.76

the Tukey test (P < 0.05). DPY, Dry particles. WPY, Wet particles.

Note: Results expressed as mean + standard deviation, n = 9; means followed by different lowercase letters differ statistically at the 5% error level by

be affected by the processing, indicating that peanut skin extracts
could serve as an antioxidant when added as food ingredients.
One advantage of using peanut skin extracts is that these ingredi-
ents could be considered as natural sources of antioxidants.>®

Bergesse et al.*® evaluated the microencapsulation of phenolic
compounds from peanut shells by spray drying, evaluating their
physicochemical properties, storage stability, and the effect
against oxidative mobility in nut kernels. Microencapsulation
employed 10%, 20%, and 30% maltodextrin. The product con-
tained 950.29 mgGAE g™ of total polyphenolic compounds, a
value much higher than those found in this study.

The peanut skin phenolic compounds and antioxidant activity
are extremely variable due to different factors, i.e. peanut species,
roasting temperature and time, skin removal methods, and sol-
vent types used for extraction.>®

Instrumental color
The microparticle colors are expressed in Table 3.

Analyzing the color parameters, it can be noted that WP are dar-
ker (lower L* values) than DP. As well as a redder color, it was also
due to the higher values of the a* parameter in WP, while DP had
lower a* values and higher L* values (lighter).

Centomo et al.*® evaluated the bioactive properties and storage
stability of microcapsules obtained by coencapsulation of native
whey yeast Kluyveromyces marxianus VM004, known for its poten-
tial probiotic properties, and peanut skin polyphenolic extract.
The microcapsules presented C* values between 9.86 and 12.01,
which are lower than those found in this study.

The potential for adding color to the particles obtained in the
present study proved to be interesting from the point of view of
application in food.

Microparticle size

For Dsg values, sizes of 785.97 + 20.16 and 10.39 + 0.28 pm were
observed for wet and dry microparticles, respectively, with WP
presenting a size more than 75 times the size of DP. Giil° studied
the microencapsulation of royal jelly using spray drying and found
a particle size of 619.76 nm or 0.61976 pm. This value is much
lower than that for DP obtained in the present study (10.39
+ 0.28 pm). These differences may be related to the type of equip-
ment, type of atomizer, and process conditions employed.

The observed IDs were 1.27 for WP and 1.70 for DP. These values
indicate that the two microparticle systems have similar homoge-
neity, with considerable variation between the sizes of the same
microparticles.

Depending on the type of product where these microparticles
can be applied, choosing smaller or larger particles can be a stra-
tegic decision.

The choice between spray drying and ionic gelation depends on
the nature of the bioactive compound, the desired particle char-
acteristics for application in different foods, and industrial

feasibility. Spray drying is generally preferred for the
commercial-scale production of stable powders, while ionic gela-
tion is more appropriate for encapsulating highly heat-sensitive
compounds that require mild processing conditions. Spray drying
is highly suitable for large-scale food production and continuous
processing, whereas in the ionic gelation technique, conventional
pearl formation methods (e.g. dripping or extrusion) are slower
and less suitable for high-throughput industrial production. In
some applications, combined strategies are also explored - for
example, particle production via ionic gelation followed by drying
or secondary coating®*?® - to integrate the stability advantages of
both approaches.

Microparticle stability
The results for phenolic compounds, antioxidant activity (DPPH
and ABTS), and color change of WP and DP are presented in Fig. 4.

During 42 days of storage, a difference was observed in the ini-
tial and final values for all parameters monitored, with the color in
chroma as the only one showing a reduction, which indicates that
the microparticles became slightly more opaque over time, espe-
cially WP. As for the amount of phenolics and antioxidant activity
of both microparticle types, the values tended to stabilize or
increase if the trend line is observed, which may indicate a satis-
factory stability over time at controlled temperature storage.

The quantification of total phenolics in microparticles was per-
formed using the Folin-Ciocalteau method. According to Erkan-
Kocg et al.>® and Moura et al.?> some components present in the
samples have an interfering effect on this analysis and
the method can only be reliable after these interfering com-
pounds have been removed. Therefore, there may be changes
in the behavior of the bioactives present in the microparticles
when they are applied to food matrices.

Esparza et al,*' when comparing the evolution of the antioxi-
dant activity and total polyphenol content with the concentration
of individual polyphenols during storage, detected a different
behavior as the decrease in antioxidant capacity and total poly-
phenol content over time is not proportional to that of the indi-
vidual phenolic compounds. This lack of correlation is in
agreement with the results obtained by other authors*? and was
attributed by Moser et al.** to the formation of new phenolics,
with equal or even improved antioxidant activities that compen-
sate for the loss of the original phenolics.

Characterization of yogurts with microparticles
The addition of wet or dry microparticles did not significantly alter
the existing lactic bacteria (1 x 10° CFU g~ for both yogurts).
The microbiological identity and quality standard for yogurt
(IN 46/2007, BRAZIL)** establishes that the minimum total lactic
bacteria count must be 10’ CFU g™". Both samples of yogurts with
microparticles presented counts of 1 x 10° CFU g~ after manu-
facture and after 42 days of storage. Thus, the produced samples
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Figure 4. Stability of wet and dry peanut skin microparticles during storage.

had above the minimum count required even after 42 days of
storage.

The phenolic compound content and antioxidant capacity
achieved (Table 4) were similar for both types of yogurt (DPY
and WPY).

lonic gelation technique used to obtain WP has been widely
used to encapsulate bioactive compounds and improve their sta-
bility in foods. According to Said et al.,** the formation of contin-
uous networks through calcium-mediated ionic gelation can
protect phenolic compounds, with controlled release and preser-
vation of their antioxidant properties. This mechanism may justify
the similarity observed in the levels of phenolic compounds
between DPY and WPY, suggesting that encapsulation by ionic
gelation may be an excellent strategy to maintain the action of
added bioactives.

These results are in line with recent studies on the incorporation
of bioactive compounds into yogurts in order to improve their
functional and sensory properties, as observed by Ye et al,*
who concluded that the addition of buckwheat to yogurt resulted
in an increase in bioactivity and sensory acceptance of the prod-
uct. There was also an influence on the physicochemical charac-
teristics, such as acidity and viscosity of the yogurt.

