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In this study, it was aimed to investigate the effects of both using curcumin and microencapsulation method on in
vitro release behaivour of chia seed oil and its antioxidant potential during simulated gastrointestinal (GI) tract.
Maltodextrin (MD) and gum Arabic (GA) was used as wall materials for freeze dried capsules. Sample 6, having
1:3 MD to GA ratio, 1:5 chia seed oil to wall material ratio and 40% total dry matter content, was found to have
the optimum results in terms of emulsion stability (CI% = 0), zeta potential (—32.2 + 0.8 mV) and size distri-

bution (600 + 8 nm). Moreover, release profiles of encapsulated chia seed oil samples were evaluated to
determine if curcumin addition has any significant effect. The results revealed that curcumin addition decreased
the release of chia seed oil from 44.6% to 37.2%. On contrary, it increased total phenolic content of in fraction of
intestine to 22 mg gallic acid equivalents (GAE)/L.

1. Introduction

In recent years, people have become more aware of the impact of diet
on health (Us-Medina, Julio, Segura-Campos, Ixtaina, & Tomas et al.,
2018). Therefore, they are in search of food products enriched with
compounds which are good for health (Julio et al., 2015). Poly-
unsaturated fatty acids (PUFAs) are well-known to have
health-promoting effects (Timilsena, Adhikari, Barrow, & Adhikari,
2017). Of the PUFA family, omega-3 and omega-6 essential fatty acids
(EFAs) need to be taken by diet since they cannot be synthesized in the
human body (Timilsena, Adhikari, Barrow, & Adhikari, 2016; Us-Me-
dina, Julio, Segura-Campos, Ixtaina, & Tomas, 2018). Fish oils are
commonly consumed as omega-3 fatty acid, eicosapentaenoic acid
(EPA) and docosahexaenoic acid (DHA), source. Vegetable oils having
high EFA content are increasing in popularity compared to fish oils since
there are controversies about fish oil usage and vegan people cannot
consume fish oils (Timilsena, Adhikari, et al., 2017). For this reason,
fortification of functional foods with plant based-omega-3 fatty acids are
becoming an attractive option in the food industry (Julio et al., 2015).
As a possible source of these components, chia seed contains satisfac-
torily high amounts of omega-3 PUFAs compared to other plant sources
(Marineli et al., 2014).
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Salvia hispanica L., widely known as chia, is an annual plant (Marineli
et al., 2014). Chia seeds have promising bioactive components for
human health. Chia seed is composed of approximately 30% of oil
(Ozcan, Al-Juhaimi, Ahmed, Osman, & Gassem, 2019), 85% of which is
PUFAs (Timilsena et al., 2016). a-linolenic acid (ALA) is the main fatty
acids with a ratio of 68% of total fatty acids in chia seed (Ozcan et al.,
2019). As stated above, chia seed oil contains high amount of a-linolenic
(omega-3) and o-linoleic acids (omega-6) which are essential nutrients
since human being cannot synthesize them (Silva et al., 2016). Omega-3
to omega-6 ratio is also, an important parameter for healthy diet; thus,
chia seed oil consumption will be beneficial since its ratio is between
3.18 and 4.18 providing a good equilibrium (Ayerza, 1995; Us-Medina
et al., 2018). This high concentration of omega-3 is associated with the
reduced risk of coronary artery disease, cardiovascular diseases, being
antithrombotic, antiinflammatory, antiarrhythmic and favoring plaque
stabilization, hypertension, diabetes, rheumatoid arthritis, autoimmune
diseases, immune response disorders and cancer (Mcclements, Decker, &
Weiss, 2007; Meyer & Groot, 2017). Chia seeds can lower blood con-
centrations of triglycerides (TG), total cholesterol (TC), low density li-
poproteins (LDL) and very low density lipoproteins (VLDL) induce
oxidative stress also increase plasma and hepatic antioxidant capacity
(Silva et al., 2016). Owing to its high PUFA content, chia seed oil is
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susceptible to oxidative deteriorations arising from environmental and
storage factors, such as heat, light and moisture. Encapsulation of chia
seed oil is a promising alternative to protect the oil against lipid
oxidation and improve solubility and stability. In the interest of pre-
venting lipid oxidation and providing lipid stability, encapsulation
application is used in food products (Campo et al., 2017). In order to
protect EFA content and bioavailability of oil, encapsulation of chia seed
oil is employed (Timilsena et al., 2016).

