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Influence of the particle size of encapsulated chia
oil on the oil release and bioaccessibility during
in vitro gastrointestinal digestion†
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Among vegetable oils, chia oil has been gaining interest in recent years due to its high linolenic acid

content (ALA, 18:3 ω3). The aim of this work was to study the influence of the particle size of encapsulated

purified chia oil (PCO) on the encapsulation efficiency and PCO release during in vitro digestion. PCO

micro- and nano-sized particles with sodium alginate (SA) as an encapsulating agent (ME-PCO-SA and

NE-PCO-SA) were designed by micro and nano spray-drying, respectively, applying a central composite

plus star point experimental design. NE-PCO-SA showed a smaller particle size and higher encapsulation

efficiency of PCO than ME-PCO-SA (0.16 µm vs. 3.5 µm; 98.1% vs. 92.0%). Emulsions (NE-PCO and

ME-PCO) and particles (NE-PCO-SA and ME-PCO-SA) were subjected to in vitro static gastrointestinal

digestion. ME-PCO and NE-PCO showed sustained oil release throughout the three phases of digestion

(oral, gastric and intestinal phases), whereas the PCO release from ME-PCO-SA and NE-PCO-SA occurred

mainly in the intestinal phase, showing the suitability of sodium alginate as an intestine-site release

polymer. Nano-sized particles showed a significantly higher PCO release after in vitro digestion

(NE-PCO-SA, 78.4%) than micro-sized particles (ME-PCO-SA, 69.8%), and also higher bioaccessibility of

individual free fatty acids, such as C18:3 ω-3 (NE-PCO-SA, 23.6%; ME-PCO-SA, 7.9%), due to their greater

surface area. However, when ME-PCO-SA and NE-PCO-SA were incorporated into yogurt, the PCO

release from both particle systems after the digestion of the matrix was similar (NE-PCO-SA, 58.8%;

ME-PCO-SA-Y, 61.8%), possibly because the calcium ions contained in the yogurt induced partial ionic

gelation of SA, impairing the PCO release. Sodium alginate spray-dried micro and nanoparticles showed

great potential for vehiculation of omega-3 rich oils in the design of functional foods.

1. Introduction

In recent years, the food industry has shown a great interest in
healthy ingredients based on vegetable oils rich in omega-3
polyunsaturated fatty acids to develop functional ingredients.
Furthermore, the vegan, vegetarian and non-fish-eating popu-
lation has increased markedly over the last decade, so there is

increasing demand for sources of omega-3 fatty acids such as
α-linolenic acid (ALA, 18:3 ω3) from plant-based sources.1 ALA
is a precursor of EPA and DHA, but the bioconversion is
minimal. However, several studies have reported the indepen-
dent role of ALA on human health. Thus, several beneficial
effects on health have been described for ALA, such as cardio-
vascular-protective, anti-inflammatory, anti-cancer, neuropro-
tective and anti-osteoporotic.2 Chia oil has the highest content
of ALA (∼65%) among the vegetable oils. However, polyun-
saturated oils are susceptible to oxidative and hydrolytic degra-
dation due to their structural features, with two or three
double bonds, when exposed to the environment, food and
gastrointestinal conditions.3,4

Encapsulation is a technology based on coating or entrap-
ping solid, liquid or gaseous materials, which can be used to
protect, transport or control the release of active compounds.5

Spray-drying is the most common method for oil encapsula-
tion,3 such as chia oil.6–17 In these studies, chia oil encapsula-
tion has been mainly focused on protecting polyunsaturated
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fatty acids from the environmental conditions (light, oxygen,
temperature and water), to stabilize the oil, avoiding its oxi-
dation. Different strategies involving the selection of biopoly-
mers as encapsulating agents, spray-dryer operating conditions
and storage conditions of the microparticles have been evalu-
ated. Thus, the mixture of polysaccharides (maltodextrin with
different dextrose equivalents, Hi-Cap® 100, pectin) with pro-
teins (whey protein concentrate, whey protein isolate, sodium
caseinate, skim milk protein, soy protein isolate and pea
protein) or gums (Arabic gum and mesquite gum) gives micro-
particles with enhancing properties compared to the use of a
single biopolymer. Proteins have good emulsifying properties
to stabilize the oil-in-water emulsion required for the encapsu-
lation of oils by spray-drying, whereas polysaccharides have
good film-forming ability.