The incorporation of microparticles containing peanut skin extract
into yogurts resulted in a significant content of phenolic compounds,
with values of 175.07 mgGAE (100 g)~' w.b. or 18.87 mgGAE g*
d.b. for the DPY formulation and 178.29 mgGAE (100 g)‘1 w.b. or
18.20 mgGAE g~ d.b. for WPY. These values are relevant when con-
sidering that the source used is agro-industrial waste, highlighting
the potential of peanut skin as a sustainable functional ingredient.
Hamed et al® found similar phenolic compound values
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(18.80 mgGAE g~') when 100 mg L™ of peanut skin extract micro-
encapsulated by freeze drying was added to yogurt. Moura et al.*’
studied the application in yogurt of particles obtained by ionic gela-
tion containing Hibiscus sabdariffa L. extract and obtained 5.45
+ 0.20 mgGAE (100 g)~' of phenolic compounds, a value much
lower than the one obtained in the present study. Unlike these raw
materials, peanut skins represent an alternative for reusing a bypro-
duct from the food industry, adding value to a residue that would
otherwise be disposed of incorrectly.

The antioxidant capacity of the yogurts in this study was
449 pmol TE g~ for DPY and 3.89 pmol TE g~ for WPY, showing
that peanut skin extract contributes to the antioxidant func-
tionality of the product. Moura et al.*’ found lower values in a
study with Hibiscus sabdariffa L. microparticles (0.22 +
0.02 pmol TE g7"). Jimenez-Gonzalez et al.*® evaluated the impli-
cation in yogurt of microparticles containing Renealmia alpinia
extract obtained by spray drying, achieving values of
1.1 mg TE 100 g~ . It should be noted that the method for deter-
mining antioxidant activity is different from that used in the pre-
sent study and the results are presented in different units;
therefore, they cannot be compared. In the present study using
peanut skin, the presence of good antioxidant activity reinforces
its potential for application in functional foods, especially when
considering its origin as agro-industrial waste.

WPY exhibited lower chroma values than DPY (Table 5), indicat-
ing reduced color intensity in the yogurt matrix. The coloration of
yogurt is strongly influenced by the presence of phenolic com-
pounds, which can interact with milk proteins and be affected
by the system pH. Ye et al.*® reported that the addition of poly-
phenols may alter chromaticity through such interactions.

In the present study, the lower chromaticity observed in WPY
compared with DPY (Fig. 5) suggests that the encapsulation

Table 4. Total phenolic compounds and antioxidant activity of
yogurts with and without peanut skin extract microparticles

Total phenolic Antioxidant
compounds (MgGAE activity
Yogurt (100 g)™") (umol TE ™)
DPY 175.07 + 6.89a 4.49 + 0.26a
WPY 178.29 &+ 2.29a 3.89 + 0.35a
Without 6822 + 1.12b n.d.

microparticles

Note: Results expressed as mean + standard deviation, n = 9; means
followed by different lowercase letters differ statistically at the 5%
error level by Tukey's test (P < 0.05). n.d., not detectable. DPY, Dry par-
ticles yogurt. WPY, Wet particles yogurt.

method influenced pigment dispersion within the dairy matrix.
Microparticles produced by ionic gelation appeared to disperse
within the yogurt mass in a way that reduced the overall color
expression of the product. Nevertheless, further studies should
assess sensory stability during storage as well as the bioavailabil-
ity of phenolic compounds after consumption to confirm their
effectiveness in the development of innovative dairy products.

Color analysis indicated that yogurts containing peanut skin
extract exhibited slightly yellowish tones, with values of
L* =81.07, a* = 3.18, and b* = 14.06 for DPY, and L* = 82.99,
a* = 1.25, and b* = 11.01 for WPY. In comparison, studies using
Hibiscus sabdariffa reported greater red intensity, whereas
research involving Renealmia alpinia described a more pro-
nounced yellowish coloration. The milder chromatic effect
observed with peanut skin extract may be advantageous in appli-
cations where maintaining the traditional appearance of yogurt is
desirable without substantially altering its color. Additionally,
Moura et al*® demonstrated that the incorporation of hibiscus
extract combined with microencapsulated hibiscus can enhance
both the visual and functional appeal of yogurt while maintaining
good sensory acceptance.

Overall, the results indicate that encapsulated peanut skin
extract, in both dry and wet forms, provides a relevant source of
phenolic compounds and antioxidant activity while producing
only subtle changes in yogurt color. Considering that peanut skin
is an agro-industrial byproduct, its incorporation into dairy formu-
lations represents a sustainable and promising strategy for the
development of functional dairy products.

Table 6 presents the centesimal composition of yogurts with
peanut skin extract microparticles in dry (DP) and wet (WP) form.

The moisture content did not show a significant difference
between WPY (90.67%) compared to DPY (89.93%), which may
be related to water retention in WP. A difference in moisture

Figure 5. (A) Yogurt with 10% wet microparticles (WPY) and (B) yogurt
with 0.6% dry microparticles (DPY).

Table 5. Evaluation on the L*, a*, b* scale of the color of yogurts with and without peanut skin extract microparticles

Yogurt L* a* b*

DPY 81.07 + 2.72¢ 3.18 + 0.35a 14.06 + 0.74a
WPY 82.99 + 2.46b 1.25 + 0.69b 11.01 + 1.38b
Without microparticles 87.95 + 0.13a —-1.92 + 0.01c 6.94 + 0.02c

Note: Results expressed as mean + standard deviation, n = 9; means followed by different lowercase letters differ statistically at the 5% error level by
Tukey's test (P < 0.05). DPY, Dry particles yogurt. WPY, Wet particles yogurt.

wileyonlinelibrary.com/jsfa

© 2026 The Author(s).

J Sci Food Agric 2026

Journal of the Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

85U8017 SUOWWOD BA 181D 8|edl|dde 8y Aq pauench aJe SajoNfe YO ‘88N JO S3NJ o} Akeiq 1T 8Ul|UO AB]IMW UO (SUOI puoD-pue-SwLiB) Lo A8 | I AReIq 1 euluo//SdnY) SUORIPUOD Pue SwiB | aU) 88S *[9202/90/80] Uo ArigiTauliuo A8|im ‘seded Aq 8690, ©JS[/200T 0T/10p/L00 A8 |imAeiq i jpulju0's euInol10s//:sdny wiouy papeojumoq ‘0 ‘0T00L60T


http://wileyonlinelibrary.com/jsfa

Microencapsulation of peanut residue bioactives: stability and yogurt application

@)
SClL

where science
meets business

WWW.S0Ci.org

Table 6. Proximate composition of yogurts with and without peanut skin extract microparticles

Determination DPY WPY Without microparticles
Moisture and volatiles (g kg_1) 89.93 + 0.01a 90.67 + 0.25a 88.46 + 0.05a

Ash (g kg"1) 0.81 + 0.00a 0.80 + 0.00a 0.93 + 0.00a
Total fats (g kg‘1) ND < 0.10d ND < 0.10d 0.15 + 0.02¢
Protein (N x 6.38) (g kg™") 3.37 + 0.02a 3.19 + 0.06a 436 + 0.04
Total carbohydrates (g kg™") 5.89b 5.34b 6.10b

Total calories (kcal kg") 37a 34a 38a

Note: Results expressed as mean + standard deviation, n = 9; means followed by different lowercase letters differ statistically at the 5% error level by
Tukey's test (P < 0.05). DPY, Dry particles yogurt. WPY, Wet particles yogurt.

content could have influenced the texture of the final product, as
observed in studies on the incorporation of ingredients rich in
bioactive compounds into yogurts.

