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Abstract: The purpose of this study was to optimize black garlic encap-
sulation parameters (core/coating ratio, extract concentration, and coacer-
vate/maltodextrin [MD] ratio) using central composite design of the response
surface methodology based on encapsulation efficiency (EE) (%). The opti-
mum parameters were determined as 4.0 for the coating material/core ratio,
50% for the extract concentration, and 6.0 for the MD/coacervate ratio
depending on the EE (%). The antioxidant activity values were determined
as 101 and 134 µmol Trolox/100 g dry weight (DW) for the 2,2-diphenyl-1-
picrylhydrazyl and 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) meth-
ods, respectively, whereas the total phenolic content was 49 mg gallic acid equiv-
alent/100 g DW for the encapsulated black garlic samples. S-Allyl-l-cysteine
(SAC), γ-l-glutamyl-SAC (GSAC), γ-l-glutamyl-(S)-trans-1-propenyl-l-cysteine,
and allicin were the organosulfur (OS) compounds determined in the samples.
The SAC concentration of the encapsulated black garlic samples was determined
as 22.36 mg/g, whereas the GSAC content was found at a lower concentra-
tion (0.33 mg/g) compared to SAC. The allicin content was quantified to be
0.31 mg/g. The encapsulated samples were also characterized by scanning elec-
tronmicroscopy (SEM) andFourier transform infrared (FT-IR) spectroscopy. The
FT-IR analysis revealed specific functional groups, including hydroxyl, carbonyl,
and glycosidic linkage. The interaction between lentil protein isolate and pectin
was strong enough to encourage capsule formation as visualized in the SEM
images. This study shows the potential of black garlic coacervates as a functional
ingredient for the food industry due to their stability, solubility, and preservation
of OS and antioxidant compounds.
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1 INTRODUCTION

Black garlic is obtained by fermenting raw (white, fresh)
garlic under controlled conditions with high humidity
(70%–90%) and high temperature (60–90◦C) during a cer-
tain time period (Kim et al., 2013; Zhang et al., 2014). As a
result of the reactions occurring during the fermentation,
significant quantitative and compositional changes occur
in the bioactive compounds such as sulfur compounds,
phenolics, proteins, and vitamins (Kim et al., 2013). Alliin
and allicin, which give garlic its distinctive smell, are con-
verted into water-soluble antioxidant constituents, includ-
ing flavonoids and alkaloids, S-allyl-l-cysteine (SAC), and
tetrahydro-β-carbolines during the fermentation process
resulting in a decrease in their amount (Corzo-Martínez
et al., 2007). SAC, the main organosulfur (OS) compound
in black garlic, is about six times higher (98–194 µg/g) in
black garlic compared to raw garlic (20–30 µg/g) (García-
Villalón et al., 2016; Zhang et al., 2014). SAC is the most
important OS compound with its crucial pharmacological
properties, including anti-hepatopathy, anti-carcinogenic,
neurotrophic, and antioxidant activities (Park et al., 2017).
Encapsulation is a technique used for obtaining prod-

uctswith new, improved, anduseful properties by encasing
the raw materials with solid, liquid, or gaseous active sub-
stances in a polymeric matrix (Dubey et al., 2009; Jyothi
et al., 2010). Its main purpose is to preserve the core mate-
rial from adverse conditions, including undesirable effects
of light, heat, moisture, and oxygen to extend the product’s
shelf life and provide a slower release of its compounds to
enhance its functionality and efficacy over a longer period
(Grgić et al., 2020; Shahidi & Han, 1993; Speranza et al.,
2017).
Various techniques are used for encapsulation appli-

cations in food industry. The complex coacervation tech-
nique is a coalescent phase separation that generally
occurs during an interaction of two or more oppositely
charged polymers in an aqueous medium under proper
conditions (Gouin, 2004). The separation of the liq-
uid/liquid phase occurs spontaneously creating a polymer-
rich phase in equilibrium with a polymer solution
(Tylkowski et al., 2017). The first one is named as the
“complex coacervate” and the second one is the “super-
natant” (Eratte et al., 2014). A complex coacervate must
spontaneously engulf dispersed droplets or solids to cre-
ate shells to produce microcapsules. This engulfing occurs
when the interface reduces the free energy, and coacer-
vate is adsorbed on the surface of the dispersed droplets
or encapsulated solid particles (Earnest et al., 2009). If
the complex coacervate does not absorb such surfaces,
it does not form a capsule. Hence, this complex coac-
ervation adsorption action is the most important factor

in the encapsulation processes. The biopolymer struc-
ture is critical in establishing the complex coacervates
to form food-grade microcapsules. Most of the complex
coacervates are formed by the interactions between a
polysaccharide and a protein (Eratte et al., 2014).
Optimization is a crucial procedure to improve the effi-

ciency of process operations and the acceptability of the
process yield. The response surface method (RSM) is a
statistical technique that is often used in optimization
processes.
In studies conducted on black garlic, the focus has