In vitro gastrointestinal digestion models are the most
widely used models to assess the performance of several bio-
active compound delivery systems under gastrointestinal con-
ditions, such as lipid-based and biopolymer-based delivery
systems.18 However, methodological differences among these
models make the comparison of results among studies
difficult. In this context, a standardized static in vitro digestion
method (INFOGEST) was developed by international consen-
sus, as a simulation of adult gastrointestinal digestion suitable
for food.19,20 The microencapsulated oils are expected to resist
the adverse gastrointestinal environment, preserving the struc-
ture and functionality of polyunsaturated fatty acids, and to
enable their release once the absorption site is reached,
increasing their bioaccessibility. Studies of ALA-rich chia oil
microparticles focussed on the design of delivery systems for
intestinal release are scarce,11,21 reporting a low chia oil
release during the intestinal phase of digestion. In this
context, it is a challenge to design ALA-rich chia oil microparti-
cles as site-specific oil delivery systems, targeted to the small
intestine where lipids are absorbed, preserving its functional-
ity. The selection of the encapsulating agent is an essential key
to achieve specific-site delivery. Sodium alginate (SA) is a
linear polysaccharide composed of alternating blocks of 1–4
linked α-L-guluronic and β-D-mannuronic acid residues capable
of forming a gel structure. SA is stable at acidic pH but dis-
solves under mild alkaline conditions, and therefore, the struc-
ture of SA remains intact in the stomach (acidic pH), but it
swells and disintegrates in the small intestine (neutral pH),
releasing the active compounds.22 On the other hand, the par-
ticle size of the spray-dried powder may also have an effect on
the bioaccessibility of the bioactive compounds during diges-
tion, as it has been reported for other bio-based delivery
systems.18,23 In this regard, nano spray-drying and convention-
al spray-drying are two spray-drying methodologies that offer
the opportunity to study the effect of the particle size on the
bioaccessibility of chia oil during in vitro simulated digestion,
since nano spray-drying allows smaller particle sizes and nar-
rower particle size distributions than conventional spray-
drying.24 The smaller the particle size the greater the surface
area exposed to pancreatic lipase during digestion, which
should influence the release of chia oil from the particles and,

therefore, the bioaccessibility of ALA. To the best of our knowl-
edge, the encapsulation of chia oil with sodium alginate by
conventional and nano spray-drying has not yet been studied.

This work aimed to study the influence of the particle size
(micro- and nano-sized particles) of encapsulated chia oil with
SA by spray-drying on the encapsulation parameters, physico-
chemical properties of the particles and the bioaccessibility of
chia oil during in vitro gastrointestinal digestion. Furthermore,
micro and nanoparticles of chia oil were incorporated into
yogurt, and the chia oil release over time and under in vitro
gastrointestinal conditions were also evaluated.

2. Materials and methods
2.1. Materials

Sodium alginate (SA) was donated by Alginatos Chile S.A.
(Santiago, Chile). Soy lecithin (Epikuron 145V, phosphatidyl-
choline enriched fraction of soybean lecithin) was supplied by
Blumos Ltd (Santiago, Chile). Chia oil (Salvia hispanica L.) was
purchased from Natural Oil S.A. (Santiago, Chile). The main
fatty acids in the chia oil were C16:0 (7.0 ± 2.1%), C18:0 (3.5 ±
0.1%), C18:1 ω9 (7.9 ± 0.2%), C18:2 ω6 (19.4 ± 0.2%), and
C18:3 ω3 (65.9 ± 0.3%). Peroxide value and induction time of
the chia oil were 0.30 ± 0.05 mEq O2 per kg and 3.20 ± 0.05 h,
respectively. Aluminum oxide was purchased from Merck
(Santiago, Chile). Pepsin from porcine gastric mucosa (P7012,
2500 AU mg−1), pancreatin from porcine pancreas (P7545, 8 ×
USP specifications), and porcine bile extract (B8631) were pur-
chased from Sigma-Aldrich (Santiago, Chile). Yogurt (FAGE
total, 0% fat, UK) was purchased from a local market.

2.2. Methods

2.2.1. Chia oil purification. Chia oil was antioxidant-
stripped by open column adsorption chromatography (25 cm ×
2 cm) packed with activated aluminum oxide (180 °C for 3 h),
according to Yoshida et al.25 Purified chia oil (PCO) was ana-
lyzed by HPLC to confirm the absence of tocopherols.26

2.2.2. Encapsulation of PCO-in-water microemulsions and
nanoemulsions. The PCO-in-water microemulsions (ME-PCO)
were encapsulated with SA by micro spray-drying, giving the
ME-PCO-SA microparticle system. Besides, the PCO-in-water
nanoemulsions (NE-PCO) were encapsulated with SA by nano
spray-drying, obtaining the NE-PCO-SA nanoparticle system. In
both cases, the formulations were performed according to a
central composite + star design with 12 runs (4 experimental
points, 4 star points, and 4 central points). The independent
variables were the inlet air temperature (120–180 °C for micro
spray-drying and 80–110 °C for nano spray-drying) and the SA
content (0.5–2.0 g for micro spray-drying and 0.2–0.6 g for
nano spray-drying). The response variable was the encapsula-
tion efficiency (EE) of PCO.

2.2.2.1. Micro spray-drying. The ME-PCO were prepared as
follows: PCO (0.5 g), soy lecithin (22 mg) and distilled water
(20 g) at 40 °C were stirred using a magnetic stirrer at 500 rpm
for 20 min and then homogenized using a Polytron homogen-
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izer (PT 2100, Kinematica AG, Switzerland) at 19 000 rpm for
3 min. SA (0.5–2 g) was dispersed in distilled water
(78.98–77.48 g), and stirred in an orbital shaker at 200 rpm
(JSSI-100C, JSR, Korea) for 15 min. The ME-PCO were mixed
with the SA dispersion and homogenized using a Polytron
homogenizer (PT 2100, Kinematica AG, Switzerland) at 19 000
rpm for 3 min. The resulting mixture was fed into a laboratory
micro spray-dryer (B-290 mini spray dryer Büchi, co-current
form, Switzerland), using a nozzle size of 0.7 mm. The spray
dryer was operated with an air inlet temperature ranging from
120 to 180 °C, and with a spray air flow, air flow rate (aspirator)
and feed flow rate (peristaltic pump) of 600 L h−1, 35 m3 h−1

and 1 mL min−1, respectively. The powders were stored in
plastic bags at −18 °C for further analysis.

