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Alginate capsules are promising delivery systems for encapsulation and release of phenolics since they can be fabricated from
food-grade biopolymers using mild processes. On the other hand, knowing the release kinetic of the phenolic in the capsules is
critical for capsule fabrication and product quality improvement This study is aimed at mathematically modeling the transfer
of encapsulated sage (Salvia fruticosa Miller) phenolics in alginate particles to water and to determine some physicochemical
properties of capsules containing different concentrations of phenolics. The water activity values (aw) of the capsule varied
between 0.9976 and 0.9990. Sphericity factors of 1 (37.5ppm), 2 (75ppm), 3 (150 ppm), 4 (300 ppm), and control (0 ppm)
samples were determined as 0.042, 0.044, 0.043, 0.273, and 0.039, respectively. The yellowness (+b*) value of the samples
increased significantly as the added sage extract concentration increased. While the phenolic content of the samples was
determined between 0.174 and 1.1831 mg/kg GAE, the antioxidant activity values were determined between 0.9602 and 6.6930.
To understand the mechanism of phenolic release from the capsules, six different mathematical models were used (First Order,
Higuchi, Korsmeyer-Peppas, Hixson and Crowell, The Peppas-Sahlin, and Gompertz). The highest R* (0.9952-0.9979) and the
lowest RMSE (1.0171-1.7032) values were calculated in The Peppas-Sahlin among the six models. The Peppas-Sahlin model
kinetic parameters indicated the dominance of Fickian diffusion and the minor effect of relaxation process in the mechanism
of phenolic release.

1. Introduction

Salvia species are annual or perennial plants that have differ-
ent characteristics of branches, leaves, and flowers and can
grow between 50 and 100cm [1]. These plant species are
predominantly found on sloping lands that are sheltered
from the wind, warm, and sunny. These species, which are
resistant to winter cold and drought, develop especially well
in soils rich in lime content [2]. Salvia, a word of Latin ori-
gin, means “to heal” or “to cure.” Additionally, these plants

are widely consumed as herbal tea and flavoring spice [3, 4].
The best-known species of the genus Salvia, whose origin
and distribution area are the Mediterranean environment,
are Salvia officinalis and Salvia fruticosa [1-3]. However,
S. fruticosa (synonym Salvia triloba L.) can be distinguished
from S. officinalis due to its trifoliate leaves [4]. It is
reported that S. fruticosa contains significant amounts of
bioactive components such as phenolics and terpenoids,
and its antioxidant, antimicrobial, and anti-inflammatory
activities [3, 5].
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The increasing tendency of conscious consumers towards
healthy living increases the usage potential of antioxidant-rich
products in the food industry. In this context, it is seen that
innovative approaches such as encapsulation have begun to
be used for the protection of products rich in phenolic and
antioxidants and for their more widespread use in the food
industry [6].

Encapsulation can be defined as covering or confining a
solid, liquid, or gas phase component or mixture with
another substance or system [7]. In encapsulation of the
coated substance, active substance, core, inner phase, or
filler, the material used in the coating can be expressed as
shell, coating material, wall material, encapsulant, mem-
brane, capsule, matrix, external phase, or carrier [8].

There are many techniques for encapsulating of bioactive
substance, and the most common techniques are coacervation,
gelation, inclusion complex, interfacial polymerization, and
emulsion polymerization, and mechanical processes include
spray drying, fluidized bed, extrusion, and freeze-drying [6, 7].

The method, also called dripping or ionic gelation, is
known as a practical and economical method, it is pre-
ferred for small-scale production in laboratory applications,
since it is not suitable to produce large quantities of
products. However, it is thought that it is possible to com-
mercialize encapsulated food particles by producing large
quantities of particles with syringe-extrusion systems devel-
oped in recent years [9]. In recent years, this method has
also found its place in the production of different products
such as caviar, imitation eggs, and capsules in hot and cold
drinks in modernist cuisine and has recently gained popu-
larity [10-12].

On the other hand, knowing the release kinetic of the
phenolic in the hydrogel capsules is critical for fabrication
and product quality [13]. In addition, the kinetics parame-
ters can also be used to estimate the treatment time of
capsules in the solution to obtain extract with a specific phe-
nolic content.