mainly been on its physicochemical properties, antiox-
idant capacity, and health benefits. To the best of the
authors’ knowledge, there has been no study in the
literature about the optimization of the encapsulation con-
ditions of black garlic and their effects on the antioxidant
activity, total phenolic content (TPC), and OS compounds
of the encapsulated black garlic samples. The importance
of black garlic encapsulation studies lies in their approach
to preserving the beneficial properties of black garlic
through encapsulation techniques. The aim of encapsu-
lating black garlic is to preserve the bioactive compounds
present in black garlic intact, increase their stability, and
provide controlled release mechanisms. Encapsulation of
black garlic is a novel and innovative approach to exploit
its potential benefits for various applications in the food,
pharmaceutical, and nutraceutical industries. Thus, the
goal of this workwas to optimize the encapsulation param-
eters (core/coating [C/C] ratio, extract concentration, and
coacervate/maltodextrin [MD] ratio) of black garlic. The
RSM and central composite design (CCD) techniques
were used based on the encapsulation yield (%). Sulfur
compounds and antioxidant activity potentials (with two
different methods, 2,2-diphenyl-1-picrylhydrazyl [DPPH]
and 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
[ABTS]) were determined for the encapsulated samples
produced under optimum conditions. The encapsulated
samples were also examined by using Fourier trans-
form infrared spectroscopy (FT-IR), scanning electron
microscopy (SEM), hygroscopicity, and solubility analyses.
This is the first study in the literature in which black garlic
extract (BGE) was encapsulated by a complex coacervation
method, and encapsulation parameters were optimized.

2 MATERIALS ANDMETHODS

2.1 Chemicals and reagents

HPLC-grade ethanol (64-17-5), methanol (67-56-1), acetoni-
trile (75-05-8), formic acid (64-18-6), and Folin–Ciocalteu
reagent were purchased from the Merck Company. Lentil
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protein isolate (LPI) was provided by AGT Food and
Ingreditents, Regina, SK, Canada. Pectin (PE, from cit-
rus peel) (9000-69-5), standard chemicals, MD (dextrose
equivalent of 16.5-19.0) (9050-36-6), SAC (21,593-77-1) were
obtained from Sigma-Aldrich Chemical Co. Allicin (539-
86-6) was purchased from LKT Laboratories, Inc. (St. Paul,
MN, USA) ABTS diammonium salt (30931-67-0), potas-
sium persulfate (7727-21-1), and DPPH (1898-66-4) were
purchased from Merck Corp., Rahway, NJ, USA. Deion-
ized water was used to prepare the mobile phases in HPLC
analyses.
Standard solutions as well as sensitive solutions were

prepared daily. The ABTS radical cation was prepared by
the reaction of 7 mM ABTS with 2.54 mM potassium per-
sulfate after incubation at room temperature for 12–16 h.
Prior to the assay, the ABTS solution was diluted with
ethanol to obtain an absorbance value of 0.70 ± 0.02 at
734 nm.

2.2 Black garlic samples

Raw (white, fresh) garlic used as a raw material in the
study was obtained from a local producer in Kastamonu
province of Türkiye in July, 2021. Production parameters
were selected as humidity, temperature, and time duration
based on the literature on black garlic production. In our
previous study, black garlic production conditions (humid-
ity, temperature, and duration) were optimized with a
three-factor rotatable CCD of the RSM using the Design
Expert program (7.1-Stat-Ease). Black garlic was produced
from raw garlic in that study using the parameters of
65–85◦C temperature, 70%–85% humidity, and 24–50 days.
It was previously determined that the optimum condi-
tions for black garlic production were 85% humidity, 65◦C
temperature, and 24 days (Sasmaz et al., 2023). In the cur-
rent study, black garlics produced under these optimum
conditions were used.

2.3 Preparation of black garlic extracts
for encapsulation

Black garlic was extracted according to the method by
Tavares and Noreña (2019) with slight modifications. An
amount of 30-g black garlic was minced with 30 mL dis-
tilled water (1:1 ratio, 50%) using a blender (Waring 8011 EB
SET2). The final mixture was retained in an ultrasonic
water bath for 10 min and then centrifuged for 20 min at
25◦C/2900 × g. The BGEs were filtered by using coarse
cellulose filter paper (25 µm) (Pinilla et al., 2019). BGE
concentrations were prepared according to Pinilla et al.
(2019).

2.4 Determination of optimum LPI/PE
mass ratio for complex coacervation

Complex coacervation was applied in reference to Lan
et al. (2020). Stock solutions of LPI in 1% (w/w) and PE in
1% (w/w) were prepared separately by dissolving an exact
amount of powder in distilled water and then stirred for
2 h at room temperature in order to ensure that the LPI
was completely dissolved by applying ultrasound (Bran-
son Sonifier SFX250, Branson Ultrasonics, Brookfield, CT,
USA) at a setting of 50% amplitude for a period of 3 min.
The pH of the solutions was adjusted to 7.0 by using 0.1 N
HCl orNaOH. Fixed LPI solution (1%w/w)wasmixedwith
PE solution with different concentrations to obtain the
initial LPI/PE ratios ranging from 1:1 to 4:1. The biopoly-
mer ratios were determined based on the data from the
literature (Huang et al., 2012; Tavares & Noreña, 2019).
The mixtures of LPI and PE with variable ratios were
investigated in terms of turbidity (%T) and zeta potential
(mV) by changing the pH in the range of 2.0–9.0. The
pH of the mixtures was adjusted using HCl and NaOH
to minimize dilution effect. The zeta potential measure-
ments of the solutions were made prior to other analyses
with a Zetasizer instrument (Nano ZS, Malvern Instru-
ments) (Anema & Kruif, 2016). The measurements were
carried out using capillary cuvettes with approximately 2-
mL volume. In the case of precipitation, centrifugation or
sedimentation was applied. The turbidity of the samples
was determined at 600 nmwith a spectrophotometer (Agi-
lent Technologies). Optimization was performed based on
the values obtained with the highest turbidity and zeta
potential.