2.2.2.2. Nano spray-drying. The NE-PCO were prepared as
follows: PCO (0.2 g), soy lecithin (48 mg) and ethanol (10 mL)
were mixed with Milli-Q water (20 mL). The organic solvent
was removed using a rotatory evaporator (R-100 Büchi,
Switzerland) and the nanoemulsion was concentrated until
5 mL. The formation of the nanoemulsion was instantaneous
and spontaneous, as evidenced by the milky appearance of the
mixture and by laser scattering.27 The NE-PCO were added to a
dispersion of SA (0.2–0.6 g) in water (94.8–94.4 g), and stirred
using a magnetic stirrer at 500 rpm for 20 min. The resulting
dispersion was fed into a laboratory nano spray-dryer
(B-90 mini spray dryer Büchi, co-current form, Switzerland),
where a piezoelectric driven actuator performs atomization
with a stainless steel membrane of micrometer-sized holes
(7.0 μm), and the vibration frequency (60–140 kHz) generates a
fine and homogeneous spray of droplets. The spray dryer was
operated with an air inlet temperature ranging from 80 to
110 °C, and with an air flow and pressure of 120 mL min−1

and 30 mbar, respectively. The powders were stored in plastic
bags at −18 °C for further analysis.

2.2.2.3. Statistical design analysis. The response surface
methodology (RSM) was applied to determine the optimal con-
ditions for both particle systems (ME-PCO-SA and NE-PCO-SA),
maximizing the EE of PCO. Data were fitted to a second order
regression model (eqn (1)), where linear, quadratic and cross-
product forms of the inlet air temperature and the SA content
were considered.

Y ¼ b0 þ
X2

i¼1

biXi þ
X2

i¼1

biiX2
i þ

X1

i¼1

X2

j¼iþ1

bijXiXj þ ε; ð1Þ

where Y was the response (EE); subscripts i and j ranged from
1 to the number of variables (n = 2); b0 was the intercept term;
bi values were the linear coefficients; bii values were the quad-
ratic coefficients; bij values were the cross-product coefficients;
Xi and Xj were the levels of the independent variables; and ε

was the error term. The software Statgraphics (5.0 program,
Manugistics Inc., Rockville, MA) was used to perform the ana-
lysis of variance (ANOVA), test of lack of fit, and determination
of the regression coefficients.

2.2.3. Characterization of the encapsulated chia oil under
the optimal conditions. Powder particles (ME-PCO-SA and

NE-PCO-SA) obtained under the optimal conditions were ana-
lyzed to determine their water activity (aw) by the dew point
method using a Hygrolab 2 (Rotronic, USA) at 20 ± 0.3 °C,
moisture content using an infrared moisture analyzer (PMC50,
Radwag, USA), and hygroscopicity according to Cai and
Corke.28

2.2.3.1. Encapsulation efficiency. Surface PCO was deter-
mined according to Alcântara et al.10 with some modifications.
Powder particles (ME-PCO-SA and NE-PCO-SA) (2 g) in hexane
(20 mL) were manually stirred for 1 min at room temperature
and filtered using a Whatman-1 filter. Hexane was removed
using a rotatory evaporator (R-100 Büchi, Switzerland) at 40 °C,
until constant weight. The encapsulation efficiency was
expressed as percentage according to eqn (2).

EE ð%Þ ¼ Total oil� Surface oil
Total oil

� 100: ð2Þ

2.2.3.2. Particle size. Particle size and particle size distri-
bution of ME-PCO-SA and NE-PCO-SA particles obtained under
the optimal conditions were analyzed before and after spray-
drying by light scattering using a laser diffraction particle size
analyzer (Partica LA-960, Horiba, Japan; 650 nm laser diode).
The particles were dispersed in recirculating water, and the
particle size was expressed as volume mean diameter (D4,3).

2.2.4. In vitro gastrointestinal digestion of the ME-PCO-SA
and NE-PCO-SA particles. Powder particles obtained under the
optimal conditions (ME-PCO-SA and NE-PCO-SA) were sub-
jected to a simulated gastrointestinal digestion according to
Brodkorb et al.,20 with some modifications (no gastric lipase
was used, and pH 2 was maintained during the gastric phase).
The consecutive conditions of the oral, gastric and intestinal
phases were simulated. A sample of ME-PCO-SA and
NE-PCO-SA particles (containing 200 mg of PCO) was dis-
persed in distilled water up to 5 mL. Afterwards, simulated
salivary solution (4 mL), 0.3 M CaCl2 (25 µL) and distilled
water (0.975 mL) were added to the dispersion. The resulting
oral mixture was incubated at 170 rpm and 37 °C for 2 min in
an orbital shaker (JSSI-100, JSR, Korea). Subsequently, the oral
bolus (10 mL) was mixed with the simulated gastric solution
(8 mL), 0.3 M CaCl2 (5 µL), pepsin (2000 U mL−1 of the gastric
phase) and HCl (0.5 M) to adjust the pH to 2 and water up to
20 mL. The total mixture was incubated at 170 rpm and 37 °C
for 120 minutes. Finally, the gastric bolus (20 mL) was mixed
with the simulated intestinal solution (16 mL), 0.3 M CaCl2
(40 µL) and NaOH (1 M) to adjust the pH to 7.0, the bile
extract (10 mM), and pancreatin (lipase activity of 2000 U mL−1

of the intestinal phase). A pH-stat (902 Titrando, Metrohm,
Switzerland) was used to maintain the pH at 7.00 for 2 h at
37 °C by adding NaOH (1 M) under continuous agitation. At
the end of the digestion, lipases were inactivated by adding
bromophenylboronic acid (5 mM). The digested samples were
collected and stored at −80 °C until analysis.