There have been more studies using various extracts in
hydrogel capsule production recently [10, 14-17]. However,
research on understanding and modeling the release of dif-
ferent bioactive compounds in the different target solution
in capsule studies is still limited. Therefore, the aim of this
study is to mathematically model the transfer of encapsu-
lated sage phenolics in capsules to water and to determine
some physicochemical properties of capsules containing dif-
ferent concentrations of phenolics.

2. Materials and Methods

2.1. Preparation of the Sage Phenolic Extracts. Dried sage
(Salvia fruticosa Miller) was purchased from an herbal mar-
ket in Antalya, Tirkiye. The stems and stalks of the sage
samples were cut off, while the leaves were ground by a
blender (Beko BKK-2155 Maxi Hand Blender, Turkey) and
sieved into 0.5-1 mm particle size by a laboratory test sieve
(Retsch, Germany). The phenolic compound extraction
was performed in a water bath at 75°C (Heidolph Hei VAP
Precision, Germany) for 30 min by shaking sage samples in
hot water (ratio: 1/10, w: v) at a speed of 1000 rpm (MTOPS

Journal of Food Processing and Preservation

MS3040D Lab. Stirrer, Korea) [18]. The extract solution was
filtered with a 106 ym laboratory test sieve (Retsch, Germany).
The extract (~3.6'Bx, pH: 5.9, phenolic content: 6.722 mg/kg,
antioxidant activity: 39.7615 mg/kg) was kept in the refrigera-
tor (~4°C) until encapsulation.

2.2. Preparation of Alginate Capsules Containing Sage
Phenolic Extracts. The methods described by Topuz et al.
[12] and Nguyen et al. [11] were slightly modified and used
in the encapsulation of sage extract. Accordingly, 2% (w/v)
sodium alginate solution was prepared at 60°C using a
mechanical stirrer (MTOPS MS3040D Lab. Stirrer Korea).
Seven capsule solutions (600, 450, 300, 150, 75, 37.5, and
Oppm) were prepared using sage extract (~3.6'Bx) and
sodium alginate solution (Figure 1) and cooled to room tem-
perature. Alginate capsule solution without sage extract was
named as the control sample (0 ppm). Sage extract-alginate
solutions were dripped into the 2% CaCl, gelling solution
from 3 cm using a syringe (1 mm needle hole diameter) to
form sage-encapsulated capsules. The calcium chloride solu-
tion containing capsules was gently stirred with a magnetic
stirrer (MR Hei-Tec, Heidolph Co., Schwabach, Germany)
for 5min to prevent sticking of sage capsules. Then, sage
capsules were washed with distilled water to remove any
excess Ca’* from their surface. The sage capsules
(Figure 2) were kept at 4°C for a maximum of 2 days until
the analysis was performed.

Phenolic content, antioxidant activity analyses, and
kinetic experiments were carried out with samples at four
different concentrations (37.5, 75, 150, and 300 ppm), since
capsule formation could not be formed with solutions con-
taining 450 and 600 ppm of sage extract.

2.3. Dry Matter Content and Water Activity (aw) Measurement.
Dry matter analysis of the samples was carried out by drying
them in an oven at 105°C until constant weight. The dry
matter content of the samples was given as % after weighing
before and after drying [19]. The water activity (aw) value of
the samples was determined using a water activity device
(AquaLab 4TE, Decagon Devices, Washington, USA) [5].

2.4. Capsule Size and Shape Measurements. The mean
diameters (D) and sphericity factors (SF) of the capsules
were measured using a digital caliper and the equations
(Equations (1) and (2)) below [20].

d_ . +d_.

D = _max min , 1
e (1)
A — Ao

SF — max min , 2
dmax + dmin ( )

where d, . is the maximum diameter of a capsule and d,;,
is the minimum diameter. Eight capsules were used for each
measurement.