2.5 Encapsulation of black garlic
extracts by a complex coacervation

Encapsulation was carried out with complex coacervation
process in accordance with the optimal pH and biopoly-
mer ratio. The extract samples were prepared using the
ratios specified in Table 1a and added to the LPI solution.
The solutions were then mixed at 33,603 × g for 2 min in
a high-speed homogenizer (IKA). The samples were then
subjected to an ultrasonic homogenization (Sonifier 250)
for 1 min at 20 kHz, 160 W, 50% ultrasonic power. The PE
solution was slowly added to the LPI–BGE mixture and
stirred at 500 rpm for 30 min. The specified proportion
(Table 1a) of the MD was added after the coacervation was
completed to avoid interaction. The encapsulation process
was completed after the pH of the solution was brought
to 3.2 and phase separation was achieved by keeping the
solution at 4◦C for 30 min. The capsule phase was sepa-
rated and poured into aluminum petri dishes (diameter:
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TABLE 1 a Central composite design of the variables and observed responses under different experimental conditions.

Run order
Core/coating
material ratio

Extract
concentration (%)

Coacervate/
maltodextrin
ratio

Encapsulation
efficiency (%)

1 1:4.68 35.00 4.00 48.28
2 1:3 35.00 4.00 37.08
3 1:4 20.00 2.00 25.14
4 1:2 20.00 6.00 41.52
5 1:2 50.00 6.00 65.40
6 1:2 20.00 2.00 16.99
7 1:3 9.77 4.00 18.41
8 1:3 35.00 4.00 37.21
9 1:3 35.00 4.00 37.08
10 1:3 35.00 4.00 36.14
11 1:3 35.00 7.36 64.01
12 1:4 50.00 6.00 74.31
13 1:4 20.00 6.00 47.00
14 1:2 50.00 2.00 45.91
15 1:3 60.23 4.00 70.14
16 1:4 50.00 2.00 57.11
17 1:3 35.00 4.00 37.80
18 1:3 35.00 4.00 34.65
19 1:3 35.00 0.64 30.66
20 1:1.32 35.00 4.00 34.04

20 cm). Before the freeze-drying procedure, the samples
were stored in a freezer at −40◦C. The drying process
was carried out for about 48 h in a laboratory-type freeze
dryer (Christ Alpha 1–4 LDPlus, Martin Christ) (Tavares &
Noreña, 2019).

2.6 Optimization of the encapsulation
by complex coacervation

An experimental design with five-level three-factor RSM
method was used for the optimization of the BGE encap-
sulation. Optimal processing conditions were determined
using the CCDmethod. The C/C ratio (1:2–1:4) (A), extract
concentration (20%–50%) (B), and coacervate/MD ratio
(C/C) (1:2–1:6) (C) were used as the independent vari-
ables. The encapsulation efficiency (EE) was treated as
the dependent variable and calculated according to the
following equation:

EE(%) = [(amount of SAC

encapsulated/amount of SAC at the start)] × 100
(1)

The EE was determined based on the amount of SAC,
which is the main component of the BGE according to
the method of Pinilla et al. (2019). The amount of SAC
was determined by using LC–MS/MS. The encapsulation
process was performed with three replications by using
the determined optimum independent variable values. The
optimizationwas experimentally verified by examining the
dependent variable (EE). A total of 43 tests were performed
in the extraction process based on the experimental design,
40 experiments with 2 replications, and 3 experiments
under optimumconditions. Selected process variableswith
their ranges are given in Table 1b.

2.7 Antioxidant capacity analyses

The antioxidant capacity was measured by two different
methods as ABTS and DPPH analyses. The DPPH and
ABTS scavenging activities were determined in reference
to the study by Kelebek et al. (2017) as Trolox equivalents
(gallic acid equivalents, GAE) in µmol Troloks/100 g of
extracts.
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4428 COMPLEX COACERVATION PARAMETERS

TABLE 1b Independent variables, with their coded and actual values used for the optimization process.

Symbol Coded levels
Independent variables −1.68 −1 0 1 1.68
Core/coating material ratio A 1:1.32 1:2 1:3 1:4 1:4.68
Extract concentration (%) B 9.77 20.0 35.0 50.0 60.23
Coacervate/maltodextrin ratio C 1:0.64 1:2 1:4 1:6 1:7.36

2.8 Total phenolic content analysis

TPCs analysis is related to the redox reaction inwhich phe-
nolic compounds reduce the Folin–Ciocalteu reagent that
acts as an oxidizing compound in a basic medium. The
TPC is quantified by using the absorbance of the blue color
created by the reduced reagent at the end of the reaction.
The TPC values of the samples in the present study were
quantified by using the Folin–Ciocalteu method in refer-
ence to Kim et al. (2013) and expressed as GAE inmg/100 g
of extracts.

2.9 Analysis of the organosulfur (OS)
compounds

The extractions were performed using the method avail-
able by Sasmaz et al. (2022) with minor changes. The
OS compounds were analyzed by using LC–DAD–ESI–
MS/MS (Agilent 1260 HPLC; Agilent Technologies, Santa
Clara, CA,USA) in a positive ionizationmode utilizedwith
the following parameters: drying gas of N2 at 12 L/min,
capillary temperature of 400◦C, and nebulizer pressure of
45 psi of ESI/MS detection. The analyses were performed
using a Phenomenex Luna reversed-phase C-18 column
with the dimension of 4.6mm× 250mm× 5m. Twomobile
phases were employed for the analysis: solvent A, consist-
ing of a mixture of water and formic acid in a ratio of 99:1
(v/v), and solvent B, which was prepared by combining
acetonitrile and solvent A in a ratio of 60:40 (v/v). Standard
curves were computed based on the commercial standards
at the concentrations existing in the extracts (1–100 mg/L)
with R2 values higher than 0.99.