2.2.4.1. Determination of the PCO released from the
ME-PCO-SA and NE-PCO-SA particles during in vitro gastrointesti-
nal digestion. The PCO released from ME-PCO-SA and
NE-PCO-SA particles after every digestion phase (oral, gastric

Paper Food & Function

1372 | Food Funct., 2022, 13, 1370–1379 This journal is © The Royal Society of Chemistry 2022

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Ja

nu
ar

y 
20

22
. D

ow
nl

oa
de

d 
on

 1
2/

4/
20

25
 2

:5
8:

05
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1fo03688b


and intestinal) was determined according to Yang and Ciftci,29

with some modifications. A mixture of hexane : methanol
(1 : 1, v/v) was added to the digested sample from every phase
(1 : 3 digested sample : solvent mixture, v/v) at pH 5 (adjusted
with HCl 0.5 M), stirred for 1 min and centrifuged at 3000g for
4 min. The supernatant (hexane fraction) was withdrawn and
the extraction was repeated three times. The supernatants were
combined and hexane was removed using an evaporating
system (Genevac EZ-2 Plus, UK) at 40 °C. The residual solvent
was removed using a stream of nitrogen to obtain the PCO
released. Furthermore, the PCO release after every digestion
phase of ME-PCO microemulsions and NE-PCO nanoemul-
sions was also determined for comparative purposes.

2.2.4.2. Bioaccessibility of individual FFA from the digested
ME-PCO-SA and NE-PCO-SA particles. The extraction of free fatty
acids (FFA) released during the intestinal digestion was per-
formed according to Ng et al.30 Briefly, the pH of an aliquot of
the digested sample (4 mL) was adjusted to 10 with NaOH
(10 M). Then, the triacylglycerides were extracted with di-
chloromethane (6 mL), stirring at 20 °C and 170 rpm for 24 h
using an orbital shaker (JSSI-100, JSR, Korea). The organic
phase was removed, and the pH of the aqueous phase was
adjusted to 1–2 with HCl (1 M). Finally, the FFA were extracted
with dichloromethane (4 mL), stirring at 20 °C and 170 rpm
for 24 h using the orbital shaker. An aliquot of the dichloro-
methane layer (1 mL) was methylated and analyzed by gas
chromatography. Fatty acid methyl esters were prepared by
methylation using H2S2O4 in methanol (0.06%, v/v). Fatty acid
methyl esters were analyzed using a gas chromatograph
(7890B, Agilent Technologies, USA), equipped with a flame
ionization detector (FID) and HP-88 column (fused-silica capil-
lary column 0.25 mm i.d., 0.20 μm film thickness, 100 m,
Agilent Technologies, USA). Injector and detector temperatures
were set at 250 °C. The oven temperature was programmed at
180 °C for 32 min, increasing to 230 °C at 20 °C min−1, and
held for 32 min. The individual fatty acids were identified and
quantified using a calibration curve obtained with fatty acid
methyl esters as external standards (C16:0, 0.05–2.58 mg
mL−1; C18:0, 0.01–1.0 mg mL−1; C18:1, 0.02–8.48 mg mL−1;
C18:2, 0.01–8.48 mg mL−1; C18:3, 0.01–18.22 mg mL−1; R2 >
0.99 in all of them).

The bioaccessibility of every major fatty acid of CO was cal-
culated according to eqn (3).

Bioaccesibility ¼ mg of FFA after digestion
mg of encapsulated fatty acids

� 100 ð3Þ

2.2.5. Incorporation of the ME-PCO-SA and NE-PCO-SA par-
ticles into yogurt

2.2.5.1. Release of the PCO in yogurt. Cellulose filter bags
containing the ME-PCO-SA and NE-PCO-SA particles (weight
corresponding to 200 mg PCO) were placed into bottles con-
taining 5 g of yogurt (0% fat) and stored in a shaker incubator
(JSSI-100, JSR, Korea) at 5 °C and 170 rpm. Samples were col-
lected at specific time intervals during storage and the PCO
release was determined as described in section 2.2.4.1.

Furthermore, the release of the PCO from the ME-PCO micro-
emulsions and NE-PCO nanoemulsions was also determined
for comparative purposes.

2.2.5.2. In vitro gastrointestinal digestion of yogurt containing
the ME-PCO-SA and NE-PCO-SA particles. A sample of
ME-PCO-SA and NE-PCO-SA particles (containing 200 mg of
the PCO) was incorporated into yogurt (5 g) and subjected to a
simulated gastrointestinal digestion according to Brodkorb
et al.,20 as described in section 2.2.4. Yogurt containing the
ME-PCO microemulsions and NE-PCO nanoemulsions was
also subjected to gastrointestinal digestion for comparative
purposes.
2.2.5.2.1.Determination of the PCO released during the in vitro
gastrointestinal digestion of yogurt

The PCO released after every digestion phase (oral, gastric
and intestinal) of yogurt containing particles (ME-PCO-SA or
NE-PCO-SA) and emulsions (ME-PCO and NE-PCO) was deter-
mined according to section 2.2.4.1.