The protein content remained similar between the samples
(DPY: 3.37 gkg™"; WPY: 3.19 g kg™"), which indicates that the
addition of peanut skin extract microparticles did not significantly
alter this component. This is relevant since protein stability
directly influences the texture and sensory acceptance of yogurts.

The ash content also did not show a significant difference
between DPY (0.81 g kg™") and WPY (0.80 g kg™"), which sug-
gests that the addition of peanut skin extract microparticles did
not affect the amount of minerals present in the final product.
Similar results were found in yogurts enriched with plant extracts,
where the milk matrix maintained its mineral composition even
after the addition of new ingredients.*’

Carbohydrates showed no significant difference between the
formulations, being 5.89 g kg™' in DPY and 5.34 g kg™" in WPY.
The lower amount in WPY may be related to the greater retention
of moisture, resulting in solids fraction dilution. This variation was
also reflected in the energy value, being 37 kcal kg™ in DPY and
34 kcal kg™ in WPY. These results suggest that the addition of
peanut skin extract microparticles did not compromise the nutri-
tional composition of yogurt, which may be advantageous for the
development of functional dairy products enriched with bioactive
compounds.

According to Normative Instruction 46/2007,*' yogurts must
have at least 2.9 g of milk protein per 100 g, and yogurts in this
study were above this minimum limit due to the addition of 2%
to 3.3% of skimmed milk powder. According to this same regula-
tion, yogurts can also be classified according to their fat content
as skimmed (maximum of 0.5g of milk fat kg™'), partially
skimmed (maximum of 2.9 g of milk fat kg™') and full-fat (mini-
mum of 3 g of milk fat kg™"), with the fat content of yogurts in this
study (ND < 0.10) classifying them as skimmed.

Regarding the microbiological characteristics, the identity and
quality standard (IN 46/2007, BRAZIL)** for yogurt establish that
the minimum total lactic acid bacteria (LAB) count must be
107 CFU g™". Samples of traditional yogurt without added extract
showed LAB counts of 2.8 x 10° and 3.1 x 10° CFU g™ after
manufacturing and after 42 days of storage, respectively. Samples
of traditional yogurt with extract showed counts of 1.9 x 10° and
3.3 x 10° CFU g™ after manufacturing and after 42 days of storage,
respectively. Thus, all samples produced were above the minimum
count required even after 45 days of storage. This result is important
because it indicates that the addition of peanut shell extract did not
impair the viability of the LAB present and, therefore, does not alter
this relevant characteristic of the fermented product.

All yogurt samples produced in this study were below the
detection limit of the method for total coliforms, thermotolerant
coliforms, and molds and yeasts, indicating adequate hygienic
and sanitary conditions of the raw materials, the environment,
and the handlers.

Stability study of yogurts with microparticles

Quantification of phenolic compounds in yogurt with
microencapsulated peanut skin extract

This study monitored total phenolic compounds in yogurts with
peanut skin extract (wet and dry microparticles), revealing fluctu-
ations over 42 days of storage.

DPY showed an initial phenolic content of 183.85 mg (100 g)~',
remaining stable until day 7, followed by a decrease between
days 15 and 29, likely due to oxidation or interactions with milk
proteins. After day 36, the phenolic content increased, reaching
195.73 mg (100 g)~" on day 42, possibly reflecting a gradual
release of bioactive compounds.

WPY initially had lower phenolic concentration (160.1 mg
(100 g)™"), which increased until day 15 and slightly decreased
by day 29, suggesting partial degradation or complexation of
compounds. From day 36 onward, stabilization and a slight
increase were observed (172.66 mg (100 g)~' on day 42), indicat-
ing controlled phenolics release from the wet particles over time.

Silva et al.>° reported 640.69 mgGAE (100 g)~' of phenolic
compounds in skimmed yogurt with prickly pear jelly, a value
higher than that found by Leite®' in yogurt with 25% acai pulp
(117.84 mgGAE (100 g)~"). Padua et al’? obtained
387 mgGAE (100 g)~' in banana-flavored yogurt with jabuti-
caba peel flour, while Moura et al.*’ observed only 5.45
+ 0.20 mgGAE (100 g)™' in yogurt containing Hibiscus sabdar-
iffa L. particles produced by ionic gelation. The higher concen-
tration found in this study highlights the functional potential
of the product. Moreover, the use of peanut skins represents
an innovative strategy for valorizing an agro-industrial bypro-
duct, adding value to a material that would otherwise be
discarded.

According to Moura et al.,”” some components such as yogurt
proteins have the effect of interfering in this analysis, producing
blue color. Total polyphenol content results achieved by the
Folin—Ciocalteu method can only be reliable after the removal of
such interfering compounds, with such extraction being possible
by sample purification only. With respect to yogurt with particles,
separation of particles from yogurt mass was possible, thus
enabling better quantification of total polyphenols arising from
the hibiscus extract present in particles.

I.,47
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Figure 6. Stability of yogurts with wet and dry peanut skin microparticles
during storage.

Quantification of antioxidant activity (DPPH) in yogurt with
microencapsulated peanut skin extract

Figure 6 shows the results of antioxidant activity measured by
DPPH during storage of yogurt with added wet (WP) and dry
(DP) particles of peanut skin extract. In DPY, the initial antioxidant
activity was 5.43 pmol TEg™' and showed 5.54 pmol after
42 days of storage. On the other hand, WPY showed a different
behavior. The initial antioxidant activity was 3.82 umol TE g™/,
registering a peak of 4.57 umol TE g™' on the day 28, followed

by a sharp decrease to 3.01 TEg™' on day 42. This gradual
decrease indicates a loss of antioxidant capacity, probably due
to the degradation of phenolic compounds over time.

The results obtained suggest that the encapsulation method
directly impacts the stability of bioactive compounds in the food
system. WP, formed by ionic gelation, demonstrated a greater
capacity for preserving antioxidant activity throughout storage.

Quantification of antioxidant activity (ABTS) in yogurt with
microencapsulated peanut shell extract

The antioxidant activity of yogurts containing wet (WP) and dry
(DP) peanut skin extract particles was monitored over 42 days
using the ABTS method (Fig. 6). WPY exhibited an initial activity
of 17.04 pmol TE g~ decreasing slightly to 15.71 pmol TE g~ by
day 42, indicating good stability likely due to protection from the
ionic gelation matrix. In contrast, DPY started at 10.41 pmol TE g
and dropped sharply to 7.87 pmol TE g~ with greater fluctuations
during storage, reflecting the lower protective capacity of spray-
dried particles against oxidative degradation.