2.10 Characterization of the
encapsulated black garlic samples

2.10.1 Moisture content and water activity
analysis

Themoisture contents (MCs) of the samples were assessed
gravimetrically by oven-drying method (Memmert GmbH
UN 55) at 105◦C until obtaining a constant weight (AOAC,
1990). The water activity values of the samples were deter-

mined at 25◦C by using a water activity meter (Aqualab
4TE, Meter, Pullman, WA, USA).

2.10.2 Solubility

The solubility values of the samples were evaluated in ref-
erence to Tavares and Noreña (2019). An amount of 1 g of
sample was added to 100 mL of distilled water and stirred
for 30 min in a stirrer and then centrifuged for 10 min at
3517 × g at 4◦C (Hettich Universal 320R, Hettich, Tuttlin-
gen, Germany). The supernatant was put into a beaker and
dehydrated at 105◦C in an oven until constant weight. The
solubility (%) was computed by the weight difference.

2.10.3 Hygroscopicity

The hygroscopicity values of the samples were assessed
according to Tavares and Noreña (2019). The hygroscopic-
ity (%) was also determined by the weight difference.

2.10.4 Particle size distributions

A particle size analyzer (Mastersizer 3000, Malvern Pana-
lytical,Malvern,UK)was employed to evaluate the particle
size distributions of the encapsulated samples. All results
were calculated by taking the average of two experiments
(Akdeniz et al., 2018). Average droplet sizes were assessed
based on the volume mean diameter d43. In addition, the
span values of the samples were evaluated based on the
following formula:

Span (range) =
[𝑑 (𝑣, 90) − 𝑑 (𝑣, 10)]

𝑑 (𝑣, 50)
(2)

where d(v,90), d(v,50), and d(v,10) are 90%, 50%, and 10%
of the total volume, respectively. Namely, [d(v,90)–d(v,10)]
is the range, where (v,50) is the average diameter.

2.10.5 Fourier transform infrared (FT-IR)
spectroscopy

The samples were analyzed at room temperature by
using an FT-IR spectrometer (Perkin Elmer Inc.). The
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spectrumswere recorded in the 450−4000 cm−1 range (res-
olution: 4 cm−1, scan speed: 1 cm/s). Measurements were
performed twice for each sample.

2.10.6 Morphological analysis by scanning
electron microscopy

The structure and the surface morphologies of the sam-
ples were evaluated by SEM. The samples were fixed and
sputter-coated with a thin layer of gold with a coater
(Q150R Plus Sputter Coater Combined System, Quorum
Technologies, Lewes, UK). The photos were taken at a
beam-accelerating voltage of 5 kV on an SEM system
(Quanta Field Emission 650, FEI, Oregon, USA). The cross
section and surface morphology images were obtained
with a magnification of 20,000.

2.11 Statistical analyses

The optimization study was carried out by applying RSM
and CCD methods to find the best factor levels and
obtain the best response. A three-factor (C/C ratio, extract
concentration (20%–50%), and coacervate/MD ratio) and
five-level design were used in the study. The analysis of
variance (ANOVA)was used to determine the suitability of
the experimental data and the model. Significant terms in
themodels were assessed by using the F-statistic. Based on
the analysis, the insignificant factors (p> 0.05) were taken
out of the model and then the regression coefficients were
recomputed.

3 RESULTS AND DISCUSSION

3.1 Effect of biopolymer ratio and pH
on the formation of complex coacervation

The impacts of the biopolymer ratio and pH on the forma-
tion of protein–polysaccharide complexes were examined
in the study. The LPI and different ratios of PEwere used in
the formation of the complexes. The turbidity and the zeta
potential analyseswere implemented based on the biopoly-
mer ratio in the samples. The biopolymer ratio with the
closest zeta potential to 0, turbidity value, and the high-
est coacervation efficiencywas determined as the optimum
ratio for the complex formation. The total biopolymer ratio
was determined as 1% (w/w). The ratios of the LPI to PE of
1:1, 2:1, and 4:1 were studied. As can be seen in Figure 1a,
the pH value at which the maximum complex coacervate
is formed shifted to the right as the LPI/PE ratio increased.
A similar change was visible in the complex coacervation
study of LPI with different gums by Aryee and Nicker-
son (2014). Figure 1b depicts the pH-dependent variation

F IGURE 1 (a) pH-dependent change of the zeta potential
value of the lentil protein isolate (LPI)/pectin (PE) complex
formation at different biopolymer ratios. (b) Change of the turbidity
value of the lentil protein isolate (LPI)/pectin (PE) complex
formation as a function of pH and different biopolymer ratios.

of the biopolymer ratio change and the data show paral-
lelism with the zeta potential and the maximum turbidity
between the pH levels of 2.0 and 3.0. Similar results were
observed for the ratios of 2:1 and 4:1. As the increase in the
protein ratio caused aggregation among the proteins, the
2:1 ratio was chosen as the optimum ratio (Flanagan et al.,
2015).
In the complexes prepared with the LPI and PE, the

electrical charge had a positive value up to the isoelec-
tric point but it changed to a negative value after this
point. The zeta potential of the complexes formed with PE
declined from +3.2 to −33.1 mV between the pH values of
2.0 and 9.0 and theminimumvaluewas observed at the pH
value of 3.2 (Figure 1a). This point was assessed as the pH
value at which the solubility of the complex was the low-
est with maximum coacervation (Anema & Kruif, 2016).
These findings were also confirmed by the turbidity tests
(Figure 1b).