2.2.6. Statistical analyses. All the experiments were per-
formed in triplicate. Analysis of variance (ANOVA) and Tukey’s
multiple range test were applied to determine the statistical
differences among samples, using Statgraphics Centurion XVI
software (Statistical Graphics Corporation, USA).

3. Results and discussion
3.1. Encapsulation of the PCO by micro and nano spray-
drying

The purification process of chia oil, which had no significant
effect on the fatty acid profile, was verified by the absence of
tocopherols in the PCO (ESI 1†). The ME-PCO-SA and
NE-PCO-SA particles were prepared by applying a central com-
posite plus star design. Table 1 shows the experimental con-
ditions and response variable for the microencapsulation of
the PCO. As spray-drying is more a method of immobilization
than true encapsulation, the EE of the PCO was evaluated as a
response variable.31 A higher EE of the PCO represents a
higher amount of the PCO within the particles, whereas the
PCO on the surface of the particles remains exposed to
environmental conditions and therefore it is susceptible to oxi-
dative degradation. The EE of the PCO ranged from 74.9 to
91.9% for ME-PCO-SA and 81.2 to 98.5% for NE-PCO-SA,
within the range of EE reported for the encapsulated oils rich
in polyunsaturated fatty acids by spray-drying (26–99%).3,32

The linear (p < 0.05) and quadratic forms (p < 0.05) of the
SA content and the inlet air temperature had a significant
influence on the EE of the PCO for both ME-PCO-SA and
NE-PCO-SA particle systems (Table 2). According to the ana-
lyses of variance, the model explained 99.5% and 99.4% of the
variability for the ME-PCO-SA and NE-PCO-SA, respectively.
Moreover, the lack of fit was not significant and the residual
values were below 1 in both cases, indicating that the math-
ematical model fit well to the experimental data.

Although the experimental domains under study for the SA
content and the inlet air temperature were different in the
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ME-PCO-SA and NE-PCO-SA experimental designs (Table 1),
the response surface graphs (Fig. 1) showed that when the SA
content increased in both the systems and the inlet air temp-
erature was above 150 °C in the ME-PCO-SA (Fig. 1a) and
100 °C in the NE-PCO-SA (Fig. 1b), the EE of the PCO
increased, although the effect of the SA content was more
noticeable than that of the inlet air temperature. Thus, higher
solid contents and inlet air temperatures increase the crust
formation rate over the oil droplets, allowing the diffusion of
water, retaining the PCO and therefore increasing the EE.33

Maximizing the EE, the optimal conditions for the SA content
and the inlet air temperature in the ME-PCO-SA (2.15%
and 186 °C, respectively) and NE-PCO-SA (0.64% and 113 °C,
respectively) were close to the star points. These drying
conditions were in the range reported in the literature
for the encapsulation of polyunsaturated oils (inlet air temp-
erature: 90–225 °C; oil : encapsulating agent ratios:
1 : 1–1 : 10).34–36

3.2. Characterization of the ME-PCO-SA and NE-PCO-SA
microparticles obtained under the optimal conditions

Table 3 shows the optimal conditions and physicochemical
characterization of the ME-PCO-SA and NE-PCO-SA, obtained
by micro and nano spray-drying, respectively. Before spray-
drying, the PCO-in-water nanoemulsion (ME-PCO) showed a
droplet size of 0.13 ± 0.01 μm, whereas the PCO-in-water micro-
emulsion (NE-PCO) reached a droplet size of 3.20 ± 0.30 μm
(Table 3). After spray-drying, the particle size reached values of
0.16 ± 0.02 μm for the NE-PCO-SA and 3.50 ± 0.14 μm for the
ME-PCO-SA, showing that the emulsion preparation method,
the drying method and the SA content influenced the powder
particle size.37

Table 1 Experimental design for the encapsulation of ME-PCO microemulsion and NE-PCO nanoemulsion with SA by spray-drying

Micro spray-drying (ME-PCO-SA) Nano spray-drying (NE-PCO-SA)

Run
PCO content
(g)

Inlet air temperature
(°C)

SA content
(%) EE (%)

PCO content
(g)

Inlet air temperature
(°C)

SA content
(%) EE (%)

1 0.5 120 0.50 76.4 ± 0.1 0.2 80 0.20 83.3 ± 0.3
2 0.5 180 0.50 78.0 ± 0.3 0.2 110 0.20 84.2 ± 0.2
3 0.5 120 2.00 88.8 ± 0.1 0.2 80 0.60 95.2 ± 0.2
4 0.5 180 2.00 90.5 ± 0.1 0.2 110 0.60 97.5 ± 0.4
5 0.5 114 1.25 80.4 ± 2.3 0.2 76 0.40 87.1 ± 0.7
6 0.5 186 1.25 81.2 ± 2.0 0.2 113 0.40 88.1 ± 0.4
7 0.5 150 0.34 74.9 ± 2.7 0.2 95 0.16 81.2 ± 0.5
8 0.5 150 2.16 91.9 ± 0.2 0.2 95 0.64 98.5 ± 0.4
9 0.5 150 1.25 79.5 ± 1.0 0.2 95 0.40 86.2 ± 0.0
10 0.5 150 1.25 79.1 ± 0.5 0.2 95 0.40 86.4 ± 0.1
11 0.5 150 1.25 79.3 ± 1.8 0.2 95 0.40 86.8 ± 0.6
12 0.5 150 1.25 79.7 ± 0.3 0.2 95 0.40 86.8 ± 0.4

PCO: purified chia oil; SA: sodium alginate; EE: encapsulation efficiency; ME-PCO-SA: PCO-in-water microemulsion encapsulated with SA by
micro spray-drying; NE-PCO-SA: PCO-in-water nanoemulsion encapsulated with SA by nano spray-drying.

