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A B S T R A C T

Lemon essential oil (LEO) emulsions were prepared using mesquite gum (MG) - chia mucilage (CM) mixtures
(90-10 and 80-20 MG-CM weight ratios) and MG as control sample, LEO emulsions were thenspray dried for
obtaining the respective microcapsules.LEO emulsions were analyzed by mean droplet size and apparent visc-
osity, while microcapsules were characterized through mean particle size, morphology, volatile oil retention
(≤51.5%), encapsulation efficiency (≥96.9%), as well asoxidation and release kinetics of LEO. TheLEO oxi-
dation kinetics showed that 90–10 and 80–20MG-CM microcapsules displayed maximum peroxide values of 91.6
and 90.5meq hydroperoxides kg−1 of oil, respectively, without significant differences between them
(p > .05).MG-CM microcapsules provided better protection to LEO against oxidation than those formed with
MG; where the oxidation kinetics were well adjusted to zero-order (r2≥ 0.94).The LEO release kinetics from
microcapsules were carried out at differentpH (2.5 and 6.5) and temperature (37 °C and 65 °C) and four
mathematical models (zero-order, first-order, Higuchi and Peppas) were used to evaluate the experimental data;
the release kinetics indicated that the 80-20 MG-CM microcapsules had a longer delay in LEO release rate,
followed by 90-10 MG-CM and MG microcapsules, hence, CM addition in MG-CM microcapsules contributed to
delay the LEO release rate. This work clearly demonstrates that use of a relatively small amount of CM mixed
with MGimproves oxidative stability and delays the release rate of encapsulated LEO regarding MG micro-
capsules, therefore, MG-CM mixtures are interesting additives systems suitable for being applied in food in-
dustry.

1. Introduction

Mucilages are functional biopolymers commonly extracted from
plants (seeds or soft stems) that are easily obtained by soaking in water
(Kaewmanee et al., 2014).They have functional properties such as
water binding, texture modifier, gelling, emulsifying, foaming and en-
capsulating agents and have been applied in formulations of coa-
cervates (Timilsena, Adhikari, Barrow, & Adhikari, 2016),emulsions
and edible films (Dick et al., 2015) and as wall materials in active

compounds microencapsulation (De Campo et al., 2017), thus, muci-
lages represent interesting alternatives of additives for food industry.

Chia mucilage (CM) is a tetrasaccharide with 4-O-methyl-α-D-glu-
coronopyranosyl residues occurring as branches of β-D-xylopyranosyl
residues in the main chain consisting of (1→4)-β-D-xylopyranosyl-
(1→ 4)-α-D-glucopyranosyl-(1→ 4)-β-D-xylopyranosyl units. Acid hy-
drolysis yields β-D-xylose, α-D-glucose and 4-O-methyl-α-D-glucuronic
acidin 2:1:1 proportion. The average molecular weight of CM ranges
from 0.8 to 2×106 Da (Lin, Daniel,& Whistler, 1994).A proximal
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analysis of CM powder reveals that it isconstituted by carbohydrates
(63.7 ± 0.5), crude fiber (13.5 ± 0.6), protein (11.2 ± 0.3),
moisture (11.5 ± 0.3), ashes (8.4 ± 0.1) and lipids (3.1 ± 0.2) ex-
pressed as g/100 g (Capitani, Ixtaina, Nolasco, & Tomás, 2013). The
high protein content of CM favorsits emulsifying properties, whileits
high carbohydrates and fiber contents favorsits encapsulating proper-
ties since it tends to form gels (De Campoet al., 2017). CM has an
adequate oil holding capacity, which is useful for oil-based active
compounds retention (Segura-Campos, Ciau-Solís, Rosado-Rubio, Chel-
Guerrero,& Betancur-Ancona, 2014). CM hasa high water holding ca-
pacity (23 g of water /g of mucilage)similar to guar gum, high viscosity
values at low concentrations (Timilsena, Adhikari, Kasapis,& Adhikari,
2016) and gelling properties so it could be used as texture modifier
(Goh et al., 2016). In addition, a study of CM thermodynamic properties
demonstrated that it could be used as wall material in spray drying
microencapsulation (Velázquez-Gutiérrez et al., 2015).CM has been
applied in edible films formulation blended with proteins (Capitani
et al., 2016), in emulsions stabilization (Guiotto, Capitani, Nolasco,&
Tomás, 2016), in the microencapsulation by spray drying using coa-
cervates complexes (Timilsena, Adhikari, Barrow, et al., 2016), and in
the nanoencapsulation by freeze drying (De Campo et al., 2017).