Chia seed oil has natural antioxidants such as tocopherols, phytos-
terols, carotenoids and phenolic compounds which makes the oil quite
stable against its high PUFA content. There’s a great interest in natural
antioxidants that have protective effect against the reactive oxygen and
nitrogen species damages (Martinez-Cruz & Paredes-Lopez, 2014; Taga,
Miller, & Pratt, 1984).

Curcuma longa L., widely known as turmeric, has gained interest due
to its antioxidant capacity (Almeida, Sampaio, Bastos, & Villavicencio,
2018). Curcumin, the main bioactive compound of turmeric, is easily
disintegrated and encapsulation application can be used to protect it
from degradation. Furthermore, studies show that direct curcumin
addition has a negative impact on food products, whereas, encapsulated
curcumin improves product characteristics in terms of sensory features
(Rafiee, Nejatian, Daeihamed, & Jafari, 2019). Curcumin, as stated
above component of turmeric, is a compound that has considerable
attention for therapeutic, anticarcinogenic, antiinflammatory and anti-
oxidant properties against many diseases such as neurodegenerative
disorders, oxido-nitrosative stress (Pulido-Moran, Moreno-Fernandez,
Ramirez-Tortosa, & Ramirez-Tortosa, 2016). However curcumin has
many important pharmacological properties, high rate of degradation,
limited blood-brain barrier diffusion, poor intestinal absorption, low
solubility in aqueous solutions, and chemical instability limit its po-
tential as a therapeutic agent. Therefore, encapsulation studies have
being attempted to improve its stability and bioavailability (Ullah et al.,
2017).

Microencapsulation process protects bioactive compounds from de-
teriorations by capturing them in a matrix (Us-Medina et al., 2018). In
addition, their application into the food matrix become much easier,
since liquid compounds are entrapped into a solid matrix allowing them
to become more applicable (Timilsena, Adhikari, et al., 2017). The
core/wall ratio, wall material, and encapsulation technique are impor-
tant factors affecting the encapsulation efficiency (Copado, Diehl,
Ixtaina, & Tomas, 2017). In the food industry, the wall material varieties
are limited compared to the pharmaceutical industry due to their GRAS
status. Proteins, natural gums, waxes, carbohydrates having low mo-
lecular weight and gelatins can be used for food products (Us-Medina
et al., 2018), whereas whey protein concentrate, gum Arabic, and soy
protein isolate can be used for chia seed oil (Campo et al., 2017).
Although spray drying is more commonly used method for encapsula-
tion, freeze drying is better than any methods in the quality aspects
(Chen, Zhong, Wen, McGillivray, & Quek, 2013). The structural stability
of chia seed oil was improved and the functional properties were
enhanced by encapsulating it in emulsions. In this study, freeze drying
technique was used to obtain microencapsulated chia seed oil with
curcumin. Freeze drying, also known as lyophilisation, is simple dehy-
dration process that involves freezing and sublimation at low tempera-
tures (Laokuldilok & Kanha, 2015). This process improves antioxidant
activities and protects oils against oxidative reactions. For heat sensitive
compounds such as fatty acids, tocopherols and phenolics; this process is
more suitable (Fang & Bhandari, 2012).

The use of different matrices and techniques for the encapsulation of
oils has varying influences on the bioavailability of their bioactive
chemical constituents. In recent years, in vitro digestion models have
been used for assessment of bioavailability of microencapsulated PUFAs.
Bioavailability of oils are generally assessed with percentage of free fatty
acid (FFA) release during digestion assay. Joung et al. (2016) mentioned
that diminished droplet size affects FFA release in a positive manner.

The aim of this study was to encapsulate curcumin and chia seed oil
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into gum Arabic (GA) and maltodextrin (MD) by freeze drying. On the
other hand, an improved understanding of the release behaivour and
antioxidant potential of encapsulated chia seed oil containing curcumin
have been studied during in vitro digestion studies.