Table 2 ANOVA for the encapsulation of ME-PCO and NE-PCO with SA
by spray-drying

ME-PCO-SA NE-PCO-SA

Estimate p-Value Estimate p-Value

βo 100.523 116.119
X1 −0.3425 0.0082 −0.7393 0.0113
X2 −3.9819 0.0000 −15.9565 0.0000
X1

2 0.0012 0.0032 0.0041 0.0078
X2

2 5.0930 0.0002 61.5627 0.0004
X1X2 0.8588a 0.1018a

Lack of fit 0.0832 0.0783
R2 (adj. d.f.) 99.15 98.80

X1: inlet air temperature; X2: sodium alginate content; ME-PCO-SA:
PCO-in-water microemulsion encapsulated with SA by micro spray-
drying; NE-PCO-SA: PCO-in-water nanoemulsion encapsulated with SA
by nano spray-drying; adj. d.f.: adjusted for the degrees of freedom.
a Interaction was excluded (p > 0.05).

Fig. 1 Response surface graphics for determining the encapsulation
efficiency (EE) of PCO encapsulation by spray-drying. (a) PCO microen-
capsulation (ME-PCO-SA) and (b) PCO nanoencapsulation (NE-PCO-SA).
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The EE represents the retention of the PCO-in-water emul-
sion within the particles, ideally a minimum oil content on
the surface of the particle. The inlet air temperature and the
solid content are variables studied to maximize the EE of the
PCO by spray-drying, as was described above. Another para-
meter affecting the oil EE is the droplet size of the emulsions.
Smaller droplet sizes in oil-in-water emulsions have been
associated with higher EE,10 in agreement with this study
where significantly (p < 0.05) higher EE was found in the
NE-PCO-SA (98.1%) than in the ME-PCO-SA (92.0%). Similarly,
the smallest droplet size of the chia oil-in-water emulsion
using ultrasound as the homogenization method achieved a
high EE of chia oil (95.93%) in the microparticles with a blend
of maltodextrin (10 and 20 dextrose equivalent), whey protein
isolate and Arabic gum by spray-drying.10 The EE values
obtained in this study (>90%) were similar to those obtained
using other biopolymers, such as sodium caseinate + lactose
(95.2%), sodium caseinate + lactose + mucilage (96.23%),12

whey protein concentrate/Hi-Cap® (99.74%) and whey protein
concentrate/pectin/maltodextrin (10 dextrose equivalent)
(99.95%) based on electrostatic layer-by-layer deposition.15

However, lower values of EE for chia oil have been reported
using whey protein concentrate + mesquite gum or Arabic gum
(70.7–80.7%),17 soy protein isolate, and soy protein isolate +
maltodextrin (52.5–60.2%),13 indicating that the type of encap-
sulation agent is one of the factors influencing the EE,
together with the processing conditions (inlet and outlet air
temperatures and infeed temperature), the emulsification
process and the characteristics of the prepared emulsion
(droplet size and emulsion stability).38

The moisture content was similar between the ME-PCO-SA
(7.2%) and NE-PCO-SA (7.9%). However, these values were
higher than the moisture range (3–4%) specified for powdered
ingredients in the food industry.39 The aw was significantly
lower (p < 0.05) in the ME-PCO-SA (0.154) than in the
NE-PCO-SA (0.223), but both aw values indicate a low risk of
microbial spoilage.40 The water activity influences the physical
changes of the chia oil microparticle powders and the oil stabi-
lity during storage. Escalona-García et al.14 studied the vari-
ation in the glass transition temperature (Tg) at a given aw

(0.108–0.821) in chia oil encapsulated with whey protein con-
centrate + mesquite gum and stored at 35 °C. They reported
that the Tg decreased with increasing aw due to a plasticizer
effect, depending on the storage temperature and the bio-
polymer properties. Moreover, the hygroscopicity was signifi-
cantly lower in the NE-PCO-SA (46.1%) than in the ME-PCO-SA
(55.2%). Similarly, Santos Fernandes et al.8 reported that
smaller-sized chia oil microparticles with maltodextrin +
Arabic gum showed lower hygroscopicity, which can be
explained by a reduction in the spaces between the particles,
decreasing both water penetration and hygroscopicity. The
ME-PCO-SA system showed lower aw values but more hygro-
scopic particles. This result was similar to those obtained by
Vélez-Erazo et al.,9 where microencapsulated chia oil with pea
protein/maltodextrin (aw: 0.114) was more hygroscopic than
pea protein/Hi-Cap® 100 (aw: 0.150).