On the other hand, mesquite gum(MG) is an exudate from Prosopis
spp. trees that is formed by a highly branched complex hetero-
polyelectrolyte that upon hydrolysis with dilute mineral acid yields L-
arabinose, β-D-galactose, and 4-O-methyl-D-glucuronic acid in a molar
ratio of 4:2:1 and it has an average molecular weight of 2.12×106 Da
(Vernon-Carter, Beristain,& Pedroza-lslas, 2000).MG has been applied
as emulsifyingand encapsulating agent in spray drying (Escalona-García
et al., 2016; Fuentes-Ortega et al., 2017).

There is a tendency to mix biopolymers for improving their in-
dividual characteristics in the retention and protection of micro-
encapsulated active compounds obtained by spray drying. In this case,
novel MG-CM mixtures are proposed for lemon essential oil(LEO) mi-
croencapsulation, an oil highly applied in the food industry but with
oxidation problems. It should be noted that CM has not been studied as
an encapsulating agent in spray drying sinceat high concentrations it
produces emulsions with extremely high apparent viscosity values; for
that reason CM was mixed with MG, since MG can be used at very high
concentrations maintaining relatively low viscosity values (Vernon-
Carter et al., 1996).

Therefore, the aim of this work was to determine the effect of CM
additionusing MG-CM mixtures as wall materials in the LEO micro-
encapsulation,on characteristics such as the retention, protection
against oxidation and release rate of microencapsulated oil through the
analysis of volatile oil retention, encapsulation efficiency, as well as, by
an oxidation kinetic per peroxide value and a release kinetic in aqueous
medium of themicroencapsulated oil.

2. Materials and methods

2.1. Materials

Chia (Salvia hispanicaL.) seeds were obtained from local farmers
from Atlixco region in the state of Puebla, Mexico. Mesquite gum (MG)
was obtained from Prosopis laevigata trees in San Luis Potosi, Mexico.
The gum was collected as an exudate from trees and it was pulverized,
purified and spray-dried according to Vernon-Carter et al. (1996).
Lemon essential oil (LEO) was purchased from Drogueria Cosmopolita,
S.A. de C.V., Mexico City, Mexico. Distilled and deionized water were
used in the experiments. All chemical reagents were purchased from
Sigma–Aldrich S.A. de C.V. (Toluca, State of Mexico, Mexico).

2.2. Chia mucilage extraction

CM was extracted from the seeds using the method of Muñoz,
Cobos, Diaz, and Aguilera (2012). Briefly, samples of 110 g of the whole

seeds were placed in a 3.5 L stainless steel container and distilled water
was added in 1:20 seeds-water ratio and pH value was adjusted to 8.0
using 1 N NaOH solution. The mixture was hydrated at 86 °C for 2 h
under stirring with a stirrer model BDC-3030 (Caframo, Ontario, Ca-
nada). Thereafter, the aqueous suspension was spread on a drying tray
and exposed to temperature of 65 °C for 2.5 h in an air convection heat
oven model HCX II (San-son plus, State of Mexico, Mexico). The dried
mucilage was separated from the seed by rubbing over a 40 mesh
screen.

2.3. Emulsions preparation

Oil-in-water (o/w) emulsions were prepared using MG-CM mixtures
in 90–10 and 80–20 ratios, and MG as the control. Briefly, aqueous
dispersions of biopolymers at 20% (w/w) were supplemented with
0.02% (w/v) of sodium azide to prevent microorganisms' growth and
were adjusted to pH=7.0 using 1 N NaOH solution. Emulsions were
formulated using a core to wall material (Co:Wa)ratio of 1:3 and a total
solids content of 26.6%. Emulsification process was carried out using an
Ultra-Turrax T50 homogenizer (IKA®-Werke Works Inc., Wilmington,
NC, USA) at 6400 rpm during 5min (Cortés-Camargo et al., 2017)
maintaining the temperature below 30 °C with an ice bath. The emul-
sions were stored in closed amber glass bottles at 4 °C,for 24 huntil their
analysis.