2. Materials and methods
2.1. Materials

Cold-press chia seed oil (Salvia hispanica L.) was purchased from
Neva Food Co. (Istanbul, Turkey); curcumin (95% purity) from Herba-
turk Co. (Istanbul, Turkey) and gum Arabic from acacia tree from Nexira
Co. (Rouen, France). Maltodextrin was provided from Tate&Lyle (Mold,
Flintshire, UK). All other reagents and solvents were purchased from
Sigma Chemical Co. (St. Louis, MO) and Merck (Whitehouse, NJ) and
they were of analytical or chromatographic grade.

2.2. Methods

2.2.1. Emulsion formation

Emulsions were prepared using the wall material MD and GA in
different ratios as stated in Table 1. Emulsions containing different ratios
of MD, GA, chia seed oil and curcumin were prepared with a rotor-stator
homogenizer (Ultra-Turrax, IKA T18, Germany) for 5 min operating at
18,000 rpm (Carneiro, Tonon, Grosso, & Hubinger, 2013). MD to GA
ratio was used as 1:1, 3:1 and 1:3. The total dry matter of the emulsion
was adjusted to 30 and 40% by Brix° measurement in which the oil to
wall material ratios were changed as 1:3 and 1:5, respectively.

In order to determine curcumin amount in curcumin included
emulsions, oil ratios of emulsions were calculated. After solubility assay,
the highest amount of curcumin that can be solubilized in chia seed oil
was added to the emulsion. Sample 6 was chosen according to stability
assays, which had 6.67% oil. Thus, 5.12 mg curcumin/100 mL emulsion
was added to the sample.

2.2.2. Emulsion stability test

Immediately after emulsion preparation, each emulsion was poured
into a 10 mL cylindrical graduated glass tube, sealed and stored at 4 °C
for one day. Emulsion stability was analyzed by the volume of the upper
phase measured after 24 h (Noello, Carvalho, Silva, & Hubinger, 2016).
The phase separation was calculated according to Equation (1).

CI % = (V/Vp) x 100 (@)

where CI is the creaming index, V( represents the initial emulsion vol-
ume and V is the upper phase volume.

2.2.3. pH and zeta-potential measurements

In order to measure pH of the emulsions, they were homogenized
with vortex. The pH was determined electrometrically using a glass
electrode. pH meter was calibrated using a series of standard buffer
solutions having a pH of 4.0 and 7.0 (Teo, Misran, & Low, 2012).

To determine the electrical charge on the surface of the oil droplets,
freshly prepared emulsions were diluted to the concentration of 0.1%
(v/v) in water. The particle size measurement was performed in a
microelectrophoresis chamber of a Nano ZS-90 Zetasizer (Malvern

Table 1
Experiment plan for emulsion studies.

MD/ Total dry matter (40%) Total dry matter (30%)

GA

ratio Oil/Wall Oil/Wall Oil/Wall Oil/Wall
material ratio material ratio material ratio material ratio
(1:3) (1:5) (1:3) (1:5)

1:1 Sample 1 Sample 2 Sample 7 Sample 8

31 Sample 3 Sample 4 Sample 9 Sample 10

1:3 Sample 5 Sample 6 Sample 11 Sample 12
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Instruments Ltd., Worcestershire UK) according to Etzler and Deanne
(1997). Physical characterization studies showed that chia seed oil has a
refraction index of 1.4761 (Segura-Campos, Ciau-Solis, Rosado-Rubio,
Chel-Guerrero, & Betancur-Ancona, 2014).

2.2.4. Solubility measurements of curcumin in chia seed oil

Solubility of curcumin in chia seed oil was measured spectrophoto-
metrically. Curcumin at an amount of 10 mg was mixed with 10 mL chia
seed oil by vortex and centrifuged at 400 rpm for 30 min. Solubility of
curcumin was measured at a wavelength of 428 nm (Cunico, Acosta, &
Turner, 2017).

2.2.5. Microencapsulation by freeze-drying

Freeze-drying method was used for microencapsulation of chia seed
oil with curcumin. Prepared emulsions were frozen at —80 °C then dried
in Alpha 1-2 LD plus lyophilizer (Christ, Osterode am Harz, Germany) at
50 °C, 0.1 mbar pressure for 36 h (Gonzalez, Martinez, Paredes, Leon, &
Ribotta, 2016).