Vargas et al.>*> demonstrated that spray drying effectively pre-
serves the bioactive compounds and antioxidant activity of acaf
pulp, protecting phenolics, flavonoids, anthocyanins, and ascor-
bic acid from environmental degradation and extending the
shelf-life. Similarly, Santana®* reported that ionic gelation
enhances the stability and durability of microencapsulated
camu-camu juice, allowing a gradual release of bioactive com-
pounds and maintaining higher antioxidant activity.

The yogurts in this study exhibited antioxidant capacities of
543 pmol TE g~ (DPY) and 3.82 pmol TE g~' (WPY), indicating that
peanut skin extract enhances the product functional properties. Previ-
ous studies reported lower values, such as that of Moura et al.*’ with
Hibiscus sabdariffa L. microparticles (0.22 + 0.02 TE pmol TE g~') and
Jimenez-Gonzalez et al.*® with Renealmia alpinia spray-dried micropar-
ticles (1 mg TE (100 g)™"). However, differences in methodology and
units limit a direct comparison. The notable antioxidant activity
observed here highlights the potential of peanut skin, an agro-
industrial byproduct, to be used in functional foods.

Instrumental color evaluation in yogurts with microencapsulated
peanut skin extract

Color is a key attribute influencing consumer acceptance of fer-
mented dairy products, particularly yogurts enriched with bioac-
tive compounds. The color parameters (L*, a*, b*, and AE) were
monitored for both yogurt formulations during 42 days of storage
(Table 7). Initially, WPY showed higher L* values (82.99) than DPY
(81.07), indicating a lighter appearance. This difference may be
associated with the dispersion behavior of the particles: dry parti-
cles tend to disperse more uniformly within the yogurt matrix,
contributing to a darker appearance, whereas wet particles
remain less integrated, resulting in a lighter product.

The a* parameter, which indicates redness, was lower in WPY
and higher in DPY. The greater red intensity observed in DPY
may also be related to a more homogeneous distribution of dry
particles within the yogurt matrix. Similarly, the b* parameter (yel-
lowness) was higher in DPY than in WPY, suggesting that dry par-
ticles contributed to a slightly more yellowish tone in the final
product. Despite these differences, the total color difference
(AE) remained below 3.56 for both yogurts throughout storage,
indicating overall color stability. Chroma (C*), presented in Fig. 6,
reflects color saturation. Higher values were observed in DPY, par-
ticularly during the initial storage period (16.02), compared with
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Table 7. Results of monitoring color parameters of yogurt with microencapsulated peanut skin extract for a period of 42 days

WPY DPY

Time (days) L* a* b* AE L* a* b* AE
0 82.99ab + 2.46 1.25b + 0.69 11.01a + 1.38 81.07ab + 2.72 3.18bc + 0.35 14.06bc + 0.74

8 85.03a + 1.42 1.31b + 0.89 11.17a £ 2.05 2.08 81.95ab + 2.48 4.24a + 0.54 15.45a + 0.73 1.91
15 80.44b + 2.86 1.38ab + 0.26 10.25b + 0.58 3.56 79.24b + 1.66 2.80c + 0.12 12.80d + 0.32 2.54
22 85.50a + 2.44 1.81ab + 0.46 11.48ab +1.05 341 81.21ab + 3.18 3.05bc + 0.20 13.62bcd +0.71 0.11
29 84.08a + 2.19 1.64ab + 0.32 11.57ab + 0.77 0.83 80.48ab + 243 2.97bc + 0.10 13.22 cd + 047 0.55
37 82.59ab +2.37 1.35ab + 0.51 10.26b + 0.87 0.37 79.99ab + 1.33 3.18bc + 0.59 13.92bc + 1.06 0.58
42 83.44a + 1.58 1.46a + 0.55 10.95a + 1.14 0.12 80.66a + 1.36 3.24b + 0.32 13.85b + 0.65 0.11

Note: Results expressed as mean =+ standard deviation, n = 3; means followed by different lowercase letters statistically decreased at the 5% error
level by Tukey's test (P < 0.05). DPY, Dry particles yogurt. WPY, Wet particles yogurt.

Table 8. Results of monitoring pH and titratable acidity of yogurts with microencapsulated peanut skin extract for a period of 42 days

pH Titratable acidity

Time (days) WPY DPY WPY DPY

4.20c + 0.00 4.32b + 0.00 0.529a + 0.003 0.540a + 0.001
7 4.28b + 0.00 4.24c + 0.00 0.527a + 0.011 0.550a + 0.008
14 4.20c + 0.01 4.13d + 0.02 0.499b + 0.008 0.524b + 0.003
21 4.10d + 0.00 4.08e + 0.00 0.539a + 0.008 0.542a + 0.005
28 4.39a + 0.00 4.49a + 0.00 0.537a + 0.007 0.553a + 0.003
42 4.40a + 0.00 4.50a + 0.00 0.538a + 0.007 0.553a + 0.002

Note: Results expressed as mean =+ standard deviation, n = 3; means followed by different lowercase letters statistically decreased at the 5% error

level by Tukey's test (P < 0.05). DPY, Dry particles yogurt. WPY, Wet particles yogurt.

WPY (11.68), reinforcing the tendency of dry particles to intensify
color in the yogurt matrix.

Overall, yogurts containing peanut skin extract exhibited
slightly yellowish tones, with values of L* = 81.07, a* = 3.18, and
b* = 14.06 for DPY, and L* = 82.99, a* = 1.25, and b* = 11.01 for
WPY. In comparison, studies with Hibiscus sabdariffa reported
greater red intensity, while research using Renealmia alpinia
showed more pronounced yellowish coloration. The milder chro-
matic effect of peanut skin extract may be advantageous in appli-
cations where maintaining the traditional appearance of yogurt is
desirable without markedly altering the product color. Addition-
ally, Moura et al. demonstrated that the incorporation of hibiscus
extract combined with microencapsulated hibiscus can enhance
both the visual and functional appeal of yogurt, while maintaining
good sensory acceptance.

Evaluation of pH and acidity in yogurts with microencapsulated
peanut skin extract

Over 42 days of storage, yogurts with wet (WPY) and dry (DPY)
peanut skin microparticles showed significant variations in pH
and titratable acidity (Table 8). pH values fluctuated between
4,08 and 4.49, remaining within the typical range for fermented
dairy products, with significant differences between formulations
at each time point (P < 0.05). Initially, DPY had a higher pH (4.32)
than WPY (4.20), but by day 7, that of WPY surpassed DPY (4.28
versus 4.24). From day 14, both showed a pH decline, reaching a
minimum in DPY at day 21 (4.08), followed by a non-significant
increase from day 28 to day 42, with DPY reaching the highest

value (4.49). These fluctuations may result from degradation of
acids, substrate consumption, or release of buffering compounds
from the microparticles.