3.2 Optimum production conditions for
the encapsulated garlic samples

A 5-level and 3-factor experimental design with 43 experi-
ments was employed to decide the optimum encapsulation
parameters affecting the responses based on the EE (%).
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TABLE 1 c Experimental design for the encapsulation of black garlic samples.

Run order A B C
Core/coating
material ratio

Extract
concentration
(%)

Coacervate/
maltodextrin
ratio

1 0 1.68 0 1:3 60.23 4
2 0 0 0 1:3 35 4
3 −1 1 −1 1:2 50 2
4 −1.68 0 0 1:1.32 35 4
5 0 0 0 1:3 35 4
6 0 0 1.68 1:3 35 7.36
7 0 −1.68 0 1:3 9.77 4
8 1 1 −1 1:4 50 2
9 0 0 0 1.3 35 4
10 −1 −1 −1 1:2 20 2
11 1 −1 −1 1:4 20 2
12 1 1 1 1:4 50 6
13 0 0 0 1:3 35 4
14 −1 −1 1 1:2 20 6
15 1 −1 1 1:4 20 6
16 1.68 0 0 1:4.68 35 4
17 0 0 0 1:3 35 4
18 −1 1 1 1:2 50 6
19 0 0 −1.68 1:3 35 0.64
20 0 0 0 1:3 35 4

The EE value was computed based on the amount of SAC
that is the major component of the BGEs. The fermen-
tation process converts allicin to SAC that is a bioactive
substance found in black garlic (Bae et al., 2012).
The values of the independent variables were evaluated

according to the highest EE from 20 products that were
obtained in-line with the experimental design (Table 1c).
The optimization process was performed by using the
parameters shown in Table 1c. A mathematical model
was created with multiple regression analysis for the
dependent variable, whereas the important terms in the
model were assessed by the ANOVA. Insignificant factors
(p > 0.05) were determined and removed from the model
and the coefficients of regression were computed again.
The “lack of fit value” was used to assess the suitability
of the model (Tables 1d and 1e). The four criteria used
for this purpose were regression coefficient (R2), adjusted
regression coefficient (Adj-R2), predicted multiple deter-
mination coefficient (Pre.-R2), and predicted residual error
sum of squares. It was assumed that the residual error
values were independent of each other. To validate this
assumption, residual error plots were generated against
predicted values with a normal percent probability. In
determining the optimum encapsulation parameters, the
desirability function method was used together with the

desirability tests and the response curves (Candioti et al.,
2014). The effects of the factors on the response were
evaluated by considering the ANOVA chart. The relation-
ship between the factors and the response was evaluated
with a numerical model by employing regression analy-
sis and the linear terms of the factors, and the interaction
effect terms were included in the models. The lack of fit
(model inconsistency) and increase in the sum-of-squares
were then analyzed (Table 1d). It was determined that the
quadratic model was suitable (Table 1e). The ANOVA table
showing the individual effects of the linear, quadratic, and
interaction terms on the responses of all three factors (coat-
ing agent/core ratio, extract concentration,MD/coacervate
ratio) is presented in Table 1f. The importance of the effects
for the model was determined according to the F and
p-values. It was aimed tomake the regressionmodelmean-
ingful with the “lack of fit” value, which expresses the
mathematical unsuitability of the model to be insignifi-
cant (p > 0.05). A lack of fit value of “p > 0.10” shows that
the model was suitable for the data. The higher R2 values
(0 > 0.90) showed that the EE was suitable for model-
ing the encapsulation parameters (Table 1g). The closeness
of the Pre-R2 and Adj.-R2 values showed that the fitted
model was suitable for estimation. Residuals were impor-
tant in testing these assumptions and determining the fit
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COMPLEX COACERVATION PARAMETERS 4431

TABLE 1d Model inconsistency (lack of fit) test related to the encapsulation efficiency.

Source Sum of squares
Degrees of
freedom

Mean of
squares F Value p Value

Linear 423.67 11 38.52 30.74 0.0007
2FI 403.58 8 50.45 40.26 0.0004
Quadratic 19.17 5 3.83 3.06 0.1225
Cubic 12.21 1 12.21 9.74 0.0262
Pure error 6.27 5 1.25

TABLE 1 e The sequential model sum of squares related to the encapsulation efficiency.

Source
Sum of
squares

Degrees of
freedom

Mean of
squares F Value p Value

Average vs. total 36,883.7 1 36,883.7
Linear vs. average 4563.9 3 1521.3 56.62 <0.0001
2FI vs. linear 20.1 3 6.7 0.21 0.8860
Quadratic vs. 2FI 384.4 3 128.1 50.37 <0.0001
Cubic vs. quadratic 6.9 4 1.7 0.57 0.6975
Residue 18.5 6 3.1
Total 41,877.6 20 2093.9

TABLE 1 f Effect of linear, interaction and quadratic terms on the response of coating material/core ratio, extract concentration,
maltodextrin/coacervate ratio.