3.3. In vitro gastrointestinal digestion of the ME-PCO-SA and
NE-PCO-SA particles

3.3.1. PCO released from the ME-PCO-SA and NE-PCO-SA
particles during in vitro gastrointestinal digestion. Table 4
shows the amount of the PCO released from the particle
systems (ME-PCO-SA and NE-PCO-SA) and the emulsion
systems (ME-PCO and NE-PCO) after every phase of the gastro-
intestinal digestion, as well as the total percentage of the PCO
released at the end of the digestion. Both ME-PCO and
NE-PCO emulsions showed a sustained oil release throughout
the three phases of digestion, with a greater release during the
oral phase, whereas the oil release from the ME-PCO-SA and
NE-PCO-SA particles mainly occurred during the intestinal
phase, showing the effect of SA as an intestine-site delivery
polymer.41 This polymer (pKa: 3.2) is insoluble under gastric
conditions, while it swells and disintegrates in alkaline
medium, such as the intestinal environment (pH above 6),
facilitating the release of the encapsulated lipids. This pH-sen-
sitive behavior of SA is the reason why it is widely used in the

Table 3 Characterization of the ME-PCO-SA and NE-PCO-SA particle
systems obtained under the optimal conditions

ME-PCO-SA NE-PCO-SA

SA content (%) 2.16 0.64
Inlet air temperature (°C) 186 113
Droplet size (μm) 3.20 ± 0.30a 0.13 ± 0.01b

Oil content (mg PCO g−1 powder) 187.2 ± 0.1a 235.2 ± 0.2b

EE (%) 92.0 ± 2.1a 98.1 ± 1.2b

Moisture content (%) 7.2 ± 1.5a 7.9 ± 1.2a

aw 0.154 ± 0.002a 0.204 ± 0.001b

Hygroscopicity (%) 55.2 ± 1.10b 46.1 ± 2.50a

Particle size (μm) 3.50 ± 0.14b 0.16 ± 0.02a

PCO: purified chia oil; SA: sodium alginate; EE: encapsulation
efficiency; aw: water activity. Different letters show significant differ-
ences (p < 0.05) between the particle systems.

Table 4 PCO released from the particles (NE-PCO-SA and
ME-PCO-SA) and emulsions (ME-PCO and NE-PCO) in the different
phases of the in vitro gastrointestinal digestion, both alone and when
incorporated into yogurt

PCO in
OP (mg)

PCO in
OP + GP (mg)

PCO in
OP + GP + IP (mg)

Total
PCO (%)

System digestion
ME-PCO-SA 10.2 ± 0.3a nd 139.0 ± 4.1a 69.8 ± 2.3a

NE-PCO-SA 17.0 ± 2.3b nd 157.0 ± 1.8b 78.4 ± 0.9b

ME-PCO 128.3 ± 1.4c 135.8 ± 1.9a 177.5 ± 0.6c 88.8 ± 0.3c

NE-PCO 142.9 ± 1.3d 156.8 ± 3.3b 178.5 ± 2.1c 89.3 ± 1.1c

Yogurt digestion
ME-PCO-SA nd nd 123.5 ± 0.7a 61.8 ± 0.3a

NE-PCO-SA nd nd 117.5 ± 2.1a 58.8 ± 1.1a

ME-PCO 82.0 ± 3.1b 86.5 ± 2.4b 162.5 ± 2.1b 81.2 ± 1.1b

NE-PCO 80.6 ± 2.8b 84.8 ± 1.9b 159.1 ± 3.2b 80.0 ± 2.1b

PCO: purified chia oil; SA: sodium alginate; OP: oral phase; GP: gastric
phase; IP: intestinal phase. Different letters in the same column
indicate significant differences (p < 0.05) among the systems. nd: non-
detected.
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pharmaceutical industry for the controlled release of bioactive
compounds.

Moreover, the amount of the PCO released from the
NE-PCO-SA (157 mg) was significantly higher than that
released from the ME-PCO-SA particles (139 mg; Table 3),
showing an effect of the particle size on the PCO release where
smaller-sized particles have a greater surface area exposed to
the intestinal environment, leading to higher disintegration of
SA and PCO release. Similarly, the total percentage of oil
released was higher in the NE-PCO-SA (78.4%) than in the
ME-PCO-SA (69.8%). These values were higher than those
reported in other studies for microencapsulated chia oil.
Timilsena et al.21 encapsulated chia oil with chia seed protein
isolate (CPI) or chia seed gum (CSG) and CPI-CSG, studying
the influence of the encapsulating material on the oil release
and lipolysis. The oil release was higher in the gastric phase
(38–84%) than in the intestinal phase (15–23%). In the case of
chia oil encapsulated with whey protein,11 the oil release
reached 8.24% under the simulated gastric conditions and
21.32% at the end of the simulated gastrointestinal digestion.

3.3.2. Bioaccessibility of individual FFA from the digested
ME-PCO-SA and NE-PCO-SA particles. The bioaccessibility of
the major individual free fatty acids from the digested
ME-PCO-SA and NE-PCO-SA is shown in Fig. 2.