2.2.6. Microcapsule characterization

Moisture content and water activity, total and surface oil determi-
nation, and encapsulation efficiency of the microcapsules were investi-
gated in the study.

2.2.6.1. Moisture content and a, analysis. Moisture content was
measured with infrared moisture analyzer (MOC63u, Shimadzu, Kyoto,
Japan), which has a temperature of 120 °C. Water activity of encapsu-
lated samples was measured using moisture meter, a,, device (Protim-
eter Surveymaster, GE, Billerica, MA) (Campo et al., 2017).

2.2.6.2. Total and surface oil analysis. Total oil (TO) determination and
surface oil (SO) analysis were carried out according to a previous
methodology of Gonzalez et al. (2016) with some modifications. Briefly,
an aliquot of each microcapsule (10.0 & 0.1 g) was placed in the Soxhlet
extraction apparatus and refluxed with n-hexane (200 mL) for 6 h. The
total oil extracted was weighed and expressed as a percentage of oil with
respect to the weight (dry basis) of the microcapsules. For surface oil
determination, an aliquot of each microcapsule (3.0 + 0.1 g) was mixed
with n-hexane (20 mL) for 1 min. The solvent is then evaporated and the
remaining oil was weighed and expressed as a percentage of oil with
respect to the weight.

2.2.6.3. Determination of encapsulation efficiency. The encapsulation
efficiency (EE) was determined by calculating the ratio of the total oil
contained in the microcapsules (TO) and the surface oil (SO) located on
its surface, which were determined previously, according to Eq. (2).

EE = [(TO — SO)/TO] x 100 2

2.2.7. Characteristics of microcapsules during simulated GI tract conditions

A static in-vitro digestive system model that simulates digestion in the
mouth, stomach and intestine was prepared. Microcapsules (12.5 g)
equal to 1 g of oil were kept in the mouth, stomach and intestine fluid for
2 min, 2 h and 2 h, respectively. Oral and gastric fluid solutions were
prepared according to the methods mentioned by Timilsena, Adhikari,
Barrow, and Adhikari (2017). Intestinal fluid solution was composed of
1% pancreatin, 0.9% sodium chloride, and 0.3% bile salts as mentioned
in the study performed by Yiiksel-Bilsel and Sahin-Yesilcubuk (2019).
An aliquot of oral solution (10 mL) was added to microcapsules having 1
g of oil. This mixture was placed in an orbital shaker (IKA, KS4000i,
Germany), and the temperature of the equipment was adjusted as 37 °C.
At the end of oral digestion period, 10 mL of gastric fluid solution was
added to digested solution, and shaking procedure was continued for 2 h
20 mL of intestinal fluid solution and 96 mg of pancreatic lipase were
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added to gastric digested solution, after pH of the intestinal solution was
set to 7.8.

2.2.7.1. Oil release. In order to determine oil release during simulated
digestion, samples were taken at 30 min intervals. Each sample under-
went filtration through Whatman No.1 filter paper and washing with 10
mL of hexane. Hexane layer was collected for further spectrophoto-
metric analysis and absorbances were evaluated at 450 nm. Calibration
curve was drawn according to known amount of chia seed oil - hexane
mixtures (Timilsena, Adhikari, et al., 2017).

2.2.7.2. Antioxidant potential. Total phenolics were analyzed colori-
metrically according to the method of Spanos and Wrolstad (1990).
Briefly, sample solution at an amount of 100 pL was filtered using
0.45-pm Millipore membrane. It was completed to 1 mL by the addition
of distilled water. Afterwards, 5 mL of Folin Ciocalteau reagent (0.2 N)
and 4 mL of saturated sodium carbonate (75 g/L) solutions were added.
The mixture was homogenized by vortex. The obtained solution was
waited for 2 h. At the end of 2 h period, absorbances were read at 765 nm
using spectrophotometer. The standard calibration curve of gallic acid
was prepared according to known amount of gallic acid mixtures.

The antioxidant (AOX) activity of samples, based on the scavenging
activity of the stable 1,1-diphenyl-2-picrylhydrazyl (DPPH) free radical,
was determined by the method described by Braca et al. (2001). Anti-
oxidant activity was also determined by cupric reducing AOX capacity
(CUPRAC) method, standardized by Apak, Guclu, Ozyurek, and Kar-
ademir (2004). It measures the copper (II) or cupric ion reducing ability
of polyphenols. The standard calibration curve of each AOX compound
was prepared as absorbance versus concentration. The molar absorp-
tivity of the CUPRAC method for each AOX was found from the slope of
the calibration line concerned and the AOX activity was expressed as mg
Trolox per liter (Murali, Kar, Mohapatra, & Kalia, 2014).