2.5. Bulk Density Measurement. The bulk density of the sam-
ples was determined according to the method described by
Aykin-Dinger et al. [19]. Accordingly, 5g of sample was
weighed into a 25mL graduated cylinder and the volume
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FIGURE 1: Appearance of alginate solutions mixed with different
proportions of sage extracts.

FIGURE 2: Appearance of alginate capsules ((a) control sample (0),
(b) sample 1, (c) sample 2, (d) sample 3, and (e) sample 4).

(mL) used to determine bulk density was measured. Bulk
density was calculated by dividing the mass of the samples
by the volume of the cylinder occupied by the samples.

2.6. Color Measurement. Color measurement of the capsule
samples was performed using a colorimeter (Chroma Meter
CR-400, Konica Minolta, Osaka, Japan) (8 mm light hole; 2°
observer). The light source of the device is a pulsed xenon
lamp, and a D65 illuminator was used for the measurements.
Samples were placed in the measuring holder of the color
device to cover the bottom of the holder, and color measure-
ment was performed from 8 different points, and average
L *, a x, and b * values were recorded [12].

2.7. Determination of Total Phenolic Content and
Antioxidant Activity. Extraction of the phenolic compounds
from the capsule samples was performed according to the
method of Dinger et al. [21] with some modifications. One
gram of the sample was weighed into a 50 mL tube, and after

the capsules were crushed with a glass rod in the tubes,
50 mL of 80% methyl alcohol was added. The tubes were
placed in an ultrasonic bath (Bandelin Sonorex Digiplus,
160/640 W, 35kHz, Germany), and phenolic compounds
were extracted at 40°C for 30 min. Then, the sage extracts
were filtered through coarse filter paper and kept at 4°C until
the analyses.

Total phenolic content was determined with the Folin-
Ciocalteu Assay [21]. 2.5mL of 02N Folin-Ciocalteu
reagent was added to 0.5mL of extract, and then, 2mL
Na,CO; (75g/L) was added, and the mixture was incubated
at 50°C for 5 minutes. The absorbance of the cooled solution
was recorded using a spectrophotometer (Thermo Scientific
Evolution 160 UV-Vis, USA) at 760 nm. Results are given in
mg gallic acid equivalents (GAE)/kg.

Diphenylpicrylhydrazyl (DPPH) assay was based on the
method described by Ferndndez-Le6n et al. [22]. Briefly,
950 uL of 6 x 107> M 2,2-diphenyl-1-picrylhydrazyl (DPPH)
solution was added to 50 uL of the working samples. After
that, the mixtures were shaken and incubated in the dark
at room temperature for 30 min. Absorbances of the samples
were measured at 515nm using a spectrophotometer
(Thermo Scientific Evolution 160 UV-Vis, USA). Results
are given in mg Trolox/kg.

2.8. Release Kinetic of Phenolics in Water. Kinetic experi-
ments were carried out with samples at four different con-
centrations (37.5 (1), 75 (2), 150 (3), and 300 (4) ppm).
(Since the capsule could not be formed with solutions con-
taining 45 (5) and 600 ppm (6) sage, the sample without
sage (0 ppm) was not used in the kinetics study because it
was a control sample). Equally weighed capsules of each
concentration were added to a fixed volume of release
media separately. The ratio of the capsules to water was
1:20 (g/mL). The suspension was stirred at 250rpm on a
magnetic stirrer at 25°C. At each sampling time (1, 3, 5, 7,
10, 15, 20, 30, 40, 60, and 90 min), 2 mL aliquots was with-
drawn from the mixture followed by returning the same
volume of fresh water.

To understand the mechanism of phenolic release from
the capsules, six different mathematical models were used
(First Order, Higuchi, Korsmeyer-Peppas, Hixson and Cro-
well, The Peppas-Sahlin, Gompertz). Kinetic parameters of
phenolic release were calculated by plotting and fitting the
mean release data vs. time for model equations (Egs.
(3)-(8)), expressed as follows [11, 23, 24]:

M
First order model : —~ =100[1 — exp (—kt)], (3)
Meq
M
Higuchimodel : —% =kt (4)
Meq
M
Korsmeyer — Peppas : —- = kt", (5)
M,
M
Hixson and Crowell : —* =100 x [1 - (1-kt)’],  (6)
Meq



M,

The Peppas — Sahlin : o kit + kot (7)
eq
Ml’

Gompertz : I = exP (aexp (B log 1)), (8)
eq

where M, and M, are the cumulative amount of phenolic
released at time ¢ (M,) and at equilibrium time (M,,) versus
time to the equation of the corresponding mathematical
models. k, k;, k,, m, n, «, and § are model constants.