Titratable acidity remained largely stable (0.499-0.553%) over
storage with a minor difference at day 14, indicating controlled
microbial activity and effective buffering from the encapsulation
systems. Variations in pH and acidity may be influenced by the
phenolic compounds in peanut skin extract and the encapsula-
tion form, which affects the gradual release of bioactive com-
pounds and their interaction with the yogurt matrix,
highlighting the importance of incorporation method for product
stability.

CONCLUSIONS

After studying two different microencapsulation methods for pro-
tecting peanut skin extract, we concluded that the ionic gelation
method followed by the absorption technique (WP) demonstrated
technical viability, showing better particle coloration and a signifi-
cantly higher content of phenolic compounds. This indicates that
the method can be tested for application in industrialized products,
especially those with higher moisture content, such as dairy products
and beverages. The microparticles obtained by spray drying
(DP) also showed a significant content of phenolic compounds and
can probably be better applied in industrialized products with low
moisture content, such as confectionery (candies, chocolates). The
stability of the microparticles was observed when stored under con-
trolled temperature, but future studies will still be necessary to prove
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their stability when applied to other manufactured products, since
their interaction with other ingredients may affect bioactive com-
pound stability.

The results of this study demonstrated that the addition of pea-
nut skin extract microparticles to yogurt, both in dry form (DP) and
in wet form (WP), did not compromise the centesimal composi-
tion of the product, maintaining similar levels of moisture, ash,
proteins, and fats. Furthermore, the presence of microparticles
did not negatively affect the population of LAB, ensuring the
microbiological viability of the yogurt. Regarding the bioactive
composition, yogurts containing WP had a slightly higher content
of phenolic compounds compared to DP, although without a sta-
tistically significant difference. The antioxidant capacity was simi-
lar between both formulations, indicating that the retention of
bioactive compounds was preserved. The color analysis revealed
that the addition of microparticles influenced the product chro-
maticity, especially in WPY, which presented lower total color
intensity. This effect may be associated with interactions between
phenolic compounds and proteins of the milk matrix, in addition
to variations in the system pH, as already described in the litera-
ture for dairy products enriched with polyphenols. The stability
study of WPY and DPY products showed that antioxidant activity,
color, and acidity were maintained for at least 30 days of storage.
Sensory tests with a trained team of tasters are necessary to vali-
date the results, especially regarding yogurt flavor.

The findings demonstrate the feasibility of transforming peanut skin
into a value-added functional ingredient for dairy products. The devel-
oped systems show strong potential for application in functional
yogurts, antioxidant-enriched dairy formulations, and clean-label
products, supporting sustainable waste valorization and circular econ-
omy strategies. Larger-scale testing and longer-duration tests are
needed to confirm the viability of industrial-scale application. Overall,
this study provides an innovative, scalable, and environmentally
responsible approach for enhancing the nutritional and functional
properties of yogurt while reducing agro-industrial waste.

ACKNOWLEDGEMENTS

This study was financed by Fundacdo de Amparo a Pesquisa do
Estado de Sado Paulo (FAPESP) grant number: 2020/07015-7,
CAPES - Coordenacédo de Aperfeicoamento de Pessoal de Nivel
Superior, and CNPg-Conselho Nacional de Desenvolvimento
Cientifico e Tecnoldgico — master's scholarship.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available on
request from the corresponding author. The data are not publicly
available due to privacy or ethical restrictions.

CONFLICT OF INTEREST

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to
influence the work reported in this paper.

ETHICS STATEMENT

The authors declare that all experiments in this study were con-
ducted according to the established ethical guidelines.

AUTHOR CONTRIBUTIONS

Ana Carolina Tucumantel Ribeiro: Writing - review & editing,
Writing - original draft, Investigation, Formal analysis, Data cura-
tion. Victor Waldemar Pinto and Jaqueline LS Cavalcante: Data
curation, Formal analysis. Natalia Almeida Costa and Barbara M
Lepaus: Formal analysis. Juliana A Macedo: Investigation, Fund-
ing acquisition. Patricia Blumer ZR Sa: Writing - review & editing,
Methodology, Conceptualization. Silvia Cristina Sobottka Rolim
de Moura: Writing - review & editing, Methodology, Conceptual-
ization, Supervision, Project administration.

REFERENCES

1 Prado-Acebo IA, Cubero-Cardoso J, Lu-Chau TA and Eibes G, Integral
multi-valorization of agro-industrial wastes: a review. Waste Manag
183:42-52 (2024). https://doi.org/10.1016/j.wasman.2024.05.001.

2 Matsumura Y, Kitabatake M, Kayano Sl and Ito T, Dietary phenolic com-
pounds: their health benefits and association with the gut micro-
biota. Antioxidants 12:880-921 (2023). https://doi.org/10.3390/
antiox12040880.

3 Lorenzo JM, Munekata PES, Sant'ana A, Carvalho RB, Barba FJ, Toldra F
et al., Main characteristics of peanut skin and its role for the preser-
vation of meat products. Trends Food Sci Technol 77:1-10 (2018).
https://doi.org/10.1016/j.tifs.2018.04.007.

4 Yu J, Ahmedna M, Goktep | and Dai J, Peanut skin procyanidins: com-
position and antioxidant activities as affected by processing.
J Food Compos Anal 19:364-371 (2006). https://doi.org/10.1016/j.
jfca.2005.08.003.

5 Toomer OT, Vu T, Pereira M and Williams K, Dietary supplementation
with peanut skin polyphenolic extracts (PSPE) reduces hepatic lipid
and glycogen stores in mice fed an atherogenic diet. J Funct Foods
55:362-370 (2019). https://doi.org/10.1016/}.jff.2019.02.041.

Sorita GD, Leimann FV and Ferreira SRS, Phenolic fraction from peanut
(Arachis hypogaea L.) by-product: innovative extraction techniques
and new encapsulation trends for its valorization. Food Bioproc Tech
16:726-748 (2023). https://doi.org/10.1007/s11947-022-02901-5.

7 Dhakal SP and He J, Microencapsulation of vitamins in food applica-
tions to prevent losses in processing and storage: a review. Food
Res Int 137:109326-109340 (2020). https://doi.org/10.1016/j.
foodres.2020.109326.

8 Silveira MP, Almeida FLC, Alvim ID and Prata AS, Encapsulation of
pomegranate polyphenols by ionic gelation: strategies for improved
retention and controlled release. Food Res Int 174:113590-113600
(2023). https://doi.org/10.1016/j.foodres.2023.113590.