2.2.8. Statistical analysis

The results are expressed as means + standard deviation of three
independent repetitions and two experimental repetitions, and they
were analyzed using one factor analysis of variance (ANOVA) test at the
95% level (p < 0.05) of significance. Emulsion preparation analysis were
evaluated by full factorial design method, and in vitro release behaviour
analysis were evaluated by partial t-test. When ANOVA indicated sig-
nificant differences between mean values, means were compared using
t-test. For statistical studies MINITAB software (version 16.1.0) program
was used.

3. Results and discussion
3.1. Emulsion formation

pH values of emulsions prepared using chia seed oil, MD and GA in
different ratios are given in Table 2 pH values varied between 4.37 and
4.74. There was no significant difference between the results of all
samples (p < 0.05).

3.2. Emulsion stability test

Observations showed that there were no phase separations in sam-
ples 2, 5, 6 and 12; they remained stable (CI% = 0) for a 24 h period
(data not shown). When the stability results were evaluated, it was seen
that emulsions having a higher wall material and GA contents were more
stable than others. To conclude, emulsion stability of samples is said to
be provided primarily by the emulsifying characteristics of GA.

The choice of wall material is one of the most important properties
for forming a stable emulsion. Most commonly used carrier agents for oil
encapsulation are MD, GA and whey protein concentrates (WPC). MD is
hydrolyzed starch and has low cost, low viscosity at higher
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Table 2
pH values, zeta potential and zeta size values of emulsions prepared with chia
seed oil and wall materials at different ratios™.

Sample MD/GA  Oil/wall pH Zeta potential ~ Droplet size
ratio material ratio value” (mV)“ (nm)*“

1 1:1 1:3 4.60 + -32.8+0.6% 649 + 16™
0.28

2 1:1 1:5 452 + -3254+1.5°  766+7™
0.11

3 31 1:3 4.65 + —37.14+0.9° 1574 + 84°
0.13

4 31 1:5 4.66 + —37.9+2.0° 1541 + 66°
0.06

5 1:3 1:3 4.47 + —33.7+0.5%  908+4>
0.04

6 1:3 1:5 4.44 + -32.24+0.8°  600+8™
0.02

7 1:1 1:3 437 + —325+1.0°  725+2"
0.23

8 1:1 1:5 450 + —35.9+0.6™  453+7°
0.00

9 31 1:3 4.67 + —40.6 £2.0° 1002 +
0.03 168"

10 3:1 1:5 474 + —40.4 +0.6°  805+2™
0.06

11 1:3 1:3 451 + —34.1 + 6070
0.01 0.5

12 1:3 1:5 4.46 + —347+0.9% 408 +18°
0.01

 Differences between zeta potential and zeta sizes are indicated with lettering
according to the results of statistical experiments for each column.

b Values are presented as mean + SD indicate the replicates of two experi-
mental repetitions.

¢ Values are presented as mean + SD indicate the replicates of three inde-
pendent and two experimental repetitions.

concentration and provides protection against oxidation, but because of
its low emulsifying capacity, it is preferred only in combination with
other carrier agents such as GA and WPC (Premi & Sharma, 2017).
Moreover, the combination of MD and GA is cheap and effective (Gal-
lardo et al., 2013), and the stability of the emulsion prepared with MD
and GA does not deteriorate at 45 °C (Premi & Sharma, 2017).

GA is often preferred in encapsulation methods due to its film
forming and emulsifying properties. GA forms stable emulsions with
different oils between wide pH ranges. Another feature of this gum is its
slow dispersion in water at room temperature. With this feature, it is
thought that microcapsules help to strengthen the food structure. GA can
be used alone or in combination with other polymers in different pro-
portions as wall material. Since it is not effective as a sole wall material,
in many studies, the use of GA with other polymers has benefited from
its synergistic effects (Gallardo et al., 2013).