Two criteria were used to evaluate the models: the coef-
ficient of determination (R*) and root-mean-square error
(RMSE) (Egs. (9) and (10)). Lower RMSE and higher R
values indicate that the data fit the models better. SigmaPlot
14.0 program (Systat Software Inc., USA) was used to calcu-
late the data.

R2 -1 Zf\:rl (MRpre,i - MRexp,i)2 (9)
— 2 bl
Zi=1 (MRpre - MREXP,I)
LN 1/2
2
RMSE = | Z (MR,.; - MR ) (10)

2.9. Statistical Analysis. Experiments were performed in
duplicate. Statistical analysis was performed using the SAS
version 7 (SAS Institute Inc., Cary, NC, USA). ANOVA
was conducted, and Duncan’s multiple range tests were used
to compare the significant means.

3. Results and Discussion

3.1. Dry Matter Content and Water Activity (aw) of Sage
Capsules. The dry matter content and water activity (aw)
values of the sage capsules are given in Figure 3(a). It
was determined that the dry matter content of the samples
varied between 1.99% and 2.18%, and the sage extract
ratio used in the production of the capsules did not have
a statistically significant effect on the dry matter amount.
The aw values of the samples varied between 0.9976 and
0.9990 (Figure 3(a)). It was observed that the aw values
of the samples were not statistically significantly affected
by the ratio of sage extract used in the production of
the capsules.

da Silva Carvalho et al. [25] produced spheres by ionic
gelation method by coating the anthocyanin extract of jus-
sara (jugara) fruit (Euterpe edulis Martius) with alginate,
alginate + chitosan, alginate + chitosan, alginate + whey con-
centrate, and alginate + gelatin. Researchers reported the dry
matter content of the samples as between 6.7% and 7.7%.
Additionally, the dry matter content of alginate capsules
without added anthocyanin extract was determined as
5.6%. In another study in which chokeberry phenolics were
encapsulated by spray drying, cocrystallization, and ionic
gelation, the moisture content of the capsules produced by
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the ionic gelation method using 2% sodium alginate, 2.5%
CaCl,, and 20% w/w (17°Bx) was reported as 96.52% (dry
matter content 3.48%) [26].

Cutrim et al. [27] reported the moisture content values
of the samples as 1.63% and 79.17%, and the aw values as
0.5498 and 0.9928, respectively, in their study in which they
encapsulated green tea polyphenols with spray chilling and
ionic gelation methods. In addition to the concentration
and amount of extract used in the production of alginate
capsules, the ratio of other substances used in production
and the production method can also affect the dry matter
content and aw value.

3.2. Capsule Size, Shape, and Bulk Density Measurements.
The size and shape of capsules are important parameters to
consider in the formulation of pharmaceutical and food
products, as spherical capsules with uniform size distribu-
tion are desired for the active functional ingredient to be
effective at the targeted level [28]. The results of the diameter
and sphericity factor of the produced sage capsules are
presented in Figure 3(b). It was determined that the diame-
ter of the capsule samples varied between 2.134 mm and
2.566 mm, and an increase was observed with the increase
in sage concentration, but this was statistically insignificant.
Sphericity factor (SF) values of 1, 2, 3, 4, and control samples
were determined as 0.042, 0.044, 0.043, 0.273, and 0.039,
respectively. Chan et al. [20] stated that the shape of alginate
capsules can be classified in 4 different types: spherical-
shaped, tear-shaped, pear-shaped, and egg-shaped. They
also reported in their study that capsules can be expressed
as spherical if the sphericity factor value is less than 0.05.
According to this evaluation, the samples in this study
except sample number 4 can be classified as spherical. This
may be related to the phenolic extract/alginate concentra-
tion. As a matter of fact, capsule formation was not observed
in other samples where the extract concentration increased.
Similar results have been reported in study where phenolic
compounds were encapsulated by different methods. Cam
et al. [29] reported that the microcapsules obtained in the
spray dryer with samples with lower phenolic substance
content were more stable. On the other hand, Toprake
et al. [30] reported the average SF value of the samples as
0.047 in their study in which they encapsulated the active
substance consisting of sour cherry biowaste. The results of
the bulk density of the capsules are presented in
Figure 3(c). It was determined that the bulk density of the
samples varied between 0.784 g/mL and 0.917 g/mL, and an
increase was observed with the increase in sage concentra-
tion, but this was statistically insignificant. Toprake1 et al.
[30] reported in their study that the bulk density value
of alginate microcapsules of sour cherry biowaste was
0.54g/mL.