Source
Sum of
squares

Degrees of
freedom

Mean of
squares F Value p Value

Model 4968.37 9 552.04 217.02 <0.0001
A-A 243.69 1 243.69 95.80 <0.0001
B-B 2902.02 1 2902.02 1140.86 <0.0001
C-C 1418.17 1 1418.17 557.51 <0.0001
AB 5.25 1 5.25 2.06 0.1814
AC 3.08 1 3.08 1.21 0.2973
BC 11.76 1 11.76 4.62 0.0570
A2 57.85 1 57.85 22.74 0.0008
B2 138.93 1 138.93 54.62 <0.0001
C2 252.61 1 252.61 99.31 <0.0001
Residue 25.44 10 2.54
Lack of fit 19.17 5 3.83 3.06 0.1225
Pure error 6.27 5 1.25
Total 4993.81 19

of the model as it reflected the behavior of the random
error term. The normal probability plot for the EE, the
residual versus model estimate plot, and the residue ver-
sus trial sequence plot are shown inFigure 2. The quadratic
model obtained for the variables that affect the EE in the
optimization phase is given in Equation (3) in terms of
coded variables. In addition, the relations between the val-

ues predicted from Equation (3) for the EE results and the
experimental values are shown in Figure 2:

EE (%) = 36.60 + 4.2 × 𝐴+14.58 × 𝐵+10.19

×𝐶+0.81 × 𝐴 × 𝐵 − 0.62 × 𝐴 × 𝐶 − 1.21

×𝐵 × 𝐶+2.00 × 𝐴2 + 3.10 × 𝐵2 + 4.19 × 𝐶2 (3)
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4432 COMPLEX COACERVATION PARAMETERS

F IGURE 2 (a) Normal probability plot for the encapsulation efficiency results; (b) the graph of the residual versus model estimates; (c)
the plot for the residues versus trial run numbers; (d) relationship between the predicted values and the experimental (actual) values.

TABLE 1g The terms used in the testing of the model fit.

Parameter Value
Standard deviation 1.59
Average 42.94
R2 0.9949
Adj.-R2 0.9903
Pre.-R2 0.9691
Adeq. Precision 51.414
EE. (%) 3.71
PRESS 154.08

Abbreviations: Adj.-R2, adjusted regression coefficient; EE, encapsulation
efficiency; predicted multiple determination coefficient, Pre.-R2; PRESS,
predicted residual error sum of squares.

For visual convenience, the results obtained were
expressed in the form of response surface graphs and
isohips curves (Figure 3). These graphs represent an
infinite number of combinations of the two variables
with one of the factors held constant at the center point
(0) of the experimental design. The optimum conditions
were determined as 4.0 for the coating material/core
ratio, 50% for the extract concentration, and 6.0 for the
MD/coacervate ratio based on the optimization study of
the EE (Test run 12). These optimum parameters ensured

the desirability condition (Table 1h). The EE was deter-
mined as 73.86% corresponding to the desirability value
of 0.992 (Table 1h). The sulfur compounds, antioxidant
activity, and TPC were also analyzed for the encapsulated
black garlic samples produced with the obtained optimum
parameters (Test run 12). Tavares and Noreña (2019)
reported an EE of 51%–61% for garlic extract encapsulated
by complex coacervation. In another study, Mendanha
et al. (2009) encapsulated casein hydrolysate by using
soy protein isolate and PE and found an EE value of
91.6%–78.8%.

3.3 Antioxidant capacity analysis
results

Antioxidants are groups of compounds that stop or slow
down the oxidation reactions caused by free radicals (Kim
et al., 2017). Previous research has shown that foodstuff
with antioxidant activity offers an essential function for
the mitigation of health problems such as cataracts, can-
cer, and cardiovascular problems that are believed to have
resulted from oxidative stress (Huang et al., 2005). The
antioxidant capacities of the black garlic samples encap-
sulated with the optimum parameters (Test run 12) were
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COMPLEX COACERVATION PARAMETERS 4433

F IGURE 3 (a) The response–surface plot for the encapsulation efficiency (A: coating material/core ratio, B: extract concentration); (b)
the response surface plot for the encapsulation efficiency (A: coating material/core ratio, C: maltodextine/coacervate ratio); (c) the
response–surface plot for the encapsulation efficiency (B: extract concentration, C: maltodextine/coacervate ratio).

determined in the current study by two different assays
(DPPH and ABTS) (Table 2a), which are the most widely
used spectrophotometric methods (Sharma & Bhat, 2009).
The antioxidant capacity values of the samples were deter-
mined as 101.61 µmol Trolox/100 g dry weight (DW) by the
DPPH method and 134.41 µmol Trolox/100 g DW by the
ABTS method (Table 2a).

3.4 Total phenolic content (TPC)
analysis results

Polyphenols are compounds that contain more than one
phenol group in each molecule and constitute the most
important class of natural antioxidants. The TPC values
of the encapsulated black garlic produced under optimum
conditions (Test run 12) are presented in Table 2a. The TPC
values were determined as 49.57 mg GAE/100 g DW for
these samples (Table 2a).