3.3. pH and zeta-potential measurements

pH value, zeta potential and zeta size measurements were done for
all the emulsions. Results are given in Table 2. It can be seen from
Table 2 that emulsions having higher MD contents tended to have higher
droplet sizes and zeta potential measurements. Thus, to obtain a more
stable product, it was more appropriate to select emulsions composed of
lower MD/GA ratios.

Zeta potential value is one of the important factors that provide the
interpretation of the stability of emulsions. The zeta potential value
measures the charge gravitations or repulsions between the emulsifying
particles. (Premi & Sharma, 2017). When zeta potential and CI results
were taken into consideration, it was shown that Sample 6 was the most
stable one amongst the samples investigated.

According to Campo et al. (2017) the gums have negative zeta po-
tential because they contain carboxylic acid groups. In emulsions with a
pH below 2, positive loads increase in zeta potential measurements, and
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when the pH value is above 2, negative loads increase in measurements.
In our study, the pH value of all 12 emulsion samples varied between
4.37 and 4.74 and it is suitable for zeta potential measurements since the
pH value is over 2.

Moringa oleifera plant was encapsulated with MD and GA as wall
material. Premi and Sharma (2017) stated that GA increased emulsion
stability because of its natural emulsion formation capacity and stabi-
lization nature. GA can form stable emulsions and can be utilized at
maximum amount leaving very less amount of uncovered oil droplets.
Zeta potential measurements of MD/GA emulsions were lower which
represented higher stability.

In another study, fish oil was encapsulated using MD, mesquite gum
and GA by spray-drying method. The MD/GA ratio of 50:50 indicated
the highest thermo-oxidative stability (Pedroza Islas, Macias-Bravo, &
Vernon-Carter, 2002). This shows the high stability of the emulsions
when MD and GA are used together. In our study, MD and GA were used
together as wall materials.

3.4. Solubility measurements of curcumin in chia seed oil

Solubility of curcumin in chia seed oil was measured spectrophoto-
metrically. Curcumin and chia seed oil mixture was diluted by 1,/200
and absorption was measured at 428 nm. Curcumin/chia oil solutions
prepared at different concentrations and the maximum solubility
amount of curcumin in chia seed oil was calculated as 0.77 mg curcu-
min/mL chia seed oil based on the absorption curve.

Diverse methods exist in the aspect of finding curcumin solubility in
oils. Joung et al. (2016) studied curcumin solubility of different food
grade oils. Medium chain triglyceride (MCT) oil, composed of 45%
capric acid and 55% caprylic acid, was found to have the best solubility
with 0.25 mg curcumin/mL oil. (Takenaka et al., 2013) performed a
research similar to Joung et al. (2016) and they also concluded that MCT
oils (Panacet 800 and Panacet 810) had a better solubility among tested
edible oils. After MCT oils, corn oil has the best result with a solubility of
0.53 mg curcumin/g oil. In another study, ultrasonication took place
and linseed oil was found as a better solvent (0.035% solubility) than
other investigated edible oils (Cretu, Dima, Bahrim, & Dima, 2011).

Solubility assays of mentioned researches were not the same as the
procedure applied in this study; therefore, there could be slight differ-
ences between the results. However, when oil solubilities were
compared, curcumin solubility was higher in chia seed oil. Accordingly,
chia seed oil can be a better carrier for curcumin than other food grade
oils.

3.5. Microcapsule characterization

The most stable emulsion in terms of creaming index and zeta po-
tential values (sample 6), prepared with chia seed oil and curcumin, was
freeze dried and the obtained microcapsules were characterized by their
moisture content, a,, value, total and surface oil, and encapsulation ef-
ficiency. The results of characterization studies are given in Table 3.

3.5.1. Moisture content and a,, analysis
Since moisture contents of microencapsulated chia seed oil (MECO)

Table 3
Moisture content, a,, value, total oil, surface oil, and encapsulation efficiency
results of microcapsules.