9 Gl LB, Royal jelly microencapsulation with a maltodextrin/gum arabic
binary blend by spray drying. Italian J Food Sci 37:403-421 (2025).
https://doi.org/10.15586/ijfs.v37i4.311.

10 Zhang G, Jiang X and Tang QLL, Preparation and characterization of
Pummelo essential oil microcapsules and their application to preser-
vation of Agricus bisporus (white mushrooms). Qual Assur Saf Crops
Foods 16:28-39 (2024). https://doi.org/10.15586/qas.v16i4.1505.

Putra TNMT, Omar NN, Zainol MK, Taghavi E, Isa NSM, Yusoff MM et al.,
Enchanted stability of butterfly pea flower extract through colloidal
gas aphrons (CGA) separation method using Tween-20 surfactant.
Qual Assur Saf Crops Foods 17:37-57 (2025). https://doi.org/10.
15586/gas.v17i2.1513.

12 Benavides S, Cortés P, Parada J and Franco W, Development of alginate
microspheres containing thyme essential oil using ionic gelation. Food
Chem 204:77-83 (2016) https://pubmed.ncbi.nim.nih.gov/26988478/.

13 Strobel SA, Knowles L, Nitin N, Scher HB and Jeoh T, Comparative tech-
noeconomic process analysis of industrial-scale microencapsulation
of bioactives in cross-linked alginate. J Food Eng California 266:90-
106 (2020). https://doi.org/10.1016/j.jfoodeng.2019.109695.

14 Barroso L, Viegas C, Vieira J, Ferreira-Pégo C, Costa J and Fonte P, Lipid-
based carriers for food ingredients delivery. J Food Eng 295:110451-
110461 (2021). https://doi.org/10.1016/j.jfoodeng.2020.110451.

15 Rego RA, Vialta A and Madi LFC, Industrialized Yogurts. Servings Nutrition
and Functionality Practices, 1st edn. ITAL/Viva Dairy, Sao Paulo (2020).

16 OltV, Baéz J, Jorcin S, Lopez T, Fernandez AM and Medrano A, Encap-
sulated bioactive compounds from a winemaking byproduct for its
application as functional ingredient in yogurt. Agrociencia Uruguay
25:1-12 (2021). https://doi.org/10.31285/agro.25.794.

[o)}

1

—_

wileyonlinelibrary.com/jsfa

© 2026 The Author(s).

J Sci Food Agric 2026

Journal of the Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

85U8017 SUOWWOD BA 181D 8|edl|dde 8y Aq pauench aJe SajoNfe YO ‘88N JO S3NJ o} Akeiq 1T 8Ul|UO AB]IMW UO (SUOI puoD-pue-SwLiB) Lo A8 | I AReIq 1 euluo//SdnY) SUORIPUOD Pue SwiB | aU) 88S *[9202/90/80] Uo ArigiTauliuo A8|im ‘seded Aq 8690, ©JS[/200T 0T/10p/L00 A8 |imAeiq i jpulju0's euInol10s//:sdny wiouy papeojumoq ‘0 ‘0T00L60T


https://doi.org/10.1016/j.wasman.2024.05.001
https://doi.org/10.3390/antiox12040880
https://doi.org/10.3390/antiox12040880
https://doi.org/10.1016/j.tifs.2018.04.007
https://doi.org/10.1016/j.jfca.2005.08.003
https://doi.org/10.1016/j.jfca.2005.08.003
https://doi.org/10.1016/j.jff.2019.02.041
https://doi.org/10.1007/s11947-022-02901-5
https://doi.org/10.1016/j.foodres.2020.109326
https://doi.org/10.1016/j.foodres.2020.109326
https://doi.org/10.1016/j.foodres.2023.113590
https://doi.org/10.15586/ijfs.v37i4.311
https://doi.org/10.15586/qas.v16i4.1505
https://doi.org/10.15586/qas.v17i2.1513
https://doi.org/10.15586/qas.v17i2.1513
https://pubmed.ncbi.nlm.nih.gov/26988478/
https://doi.org/10.1016/j.jfoodeng.2019.109695
https://doi.org/10.1016/j.jfoodeng.2020.110451
https://doi.org/10.31285/agro.25.794
http://wileyonlinelibrary.com/jsfa

Microencapsulation of peanut residue bioactives: stability and yogurt application

@)
SClL

where science
meets business

WWW.S0Ci.org

17

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

Pannerchelva S, Rios-Solis L, Wasoh H, Sobri MZM, Wong FWF,
Mohamed MS et al., Functional yogurt: a comprehensive review of
its nutritional composition and health benefits. Food Funct 22:
10927-10955 (2024). https://doi.org/10.1039/D4FO03671A.

Delikanli B and Ozcan T, Effects of various whey proteins on the physico-
chemical and textural properties of set type nonfat yoghurt. Int J Dairy
Technol 67:495-503 (2014). https://doi.org/10.1111/1471-0307.12142.

Artilha CAF, Silva DMB, Alves ES, Sousa LCS, Saqueti BHF, Stafussa AP
et al., Fermented milks — a review. Braz J Dev 6:4956-4968 (2020).
https://doi.org/10.34117/bjdv6n1-357.

Erkan-Kog B, Turkyilmaz M, Yemis O and Ozkan M, Effects of various
protein- and polysaccharide-based clarification agents on antioxida-
tive compounds and colour of pomegranate juice. Food Chem 184:
37-45 (2015). https://doi.org/10.1016/j.foodchem.2015.03.064.

AOAC - Association of Official Analytical Chemists, Official Methods of
Analysis, 19th edn. AOAC International, Gaithersburg, MD (2012).

Costa NA, Chiocchetti GDME, Lepaus BM, Silva JMDS, Montenegro FM,
Camargo GA et al, Investigating the hypoglycemic potential of
phenolic-rich extracts for upcycling into sugary processed foods.
ACS Food Sci Technol 5:327-335 (2025). https://doi.org/10.1021/
acsfoodscitech.4c00811?urlappend=%3Fref%3DPDF&jav=VoR&
rel=cite-as.

Wu CJ and Hamada MS, Experiments: Planning, Analysis, and Optimiza-
tion. John Wiley & Sons, Hoboken, New Jersey (2011).

Budin AC, Takano LV, Alvim ID and Moura SCSR, Stability of yerba mate
extract, evaluation of its microencapsulation by ionic gelation and
fluidized bed drying. Heliyon 9:¢16611-e16625 (2023). https://doi.
org/10.1016/j.heliyon.2023.e16611.

Moura SCSR, Berling CL, Germer SPM, Alvim ID and Hubinger MD, Encap-
sulating anthocyanins from Hibiscus sabdariffa L. calyces by ionic gela-
tion: pigment stability during storage of microparticles. Food Chem
241:317-327 (2018). https://doi.org/10.1016/j.foodchem.2017.08.095.