3.3. Color Values, Phenolic Content, and Antioxidant
Activity of the Samples. Figure 3(d) shows the L *, a *, and
b * color values of the sage capsule samples. As the concen-
tration of sage extract added to the samples increased, the
L % value decreased, but this change was not observed at a
statistically significant level. In addition, the highest L
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FIGURE 3: Some physicochemical properties of the capsules ((a) dry matter and aw values of the samples; (b) capsule diameter (D) and SF
values of the samples; (c) bulk density values of the samples; (d) L #, a *, and b * color values of the samples; (e) phenolic content and

antioxidant activity of the samples.

value was determined in the control sample, and it was
determined that the L % value of this sample was statistically
higher than the other samples. The highest a * value was
determined in the control sample with -0.11, while the low-
est a * value was determined in sample number 3 with -0.42.
The +b * value of the samples described as yellowness value
was determined between 0.18 (control sample) and 4.67
(sample number 4). Additionally, as can be seen from
Figure 2, the yellowness value of the samples increased
significantly as the added sage concentration increased. In
a study where green tea phenolics were encapsulated, L *,
a *, and b * values were reported as 84.69, 1.12, and 9.87,
respectively [27].

Phenolic content and antioxidant activity values of the
samples are presented in Figure 3(e). While the phenolic

content of the samples was determined between 0.174 and
1.1831 mg/kg GAE, the antioxidant activity values were
determined between 0.9602 and 6.6930. As the concentra-
tion of sage extract added to the alginate solution increased,
both phenolic content and antioxidant activity values
increased significantly. Benkovi¢ et al. [14] reported the phe-
nolic content in alginate capsules prepared by adsorption on
lavender, peppermint, thyme, sage, and lemon balm extracts
for 16 hours as 0.19 to 0.59 mg GAE/g capsules. On the other
hand, Cutrim et al. [27] reported the phenolic content of the
samples as 27.44 and 2.38 mg/g, respectively, in their study
in which they encapsulated green tea polyphenols with spray
chilling and ionic gelation methods.

The relationship between the increase in concentration
of sage extracts in solution and the increase in b * color
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TaBLE 1: Pearson’s correlation matrix of sage extract concentration, color values, phenolic content, and antioxidant activity.
Pearson’s correlation coefficients (r)

Concentration L= a b * Phenolic content Antioxidant activity
Concentration 1
L -0.848525984 1
a * 0.403990741 0.13316 1
b * 0.988988849 -0.91687 0.270588 1
Phenolic content 0.996336564 -0.88693 0.326271 0.996251 1
Antioxidant activity 0.995584964 -0.89017 0.318702 0.996507 0.999965 1

value, phenolic, and antioxidant activity is also revealed by
the Pearson correlation matrix in Table 1. There appears to
be a high correlation between these values. It can also be seen
from Table 1 that there is a negative correlation (~ -0.85)
between the increase in concentration and L * values. It is seen
that the correlation between b * value and phenolic, b * value
and antioxidant activity, and phenolic and antioxidant activity
is quite high.