Sample Moisture aw Total Surface Encapsulation
Content (%) value oil (%) oil (%) efficiency (%)

MECO 3.47 + 0.05 + 7.50 + 2.45 + 67.36 + 0.040
0.057 0.001 0.092 0.031

MECCO  3.56 + 0.04 + 7.53 + 2.51 + 66.69 + 0.20
0.042 0.001 0.084 0.043

MECO, Microencapsulated chia seed oil; MECCO, Microencapsulated chia seed
oil with curcumin.
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and microencapsulated chia seed oil with curcumin (MECCO) were not
higher than 3-4% and a,, values were lower than 0.6, it can be said that
microcapsules can maintain their stability during shelf life and they are
microbiologically stable according to Copado et al. (2017). Chuyen,
Roach, Golding, Parks, and Nguyen (2019) also found similar results and
concluded that their encapsulated powder was considered to be stable
during storage.

In another study in which sodium caseinate and lactose were used as
wall materials of chia oil microcapsules, moisture contents of capsules
were measured as 1.48-3.52 g/100 g. It was indicated that powders used
in food industry should have a maximum moisture specification between
3% and 4% (Ixtaina, Julio, Wagner, Nolasco, & Tomas, 2015).

Copado et al. (2017) also worked with sodium caseinate and lactose
for chia oil microcapsules. In their study, moisture contents were found
as 0.31-2.23%, which were lower than 3-4%. Thus, they concluded that
they could maintain their stability during shelf life since heat treatment
may improved the protection of chia oil against lipid oxidation due to
the antioxidant properties of the Maillard reaction products.

3.5.2. Determination of total and surface oil, and encapsulation efficiency

Encapsulation efficiency is a ratio calculated to find the protection of
encapsulated material from environmental disturbances (Gonzalez
et al., 2016). In order to determine encapsulation efficiency, firstly, the
percentages of total and surface oil were found. Efficiencies were
calculated as 67.36% and 66.69% for MECO and MECCO, respectively.
It can be said that curcumin addition did not have any effect on the
encapsulation efficiency of microcapsules. Encapsulation efficiencies
together with the percentages of total oil and surface oil are given in
Table 3.

Copado et al. (2017) used sodium caseinate and lactose as wall
materials for encapsulation of chia seed oil by freeze drying process.
Encapsulation efficiency was found to vary between 41.4 and 83.9% for
this process. In another study, chia protein isolate and MD were used for
encapsulation of chia seed oil and freeze drying process was applied.
Efficiency of encapsulation was found between 59.6 and 65.5%
(Gonzalez et al., 2016) which was close to our efficiency results.

3.6. Characteristics of microcapsules during simulated GI tract conditions

3.6.1. Oil release

In order to determine the release behaivour of MECO and MECCO
and to investigate the release behaivour of chia seed oil, in vitro release
study of microcapsules were performed by simulating GI tract. Samples
were collected for 4 h at 30 min intervals and chia seed oil release was
observed (Fig. 1).
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During 120 min period, oral and gastric digestion were completed.
Since the wall materials were not composed of protein structured ma-
terials, oil release was low and this protected capsule degradation before
intestinal phase. Timilsena, Adhikari, et al. (2017) encapsulated chia
seed oil into chia seed protein-gum complex, and subjected the capsules
to in-vitro digestion. Oil release in the gastric phase was found to be high,
which was interpretted to the enzymatic protein decomposition during
digestion.

After 240 min, total enteric release of oil from MECO was 487 uL, and
from MECCO was 406 pL. Taking these values into consideration, total
oil release from MECO was 44.6%, and from MECCO was 37.2%.
Released oil contents were found significantly different (p < 0.05).
Curcumin addition decreased the release of microencapsulated chia seed
oil. As a result, it can be concluded that the addition of curcumin may
have increased the physical stability during the encapsulation process.
Curcumin addition could increase the interactions between chia seed oil
and wall materials or it can enhance the durability of wall materials
during digestion. Thus, this might decrease oil release from the capsules.
Furthermore, since it was a spectrophotometric method, curcumin could
interrupt absorbance results.

Release test studies in the literature are generally focused on in vitro
emulsified oil release; thus, studies focused on microencapsulated oil
release are respectively less than others. In a study, chia protein isolate
and chia gum was used as wall materials for encapsulation of chia seed
oil and the highest release in gastric phase was shown in chia protein
isolate encapsulant (Timilsena, Vongsvivut, Adhikari, & Adhikari,
2017).