TAG lipolysis occurs mainly during intestinal digestion,
where both sn-1 and sn-3 ester bonds are cleaved by the pan-
creatic lipase, giving 2-monoacylglycerides and FFA as lipolytic
metabolites.42 The bioaccessibility of all the FFA was higher in
the NE-PCO-SA than in the ME-PCO-SA (Fig. 2), due to both
the higher PCO release and the higher surface area exposed to
pancreatic lipases during digestion, similar to that reported
for the oil-in-water emulsions subjected to in vitro gastrointes-
tinal digestion.23,43 In this study, the chain length and the
degree of unsaturation of the FFA influenced their bioaccessi-
bility. Thus, the bioaccessibility of the FFA tended to increase
with decreasing both the chain length and the degree of unsa-
turation in both NE-PCO-SA and ME-PCO-SA. In this context,
Ye et al.44 reported that the position of fatty acids in the TAG
structures, fatty acid chain length, and degree of unsaturation
of the fatty acids influence the extent of TAG lipolysis.

3.4. Incorporation of the ME-PCO-SA and NE-PCO-SA particles
into yogurt

3.4.1. Release of the PCO in yogurt. Fig. 3 shows the
release profile of the PCO from the ME-PCO-SA and
NE-PCO-SA particles as well as the ME-PCO and NE-PCO emul-
sions in yogurt stored for 9 weeks at 5 °C. The NE-PCO nanoe-
mulsions showed a significantly higher PCO release (∼8%) in
yogurt compared to the ME-PCO microemulsions, since
NE-PCO have a greater contact surface area with yogurt than
the microemulsions. A lower release of the PCO in yogurt was
found from the ME-PCO-SA and NE-PCO-SA particles when SA
was used as an encapsulating agent, which could be explained
because SA is insoluble in aqueous systems at pH lower than
5, such as yogurt (pH 3–4). The PCO released form the
ME-PCO-SA (4.53 ± 0.04%) particles can be attributed to the
release of the superficial PCO (non-encapsulated) (8%),
whereas in the case of NE-PCO-SA, the PCO released (10.04 ±
0.01%) corresponds to both the superficial PCO (1.9%) and
encapsulated PCO, showing that the greater surface area of
these nanoparticles promotes the PCO release in yogurt.

3.4.2. Determination of the PCO released during the
in vitro gastrointestinal digestion of yogurt. Table 4 shows the
PCO released after every phase of digestion (oral, gastric and
intestinal) of yogurt containing particles (ME-PCO-SA and
NE-PCO-SA) and emulsions (ME-PCO and NE-PCO). Although
PCO was released in every digestion phase of the yogurt in the
case of the emulsion systems, this was mainly released in the
oral (∼80 mg) and intestinal phases (∼75 mg), with a low
release in the gastric phase (∼4 mg). In contrast, PCO was
neither detected in the oral phase nor in the gastric phase of
digestion of yogurt containing particles (ME-PCO-SA and
NE-PCO-SA), and the oil was only released during the intestinal
phase, showing again the suitability of SA as an intestine-site
delivery polymer.41 Furthermore, although the total PCO
released from the ME-PCO and NE-PCO emulsions at the end
of yogurt digestion was significantly higher (81.2% and 80.0%,
respectively) than that released from the particle systems
(61.8% ME-PCO-SA; 58.8% NE-PCO-SA), the latter allowed a

Fig. 2 Bioaccessibility of FFA at the end of the in vitro gastrointestinal
digestion of the ME-PCO-SA and NE-PCO-SA particle systems.

Fig. 3 Release profile of the PCO from the particles (ME-PCO-SA and
NE-PCO-SA) and emulsions (ME-PCO and NE-PCO) in yogurt.
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higher release of the PCO during the intestinal phase where
lipids were absorbed. The incorporation of both emulsion and
particle systems into a food matrix, such as yogurt, led to a
lower release of the PCO from all the delivery systems during
digestion, as can be concluded by comparing the total PCO
(Table 4). This decrease in the PCO release during digestion
due to their incorporation into yogurt was more noticeable in
the case of the NE-PCO-SA particles (NE-PCO-SA, 78.4%;
NE-PCO-SA in yogurt, 58.8%). When oil droplets are dispersed
in a solid-like food matrix such as yogurt, the structure of the
surrounding food matrix may impair the diffusion of the
enzymes towards the surface of the dispersed oil droplets.45

Furthermore, in the case of the particle systems, and especially
in the NE-PCO-SA nanoparticles with a greater surface area,
calcium contained in the yogurt may induce partial ionic gela-
tion of SA, forming a shell around the particles that impairs
the PCO release. Several food matrices have been functiona-
lized with chia oil encapsulated by spray-drying, such as
cookies, butter, burgers and pasta,46–49 but the role of chia oil
spray-dried microparticles as a delivery system of chia oil
during digestion has not been addressed.

4. Conclusions

The greater surface area of the nano-sized particles
(NE-PCO-SA) allowed a higher EE of the PCO, as well as a
higher release of the PCO and bioaccessibility of the FFA
during in vitro gastrointestinal digestion, showing the key role
of the particle size on the encapsulation parameters and the
performance of the delivery systems during gastrointestinal
digestion. When yogurt containing particles was subjected to
digestion, the release of the PCO was still high (>58%). The
food matrix reduced the PCO released from both micro- and
nano-sized particles, suggesting that the diffusion of the
enzymes towards the surface of the dispersed oil droplets was
impaired by the surrounding food matrix. Furthermore, micro-
and nano-sized particles were able to preserve the PCO during
the storage of yogurt, showing a low release. Therefore, SA
spray-dried micro and nanoparticles, especially the latter,
showed great potential for vehiculation of omega-3 rich oils in
the design of functional foods, allowing the preservation of
their nutritional properties in the food matrix and their intes-
tine-site release.
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