Santos AP, Andreola K, Alvim ID, Moura SCSR and Hubinger MD, Micro-
encapsulation of Pitanga extract (Eugenia uniflora L.) by ionic gela-
tion: effect of wall material and fluidized bed drying. Food Res Int
209:116304-116315 (2025). https://doi.org/10.1016/j.foodres.2025.
116304.

Jiménez-Zamora A, Delgado-Andrade C and Rufidn-Henares JA, Anti-
oxidant capacity, total phenols and color profile during the storage
of selected plants used for infusion. Food Chem 199:339-346
(2016). https://doi.org/10.1016/j.foodchem.2015.12.019.

Minolta K, Precise Color Communication: Color Control from Perception
to Instrumentation. Konica Minolta, Osaka, p. 59 (2007).

Salfinger Y and Tortorello ML eds, Compendium of Methods for the
Microbiological Examination of Foods. American Public Health Asso-
ciation, Washington, D.C. (2015).

IAL — Adolfo Lutz Institute, Physicochemical Methods for Food Analysis,
4th edn. Analytical Standards of the Adolfo Lutz Institute, Séo
Paulo, Brazil (2008) Available: <http://www.ial.sp.gov.br/ial/
publicacoes/livros/metodos-fisico-quimicos-para-analise-de-alimentos>
[18 January 2024].

Passmore R, Nicol BM, Rao MN, Beaton GH and DeMaeyer EM, Manual
sobre necesidades nutricionales del hombre. Organizacion Mundial de
la Salud, Geneva, Switzerland, pp. 6-74 (1975).

Munekata PES, Evaluation of the antioxidant potential of peanut skin
extract in meat products. Doctoral thesis, Universidade de Sao
Paulo, Pirassununga (2016). https://doi.org/10.11606/T.74.2017 tde-
16032017-092102.

Calomeni AV, Use of peanut skin for the production of natural pigment
powder: study of the effect of the atomization process on the stabil-
ity, antioxidant and antimicrobial properties of the material. Master's
dissertation, Universidade de Sao Paulo, Pirassununga (2015).
https://doi.org/10.11606/D.74.2016.tde-03022016-162446.

Romanini EB, Rodrigues LM, Stafussa AP, Cantuaria-Chierrito TP,
Teixeira AF, Corréa RCG et al., Bioactive compounds from BRS violet
grape pomace: an approach of extraction and microencapsulation.
Stability Prot Food Appl Plants 12:3177-3187 (2023). https://doi.
org/10.3390/plants12183177.

Ozkan G, Franco P, De Marco |, Xiao J and Capanoglu EA, Review of
microencapsulation methods for food antioxidants: principles,
advantages, drawbacks and applications. Food Chem 272:494-506
(2019). https://doi.org/10.1016/j.foodchem.2018.07.205.

Kurozawa LE and Hubinger MD, Hydrophilic food compounds encap-
sulation by ionic gelation. Curr Opin Food Sci 15:50-55 (2017).
https://doi.org/10.1016/j.cofs.2017.06.004.

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

Hamed AM, Taha SH, Darwish AA and Aly E, Antioxidant activity and
some quality characteristics of buffalo yoghurt fortified with peanut
skin extract powder. J Food Sci Technol 58:2431-2440 (2021). https://
doi.org/10.1007/s13197-020-04835-2.

Mohebpour D, Dean L, Dean L, Harding R and Hendrix K, Effects of
peanut skin extracts on the shelf life of unstabilized peanut butter.
Peanut Sci 50:8-21 (2023). https://doi.org/10.3146/0095-3679-501-PS22-8.

Bergesse AE, Camiletti OF, Prieto MC, Ryan LC, Grosso NR and
Nepote V, An innovative approach for lipid-rich food preservation:
peanut skin microcapsules. J Food Sci 90:e17641-e17653 (2025).
https://doi.org/10.1111/1750-3841.17641.

Centomo AM, Diaz-Vergara LI, Rossi YE, Vanden-Braber NL, Bodoira R,
Maestri D et al., Co-encapsulated of potential probiotic yeast Kluyver-
omyces marxianus and peanut skin polyphenolic extract as a func-
tional ingredient. Int J Food Sci Technol 59:3918-3928 (2024).
https://doi.org/10.1111/ijfs.17139.

Esparza |, Cimminelli MJ, Moler JA, Jiménez-Moreno N and Ancin-
Azpilicueta C, Stability of phenolic compounds in grape stem
extracts. Antioxidants 9:720-734 (2020). https://doi.org/10.3390/
antiox9080720.

Ali A, Chong CH, Mah SH, Abdullah LC, Choong TSY and Cua BL, Impact
of storage conditions on the stability of predominant phenolic con-
stituents and antioxidant activity of dried piper betle extracts. Mole-
cules 23:84-99 (2018). https://doi.org/10.3390/molecules23020484.

Moser P, Nicoletti-Telis VR, Andrade-Neves N, Garcia-Romero E,
Gomez-Alonso S and Hermosin-Gutiérrez |, Storage stability of phe-
nolic compounds in powdered BRS violeta grape juice microencap-
sulated with protein and maltodextrin blends. Food Chem 214:308-
318 (2017). https://doi.org/10.1016/j.foodchem.2016.07.081.

Brazil, Ministry of Agriculture, Livestock and Food Supply. Normative
Instruction No. 46, of October 23, 2007. Approves the Technical Regula-
tion for the Identity and Quality of Fermented Milks, Vol. 42. Union
Official Diary, Brasilia, DF (2007).

Said NS, Olawuyi IF and Lee WY, Pectin hydrogels: gel-forming behav-
iors, mechanisms, and food applications. Gels 9:732 (2023). https://
doi.org/10.3390/gels9090732.

Ye Y, Li P, Zhou J, He J and Cai J, The improvement of sensory and bio-
active properties of yogurt with the introduction of Tartary buck-
wheat. Foods 11:1774-1790 (2022). https://doi.org/10.3390/
foods11121774.

Moura SCSR, Schettini GN, Garcia AO, Gallina DA, Alvim ID and
Hubinger MD, Stability of hibiscus extract encapsulated by ionic
gelation incorporated in yogurt. Food Bioprocess Technol 12:1500-
1515 (2019). https://doi.org/10.1007/s11947-019-02308-9.

Jimenez-Gonzalez O, Luna-Guevara JJ, Ramirez-Rodrigues MM, Luna-
Vital D and Luna-Guevara ML, Microencapsulation of Renealmia alpi-
nia (Rottb.) Maas pulp pigment and antioxidant compounds by
spray-drying and its incorporation in yogurt. J Food Sci Technol 59:
1162-1172 (2022). https://doi.org/10.1007/s13197-021-05121-5.