3.4. Release of the Sage Phenolic and Its Kinetic. The release
profile results of sage phenolic capsules in water are pre-
sented in Figure 4. Phenolic release rates were faster at
the beginning of the treatment and then slowed over time,
as shown in Figure 4. The reason is the difference in pheno-
lic concentration between solution and capsules that
decreases over time [31]. Similar trends were reported by
Benkovi¢ et al. [14] for sage, thyme, peppermint, lavender,
and lemon balm capsule phenolic release. While the cumu-
lative release in sample 1 was only 35.32% in the first 30
minutes, this value was determined as 53.95% in sample
4. Phenolic release of sample 1 at the end of the 90 min
of process was determined as 64.67% while those of sam-
ples 2, 3, and 4 were determined as 70.73, 72.53, and
73.96, respectively. The highest phenolic release occurred
in sample 4, which contained the highest concentration of
sage extract.

First Order, Higuchi, Ritger-Peppas, Hixson and Cro-
well, The Peppas-Sahlin, and Gompertz models were used
to understand the mechanism of phenolic release from the
capsules. The coefficient of determination (R*) and the
coefficient of determination root-mean-square error (RMSE)
values were calculated for each model as they provide the
suitability of the model for the given experimental data set.
Lower RMSE and higher R* values represent the suitability
of the data to the models. In addition, the estimated k, k,,
k,, n, m, a, and B kinetic parameters of the models are given
in Table 2. R? values of the chosen models were calculated
between 0.6712 and 0.9979 while RMSE values of the models
were varied between 1.0032 and 12.8066. The lowest RMSE
and the highest R* values were calculated in The Peppas-
Sahlin and Korsmeyer-Peppas models, respectively. In addi-
tion, Figures 5(a), 5(b), 5(c), 5(d), 5(e),and 5(f), present a
comparison of experimental and predicted data for the phe-
nolic release in relation to models. The model with the clos-
est observed and predicted values (Figure 5(e)) was observed

Cumulative phenolic release (%)

0
0 10 20 30 40

50 60 70 80 90 100

Cumulative phenolic release (%)

Time (min)
—o— 4 —-— 2
—A— 3 —— 1

Ficure 4: Effect of different initial phenolic concentration on
cumulative release of the sage phenolic encapsulated in alginate
capsules.

as The Peppas-Sahlin. On the other hand, the model with
the lowest suitability with the experimental data was deter-
mined as Hixson and Crowell.

Benkovi¢ et al. [14] analyzed the adsorption and release
processes of Lamiaceae plant extracts (peppermint, lavender,
sage, lemon balm, and thyme) on alginate microparticles.
Among the 4 models used in the study (Zero Order, First
Order, Korsmeyer-Peppas, and Higuchi), the most appro-
priate model was reported to be Korsmeyer-Peppas
(R?>0.8194). On the other hand, in studies in which
curcumin [32] and Mentha spicata essential oil [33] were
microencapsulated, it was reported that The Peppas-
Sahlin was the most successful model in explaining the
release mechanism.

The k value (Table 2) of the models is defined as the
release rate constant. The increase in the concentration of
sage extract loaded into the samples increased the k value,
that is, the phenolic release rate from the capsules, in the
First Order, Higuchi, Ritger-Peppas, and Hixson and Cro-
well models.

In the Gompertz model, o determines the undissolved
fraction at time ¢ =1 and is defined as the position or scale
parameter; f3 = dissolution rate per unit time is defined as
the shape parameter. This model initially has a steep rise
and gradually converges to the asymptotic maximum disso-
lution [34]. In this study, it is seen that as the concentration
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TaBLE 2: Identified parameters obtained by the model equations to the experimental phenolic release data for capsules.