3.5 Organosulfur compound analysis
results

OS compounds are sulfur-containing organic molecules
that are associated with the pungent odors of allium veg-
etables such as onions and garlic. The health benefits of
garlic are due to the bioactive constituents, particularly sul-
fur compounds that cause bitterness. Garlics contain sulfur
compounds such as alliin, allicin, and ajoene (Raghu et al.,
2012).
Sulfur compounds can be grouped into two categories

as water-soluble and oil-soluble compounds. Although
water-soluble compounds constitute a small portion of
garlic, they are thought to be the primary bioactive com-
ponents for the prevention of cancer (Fukushima et al.,
2001). Allium plants are recognized for producing a variety
of cysteine sulfoxide complexes including alliin, propiin,
andmethiin (Rose et al., 2005). When the tissues ofAllium
plants are broken down, the cysteine sulfoxides react with

 17503841, 2023, 11, D
ow

nloaded from
 https://ift.onlinelibrary.w

iley.com
/doi/10.1111/1750-3841.16768 by ?skenderun T

eknik U
niversitesi, W

iley O
nline L

ibrary on [15/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



4434 COMPLEX COACERVATION PARAMETERS

TABLE 1h Optimum parameters determined for the encapsulation of black garlic.

Run order
Core/coating
material ratio

Extract
concentration (%)

Coacervate/
maltodextrin ratio

Encapsulation
efficiency (%) Desirability

1 1:4 50.00 6.00 73.86 0.992
2 1:3.99 50.00 6.00 73.80 0.991
3 1:4 50.00 5.98 73.72 0.990
4 1:4 49.82 6.00 73.62 0.988
5 1:3.96 50.00 6.00 73.53 0.986
6 1:4 49.71 6.00 73.47 0.985
7 1:4 48.94 6.00 72.44 0.967
8 1:3.75 50.00 6.00 71.88 0.958
9 1:3.69 50.00 6.00 71.46 0.950
10 1:3.58 50.00 6.00 70.68 0.937
11 1:4 50.00 5.46 69.68 0.919
12 1:4 50.00 5.29 68.46 0.898
13 1:2.72 50.00 6.00 66.36 0.861
14 1:2.64 50.00 6.00 66.12 0.857
15 1:2.61 50.00 5.96 65.71 0.850
16 1:2.32 50.00 6.00 65.36 0.844
17 1:3.98 50.00 4.77 64.99 0.837
18 1:2 50.00 5.76 62.97 0.802
19 1:4 50.00 2.34 57.27 0.703
20 1:2 50.00 4.54 54.14 0.648
21 1:4 29.54 6.00 51.83 0.608

TABLE 2 a Total phenolic content (TPC) and antioxidant
activity (2,2-diphenyl-1-picrylhydrazyl [DPPH] and
2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) [ABTS])
values of the encapsulated black garlic samples.

Analysis Values
TPC (mg GAE/100 g DW) 49.57 ± 0.42
DPPH (µmol Trolox/100 g DW) 101.61 ± 5.69
ABTS (µmol Trolox/100 g DW) 134.41 ± 6.46

Note: ABTS and DPPH: antioxidant capacity.
Abbreviations: DW, dry weight; GAE, gallic acid equivalent.

an enzyme called alliinase to form thiosulfinates such
as allicin (Ellmore & Feldberg, 1994). Allicin’s primary
metabolic products are diallyl sulfides, diallyl di-sulfides,
diallyl tri–tetra-sulfides, and sulfur dioxides (Das et al.,
2012). SAC is an essential bioactive compound with a sig-
nificant pharmacological effect in black garlic (Bae et al.,
2012). It is an odorless, stable, water-soluble compound
with a high antioxidant capacity. In the present study, the
SAC concentration of the encapsulated black garlic was
found to be 22.36 mg/g, whereas the γ-l-glutamyl-SAC
(GSAC) content was 0.33 mg/g, the γ-l-glutamyl-(S)-trans-
1-propenyl-l-cysteine contentwas 1.20mg/g and the allicin
content was 0.31 mg/g (Table 2b).

3.6 Characterization of the
encapsulated black garlic samples

3.6.1 Moisture content, water activity,
hygroscopicity, and solubility results

MC and water activity (aw) are important factors in food
technology and safety due to their effect on microbial
growth, lipid peroxidation, and enzymatic- and nonen-
zymatic reactions in foods (Kuck & Noreña, 2016). MC,
water activity, and hygroscopicity parameters play crucial
roles in ensuring the stability, quality, and proper storage
of the powder. Additionally, the solubility and dissolu-
tion characteristics of the powder are vital considerations
for its industrial application. The ability of the powder
to dissolve and disperse in a solvent or medium impacts
its functionality and effectiveness in various processes
such as formulation development, food production, or
pharmaceutical manufacturing (Tavares & Noreña, 2019,
2020).
In the present study, the mean MC of the encapsulated

black garlic samples was determined as 4.68%± 0.41%with
a mean aw value of 0.42 ± 0.03. Tavares and Noreña (2019)
determined the MC and water activity of powders con-
taining microencapsulated garlic extract as 5.66%–5.69%
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COMPLEX COACERVATION PARAMETERS 4435

TABLE 2 b Organosulfur compounds determined in the encapsulated black garlic samples.