Moura SCSR, Schettini GN, Gallina DA, Garcia AO, Alvim ID and
Hubinger MD, Microencapsulation of hibiscus bioactives and its
application in yogurt. J Food Process Preserv 46:¢1668-e16481
(2022). https://doi.org/10.1111/jfpp.16468.

Silva BM, Trombete FM, Almeida CL, Kobori CN, Junior ETV, Silva WA et dl,,
Preparation and characterization of skimmed yogurt flavored with
Indian fig jelly Nopalea cochenillifera (L) Salm-Dyck. Holos 1:1-16 (2021).

Leite ST, Symbiotic Acai Yogurt (Euterpe edulis Mart.): Physicochemical
Characterization and Viability of Lactic and Probiotic Bacteria. Mas-
ter's dissertation, Center for Agricultural Sciences, Federal University
of Espirito Santo, Alegre, Brazil (2015). https://ri.ufs.br/jspui/handle/
riufs/13905.

Padua HC, Silva MAP, Souza DG, Moura LC, Placido GR, Couto GVL et dl.,
Banana flavor yogurt (musa aab, subgroup silver) enriched with
jabuticaba peel flour (Myrciaria jabuticaba (vell.) berg.). Glob Sci Tech-
nol 10:89-104 (2017).

Vargas V, Saldarriaga S, Sanchez FS, Cuellar LN and Paladines GM,
Effects of the spray-drying process using maltodextrin on bioactive
compounds and antioxidant activity of the pulp of the tropical fruit
acai (Euterpe oleracea Mart.). Heliyon 10:e33544-e33559 (2024).
https://doi.org/10.1016/j.heliyon.2024.e33544.

Santana GCS, Development of camu-camu (Myrciaria dubia Mc Vaugh)
microcapsules obtained by the ionic gelation process: study of the
stability of bioactive compounds. Master's dissertation, Federal Uni-
versity of Sergipe, Sdo Cristévao (2020). https:/ri.ufs.br/jspui/
handle/riufs/13905.

J Sci Food Agric 2026

© 2026 The Author(s).

wileyonlinelibrary.com/jsfa

Journal of the Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

ife a3 Aq peusenoh a1 B[O 11e YO ‘88N JO S3|NJ Joj AXeIq)T BUIIUO AB]1 UO (SUOIPUOD-PUE-SWIBY/LLI0D A8 | WA Iq 1[ul U0/ SdNY) SUORIPUOD Pue swiie | 8y} 83S *[9202/90/80] Uo Arelqiauliuo A8l ‘seded Aq 86902 ©JS[/200T 0T/10p/Lod A8 1M Aeiq1jpuluo'sfeuanol|os//:sdny woy papeojumoq ‘0 ‘0T00L60T


https://doi.org/10.1039/D4FO03671A
https://doi.org/10.1111/1471-0307.12142
https://doi.org/10.34117/bjdv6n1-357
https://doi.org/10.1016/j.foodchem.2015.03.064
https://doi.org/10.1021/acsfoodscitech.4c00811?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsfoodscitech.4c00811?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsfoodscitech.4c00811?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.heliyon.2023.e16611
https://doi.org/10.1016/j.heliyon.2023.e16611
https://doi.org/10.1016/j.foodchem.2017.08.095
https://doi.org/10.1016/j.foodres.2025.116304
https://doi.org/10.1016/j.foodres.2025.116304
https://doi.org/10.1016/j.foodchem.2015.12.019
http://www.ial.sp.gov.br/ial/publicacoes/livros/metodos-fisico-quimicos-para-analise-de-alimentos
http://www.ial.sp.gov.br/ial/publicacoes/livros/metodos-fisico-quimicos-para-analise-de-alimentos
https://doi.org/10.11606/T.74.2017.tde-16032017-092102
https://doi.org/10.11606/T.74.2017.tde-16032017-092102
https://doi.org/10.11606/D.74.2016.tde-03022016-162446
https://doi.org/10.3390/plants12183177
https://doi.org/10.3390/plants12183177
https://doi.org/10.1016/j.foodchem.2018.07.205
https://doi.org/10.1016/j.cofs.2017.06.004
https://doi.org/10.1007/s13197-020-04835-2
https://doi.org/10.1007/s13197-020-04835-2
https://doi.org/10.3146/0095-3679-501-PS22-8
https://doi.org/10.1111/1750-3841.17641
https://doi.org/10.1111/ijfs.17139
https://doi.org/10.3390/antiox9080720
https://doi.org/10.3390/antiox9080720
https://doi.org/10.3390/molecules23020484
https://doi.org/10.1016/j.foodchem.2016.07.081
https://doi.org/10.3390/gels9090732
https://doi.org/10.3390/gels9090732
https://doi.org/10.3390/foods11121774
https://doi.org/10.3390/foods11121774
https://doi.org/10.1007/s11947-019-02308-9
https://doi.org/10.1007/s13197-021-05121-5
https://doi.org/10.1111/jfpp.16468
https://ri.ufs.br/jspui/handle/riufs/13905
https://ri.ufs.br/jspui/handle/riufs/13905
https://doi.org/10.1016/j.heliyon.2024.e33544
https://ri.ufs.br/jspui/handle/riufs/13905
https://ri.ufs.br/jspui/handle/riufs/13905
http://wileyonlinelibrary.com/jsfa

	Microencapsulation of bioactive compounds from peanut residues: stability study and application in yogurt
	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Materials
	Methods
	Extract production
	Total phenolic compound content
	Moisture content
	Identification and quantification of phenolic compounds by high‐performance liquid chromatography (HPLC)

	Microencapsulation
	Average diameter and size distribution
	Total phenolic compounds
	Antioxidant activity
	Encapsulation efficiency

	Stability of microparticles
	Instrumental color
	Phenolic compound content
	Antioxidant activity

	Yogurt production
	Study of yogurt stability
	Total phenolic compounds
	Antioxidant activity
	Color analysis
	Evaluation of pH
	Total acidity

	Statistical methods


	RESULTS AND DISCUSSION
	Extract characterization
	Production of microparticles
	Dried microparticles
	Wet microparticles

	Characterization of microparticles
	Instrumental color
	Microparticle size

	Microparticle stability
	Characterization of yogurts with microparticles
	Stability study of yogurts with microparticles
	Quantification of phenolic compounds in yogurt with microencapsulated peanut skin extract
	Quantification of antioxidant activity (DPPH) in yogurt with microencapsulated peanut skin extract
	Quantification of antioxidant activity (ABTS) in yogurt with microencapsulated peanut shell extract
	Instrumental color evaluation in yogurts with microencapsulated peanut skin extract
	Evaluation of pH and acidity in yogurts with microencapsulated peanut skin extract


	CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY STATEMENT
	CONFLICT OF INTEREST
	ETHICS STATEMENT
	AUTHOR CONTRIBUTIONS
	REFERENCES