2.4. Emulsions characterization

2.4.1. Droplet size distribution
The mean droplet diameter of the emulsions was determined by

laser diffraction using a Malvern Mastersizer 2000 (Malvern
Instruments Ltd., Worcestershire, UK). The refractive index of emul-
sions was 1.364 and the obscuration was in a range of 15–20%.
Volume-weighted mean diameter (D[4,3]), area-volume mean diameter
or Sauter diameter (D[3,2]) and“span” parameter(distribution width of
droplet size) were obtained (García, Alfaro, Calero,& Muñoz, 2014).

2.4.2. Apparent viscosity
Apparent viscosityof the emulsions was measured using a Physica

MCR300 Rheometer (Physica Messtechnik GmbH, Stuttgart, Germany).
Different geometry was used according to the type of emulsion, i.e. MG-
CM emulsions were analyzed using a stainless steel cone-plate geometry
with a rotating cone of 50mm in diameter and cone angle of 2° with a
gap of 0.2mm, while MG emulsion was measured using double-gap
geometry (DG 26.7) due to its low viscosity value. Samples
of~1.25mLwere carefully placed in the measuring system, and were
left at rest for 5min at 25 °C for structure recovery. Viscosity curves of
the emulsions were obtained by increasing the shear rate ( ) from 0.001
to 1000 s−1 in5min at 25 °C (Utrilla-Coello et al., 2014). The viscosity
curves of MG-CM emulsions were adjusted to Cross (Cross, 1965)
model:

( )
[1 ( ) ]a m

0= +
+ (1)

where is the shear rate (s−1), ηa is the apparent viscosity (Pa s), η0is
the zero-shear rate viscosity (Pa s), η∞ is the infinite shear rate viscosity
(Pa s), λ is the relaxation time (s),and m isa dimensionless constant
related to the power law exponent (Sittikijyothin, Torres, & Gonçalves,
2005). The viscosity curve of MG emulsion was fitted to the Power Law
model:

Ka
n( 1)= (2)

where Kis the consistency index (Pa sn) and n is the power law exponent
or flow index (dimensionless) (Steffe, 1996).

S. Cortés-Camargo et al. Food Research International 116 (2019) 1010–1019

1011



2.5. Microencapsulation by spray drying

Emulsions were prepared and immediately dried using a Nichols/
Niro spray-drier (Turbo Spray PLA, NY, USA) with a feed rate of
5mLmin−1 and, inlet and outlet air temperatures of 135 ± 5 °C, and
80 ± 5 °C respectively, with an atomization pressure of 4 bar (Cortés-
Camargo et al., 2017). The microcapsules were collected and stored in
sealed polyethylene bags, wrapped with aluminum foil, and were in-
troduced to a desiccator(20 °C) until their analysis.

2.6. Microcapsules characterization

2.6.1. Moisture content
The initial moisture content of the microcapsules was measured

gravimetrically by vacuum oven drying at 70 °C and < 7 kPa until
reach constant weight (Bringas-Lantigua, Expósito-Molina, Reineccius,
López-Hernández,& Pino, 2011).

2.6.2. Particle size distribution
The volume-weighted mean diameter (D[4,3]) of the microcapsules

was measured using a particle size analyzer Malvern Mastersizer 2000
(Malvern Instruments Ltd., Malvern, Worcestershire, UK).
Microcapsules were dispersed in 2-propanol with a refractive index of
1.385, an adsorption index of 0.1 and an air pressure of 4 bar (Rodea-
González et al., 2012).

2.6.3. Scanning electron microscopy
Microcapsules morphology was observed using a scanning electron

microscope (SEM) model JSM-6510LV (Jeol Co. Ltd., Tokyo, Japan) at
an accelerating voltage of 15 kV. The samples were placed on the SEM
stubs using a double-sided sticky tape (Ted Pella, Redding, California,
USA) and subsequently coated with gold using sputtering at 100 mili-
torrs and 15mA (Denton Vacuum Model, USA) (Rodea-González et al.,
2012).