Samples  Parameters  First Order =~ Higuchi ~ Korsmeyer-Peppas  Hixson and Crowell ~ The Peppas-Sahlin ~ Gompertz

R? 0.9414 0.991 0.9977 0.9083 0.9979 0.9925
RMSE 4.8158 1.8903 1.0032 6.0256 1.0171 1.802
k 0.8479 51.5587 52.6391 0.2454
n 0.5606
1 ky 58.0331
k, -5.1792
m 0.6007
« 3.9498
B 0.3661
R? 0.9285 0.9905 0.9906 0.8776 0.9974 0.9793
RMSE 6.0125 2.1906 2.2882 7.8648 1.2557 3.3945
k 1.1235 60.2443 60.3735 0.3161
n 0.5059
2 k, 87.5645
k, -25.7097
m 0.6752
« 4.0889
B 0.3146
R? 0.9150 0.9897 0.9915 0.8615 0.9959 0.987
RMSE 7.8402 2.6340 1.9191 9.7957 1.5814 2.6775
k 1.3538 66.5828 65.9209 0.3778
n 0.4731
3 k, 84.4969
k, -20.6183
m 0.5604
« 41391
B 0.2747
R? 0.7741 0.9383 0.9934 0.6712 0.9952 0.9889
RMSE 10.6143 5.5453 1.8996 12.8066 1.7032 2.4723
k 1.5717 70.0718 66.5155 0.4318
n 0.3719
4 k, 87.2649
k, -20.4419
m 0.4608
« 4.1944
B 0.2238

of sage extract added to the samples increases, the « value
increases from 3.9498 to 4.1944, and the f3 value decreases
from 0.3661 to 0.2238.

The n value in the Korsmeyer-Peppas model is known as
the release exponent that defines the release mechanism, and
it is stated that the mechanical limits of n depend on the
geometry of the material on which the active components

are loaded [35]. For cylindrical systems, the release mecha-
nism is expressed by the Fickian diffusion mechanism when
n < 0.45, by non-Fickian transport when 0.45 < n < 0.89, by
state II (relaxation) transport when n =0.89, and by super
state II transport mechanisms when #n>0.89. Anomalous
diffusion or non-Fickian diffusion refers to the combination
of both diffusion and erosion-controlled rate release. In this
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FIGURE 5: Residuals between experimental and predicted data for the phenolic release in relation to models ((a) First Order, (b) Higuchi, (c)
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study, it was determined that the n value of the samples
changed between 0.37 and 0.56 depending on the added
sage concentration. According to the Korsmeyer-Peppas
model, it is concluded that both diffusion and erosion-
controlled release mechanisms occur for samples 1 and
2, while the Fickian diffusion mechanism occurs for sam-
ples 3 and 4.

In The Peppas-Sahlin model, m is the diffusional expo-
nent, and k; and k, are diffusion and erosion constants,
respectively. The lower and negative k, values (relaxation
kinetic constant) in The Peppas-Sahlin equation compared
to k, value (diffusion rate constant) indicate the dominance
of Fickian diffusion and the minor effect of relaxation
process in the mechanism of phenolic release (Table 2). In

addition, the ratio (R) of relaxational over Fickian (F) contri-
bution can be calculated by [32]

W'NX‘

o =

A" (11)

The R/F ratio vs. time graph is shown in Figure 6. The
R/F factor was calculated to be negative (Figure 6),
indicating that the phenolic release is predominantly con-
trolled by diffusion phenomenon. Similar results regarding
k,, ky, and R/F values in The Peppas-Sahlin model were
reported by Kour et al. [32] for the release of encapsulated
curcumin.
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4. Conclusion

Capsules are promising delivery systems for encapsulation
and release of phenolics since they can be fabricated from
food-grade biopolymers using mild processes. In this study,
sage phenolics at different concentrations were successfully
encapsulated with sodium alginate. The yellowness (+b *)
value of the samples increased significantly as the added sage
extract concentration increased. In addition, as the concen-
tration of sage extract added to the alginate solution
increased, both phenolic content and antioxidant activity
values increased significantly. However, when the sage
extract concentration increased to 300 ppm and above, the
spherical shape of the capsules was distorted and even the
capsule could not be formed. On the other hand, among
the 6 models tested, The Peppas-Sahlin model, with the
highest R* and lowest RMSE values, was suggested as the
most successful model in describing the release mechanism
of sage phenolics. Peppas-Sahlin model kinetic parameters
indicating the phenolic release are predominantly controlled
by diffusion phenomenon. In addition, studying the release
mechanism of phenolics from capsules in different food
simulants as well as water may contribute to the more com-
mon use of capsules in the food industry.
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