Organosulfur compounds Rt (min) [M-H]+ (m/z) MS2 (m/z)
Concentration
(mg/g DW)

(+)-S-allyl-l-cysteine (SAC) 11.0 162.1 145.1, 73.1 22.36 ± 0.81
(+)-S-(2-propenyl)-l-cysteine
sulfoxide (Isoalliin)

8.7 178.2 88.0, 160.1 Nd

γ-l-Glutamyl-S-allyl-l-cysteine
(GSAC)

18.1 291.2 162.2, 144.8 0.33 ± 0.01

γ-l-Glutamyl-(S)-trans-1-propenyl-
l-cysteine
(GSPC)

21.5 291.2 201.1 1.20 ± 0.05

Allicin 55.3 163.2 73.2, 41.1 0.31 ± 0.01
Total 24.20 ± 0.88

Abbreviations: Nd: not detected; Rt: retention time.

and 0.181–0.182, respectively. In the present study, the sam-
ples were consideredmicrobiologically stable as there is no
probability of microbic development below an “aw” value
of 0.60 (Rahman, 2009). The MC is an essential parameter
affecting the stability of the encapsulated products. Vidović
et al. (2014) reported that if the MC of food powders is
less than <5%, its properties are stable. The capability of a
powder sample to absorbwater from the surrounding envi-
ronment is known as hygroscopicity (Jaya & Das, 2004).
The hygroscopic behavior of the encapsulated products is
critical for food technology in terms of obtaining products
with stable properties that can withstand adverse storage
conditions (Šeregelj et al., 2020). In the current study, the
mean hygroscopicity value of the encapsulated black garlic
samples was determined as 8.14% ± 0.39%.
In the food industry, powders need to be well soluble in

water to expand the variety of applications (Rocha-Selmi
et al., 2013). The water solubility of the encapsulated black
garlic samples in the current study was determined as
78.25% ± 1.50%. The findings of the present study are con-
sistentwith the literature. Tavares andNoreña (2019) deter-
mined the solubility of powders with microencapsulated
garlic extract as 76.4%–94.3%.

3.6.2 Particle size distributions results

Particle size analysis is widely used to characterize the
size variations of the encapsulates in food formulations
(Tadros et al., 2004). In the current study, the particle
size of the encapsulated black garlic samples was found as
35.3 ± 0.43 µm and the span value was 2.93 ± 0.21. The low
span value means a more uniform distribution (de Barros
Fernandes et al., 2014). As seen in Figure 4, the distribu-
tion was not homogeneous as the samples had more than
one peak in the particle size graph. This may be due to the

F IGURE 4 Particle size distribution of the encapsulated black
garlic samples.

aggregation in the samples as a result of the applied freeze
drying (Yu & Lv, 2019).

3.6.3 Structural and morphological analysis
results

SEM is a surface imaging device that provides important
data about the visual appearance and particle size of a
sample (Falsafi et al., 2020). Concave elliptical walls were
observed in the SEM images of the encapsulated black
garlic samples in the present study (Figure 5). Also, no
apparent cracks or slits were observed on the surface of
the sample indicating that the interaction between the
LPI and PE was good enough to promote encapsulation
formation (Tavares & Noreña, 2019). Sasmaz et al. (2023)
examined the SEM images of a black garlic sample with-
out encapsulation in their study. When the images of the
black garlic samples with encapsulation in the current
study and without encapsulation reported in Sasmaz et al.
(2023) were compared, it was seen that the smooth and
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4436 COMPLEX COACERVATION PARAMETERS

F IGURE 5 The scanning electron microscopy (SEM) image of
an encapsulated black garlic sample (magnified by 20,000).

F IGURE 6 A typical mid-infrared spectrum of the
encapsulated black garlic samples.

surface-covering structure was modified in the encapsu-
lated black garlic sample (Figure 5).

3.6.4 Fourier transform infrared (FT-IR)
spectroscopy results

FT-IR analysis is one of the essential tools for the quick and
effective examination of themolecules in the encapsulated
chemicals in foodstuffs (Kumari et al., 2010). FT-IR data
obtained in the range of 4000–400 cm−1 for the encapsu-
lated black garlic sample in the present study is depicted in
Figure 6. The FT-IR spectrum showed characteristic peaks
near 3280 cm−1 (O–H stretching vibration), 2926 cm−1

(C–H stretching), 1644 cm−1 (C=O stretching), 1440–
1200 cm−1 (carboxyl group stretching), 1200–1000 cm−1

(C–O–C glycosidic linkage, C–O–H, and C–O stretching
vibrations) and 470 cm−1 (S–S stretching vibration, sulfur

compounds) (Chen et al., 2015; Choi et al., 2021; Tavares
& Noreña, 2020; Tavares et al., 2021). Specific functional
groups such as carbonyl, hydroxyl, and glycosidic link-
ages were determined in the samples. These findings were
similar to the observations reported by Tavares et al. (2021).

4 CONCLUSIONS

In this study, the CCD of the RSM was used to deter-
mine the optimum values of three black garlic encap-
sulation parameters (kernel/coating ratio, extract con-
centration, and coacervate/MD ratio) based on EE (%).
The optimal coating material/core ratio was determined
to be 4.0, the extract concentration as 50%, and the
MD/coacervate ratio as 6.0. The mean SAC and GSAC
contents of the encapsulated black garlic were found as
22.36 and 0.33 mg/g, respectively, whereas the allicin
content was quantified as 0.31 mg/g. It was observed
that the complex coacervation with the polymeric pairs
of LPI and PE was able to maintain the OS and
antioxidant compounds of the black garlic samples. The
resulting black garlic coacervates exhibited microbiolog-
ical stability and good solubility in water which makes
them suitable for various applications in the food indus-
try.
Overall, this research demonstrated the potential of

black garlic coacervates as a functional ingredient for
the food industry thanks to their stability, solubility, and
preservation of OS and antioxidant compounds. The black
garlic coacervate powders obtained from this study can be
used to fortify food products such as dairy items, bread,
and cereal products. The encapsulated black garlic can act
as a carrier for functional components, providing essen-
tial nutrients and potentially offering health benefits to
mitigate health disorders.
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