3.6.2. Antioxidant potential

Total phenolic compounds and total antioxidant capacity of MECO
and MECCO are given in Table 4. MECCO was said to have higher values
than MECO for total phenolic content. Contrary to expectations, MECO
had a higher antioxidant potential than MECCO according to DPPH and
CUPRAC antioxidant assays. It can be interpretted that because of the
low durability of curcumin, antioxidant potential was not differed be-
tween two samples during in vitro digestion. On the other hand, curcu-
min has a prominent yellow color and antioxidant tests were
spectrophotometric methods. Thus, color of curcumin could interfere
with absorbances, causing a lower measured antioxidant potential of
MECCO.

Recovery values of total phenolic compounds in intestinal fraction
were calculated as 38.9% for MECO and 22.6% for MECCO. Recovery
values found by CUPRAC method were 38.6% and 30.6%, respectively.
Recoveries obtained by DPPH method for MECO and MECCO were
27.3% and 25.5%, respectively. Taking all results into consideration,

—&— MECO
MECCO

0.000

0 30 60 90 120
Time (minute)

Fig. 1. Chia seed oil release from microcapsules during in vitro digestion*.

150 180 210 240 270

MECO, Microencapsulated chia seed oil; MECCO, Microencapsulated chia seed oil with curcumin. *Values are presented as mean values indicate the replicates of

three independent and two experimental repetitions.
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Table 4
Total phenolic compounds and total antioxidant capacity analysis (by DPPH and
CUPRAC methods) of MECO and MECCO in intestine in fraction®.

Sample Total phenolic compounds DPPH (mg CUPRAC

(mg GAE/L)" Trolox/L)" (mgTrolox/L)"
MECO  14+3° 11+1* 59 + 16°
MECCO 22442 12417 51 + 14*

MECO, Microencapsulated chia seed oil; MECCO, Microencapsulated chia seed
oil with curcumin; GAE, Gallic acid equivalent.

 Differences between measurements are indicated with lettering according to
the results of statistical experiments for each column.

b Values are presented as mean + SD indicate the replicates of three inde-
pendent repetitions and two experimental repetitions.

recovery ratio from intestine in fraction of MECO was higher compared
to the ratio of MECCO.

Kumavat et al. (2013) studied the stability of curcumin in aqueous
solutions in different pH ranges and presence and absence of light at 37
°C. Higher pH values were found to be more destructive for curcumin,
especially in the presence of light. When our study is considered, in vitro
digestion took place in an aqueous solution at 37 °C. Moreover, intes-
tinal digestion had a pH value of 7.8. Fig. 1 showed that most of the oil
released in intestinal phase of the digestion. When the lipid-soluble
property of curcumin was taken into consideration, it could be under-
stood that curcumin release, also, occurred mostly in the intestinal stage.
To conclude, curcumin could have been degraded under aqueous and
basic environment; thus, this could lead to the lower antioxidant results
of MECCO.

4. Conclusions

Chia seed oil, with and without curcumin, was encapsulated into MD
and GA by freeze drying method. The effect of encapsulation process and
curcumin addition on in vitro release behaivour and antioxidant capacity
of chia seed oil were investigated. Emulsion having the best stability,
which had total dry matter contents of 40%, 1:3 MD to GA ratio in wall
material, and 1:5, oil to wall material ratios were used for the encap-
sulation process.

Curcumin is a promising bioactive compound due to its therapeutic
and antioxidant properties. However, its high rate of degradation, poor
intestinal absorption, low solubility in aqueous solutions and chemical
instability limit its potential usage. In this study, according to the find-
ings, some of these problems were overcome. Solubility of curcumin was
improved with the use of emulsification technique in chia seed oil.
Moreover, MD and GA enhanced the stability of microcapsules, which
leads to enhancement of curcumin stability. Finally, incorporation of
curcumin in chia seed oil provided significant increment of total
phenolic content of microcapsules.

Obtained data will serve as a basis for further studies in order to scale
up production for functional products. Nowadays, consumer demands
for immune-boosting products have increased significantly especially
because of Covid-19 pandemic. Also potential intake of antioxidants and
omega-3 fatty acid supplements were boosted due to high bioavailability
of these components when used together. It’s thought that this research
will be a precursor for further studies. In near future, there might be
more research about in vivo studies and clinical trials. Moreover nano-
encapsulation techniques can also be employed.
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