2.6.4. Total volatile oil retention
Total volatile oil retention of the microcapsules was determined

using Clevenger distillation according to the method reported by
Bringas-Lantigua et al. (2011) with slight modifications. 7.5 g of mi-
crocapsules were dissolved in 100mL of distilled water at 20 °C and the
dispersion was poured into a 250mL round-bottom flask. The distilla-
tion wascarried out under constant stirring for 1.5 h, and the volume of
distilled oil was directly read in the scale of the collection arm. Volatile
oil retention (%VOR) was calculated dividing total volatile oil (TVO)
measured in the collection arm over theoretical oil content (TOC) and
expressed as percentage.The density of LEO was of0.87 gmL−1 at 20 °C,
measured with a DMA 35 density meter (Anton Paar GmbH, Graz,
Austria).

2.6.5. Encapsulation efficiency
The encapsulation efficiency was determined using the method of

Bringas-Lantigua et al. (2011) with slight modifications. At first, the
surface LEOof the microcapsules, i.e. LEO that was not entrapped
within the microcapsule core, was extracted by adding 7.5 g of micro-
capsulesinto 20mL of hexane solvent and gently shaken for 20min, the
resultant dispersion was filtered through a Whatman filter paper grade
1. The microcapsules collected on the filter were rinsed three times
using 10mL of hexane each time, then the residual solvent of the mi-
crocapsuleswas evaporatedat 20 °C until reach constant weight.

The resultant microcapsules, with no oil on their surfaces, were
weighed and dissolved in 100mL of distilled water in order to de-
termine theirLEOcore content by means of Clevenger distillation.The
surface LEO content(SO) of microcapsules was calculated by mass dif-
ference between the retained total volatile oil (TVO) obtained in
Section 2.6.4, and the core LEO content obtained in this section.The
encapsulation efficiency (EE) was calculated using theEq. (3) (Carneiro,

Tonon, Grosso, & Hubinger,2013):

EE TVO SO
TVO

100= × (3)

2.6.6. Oil oxidation by peroxide value
The oil oxidation was evaluated by peroxide value method at time

zero (right after drying) and over seven weeks of storage. The con-
ditioning was carried out by placing 0.5 g of microcapsules inside a
glass vial (20mL) and these were stored at 35 °C in order to accelerate
the oxidation process with a controlled water activity ranging from 0.16
to 0.35.

The peroxide value was performed according to the method of
Shantha and Decker (1994) with slight modifications. Briefly, 0.5 g of
microcapsules were dispersed in 1.0 mL of distilled water, 0.3mL of the
reconstituted emulsion were mixed with 1.5 mL of isooctanol/iso-
propanol 3:2 (v/v), and vortexed three times for 10 s using a Vortex 3
Orbital Shakers (IKA, Germany).The samples were centrifuged using a
5810 R centrifuge (Eppendorf, Hamburg, Germany) at 3150×gfor
10min. 0.2 mL of the upper organic layer were added to 2.8mL of
methanol/1-butanol solution 2:1 (v/v), followed by adding 15 μL of
3.94M ammonium thiocyanate and 15 μL of ferrous iron solution. The
ferrous iron solution was the supernatant of a mixture of 25mL BaCl2
solution (0.132M BaCl2 in 0.4M HCl) and 25mL of 0.144M FeSO4

solution. The absorbance was read at 510 nm after 20min, usinga UV/
Vis spectrophotometer model Genesys 10 (Thermo Scientific, Waltham,
MA, USA) and the hydroperoxides concentrations were calculated using
a standard curve of cumene hydroperoxides (Niu et al., 2016).

2.6.6.1. Oil oxidation kinetics. Peroxide value-time curves of LEO and
encapsulated LEO were fitted to zero and first order using linear Eqs.
(4) and (5), respectively (Labuza, 1984):

C K t CHP HP HP0= + (4)

K tlnC lnCHp HP Hp0= + (5)

where CHP0is the initial peroxide value at time 0 (right after drying),
CHPis the peroxide value after t (time), KHPis the hydroperoxides
formation rate constant which was obtained from the slope of the
peroxide value-time curve, in this case KHPhad positive sign since
hydroperoxides formation increased over time (Escalona-García et al.,
2016).

2.6.7. Oil release kinetics
Release kinetics of LEOfrom microcapsules was carried out using the

method described by Dima, Pătraşcu, Cantaragiu, Alexe, and Ştefan
(2016)with slight modifications. Phosphate buffer solution (PBS) at pH
values of 2.5 and 6.5 were prepared and mixed with ethanol in a 3:2
ratio (v/v). 0.75 g of LEO microcapsules were added in an Erlenmeyer
flask containing 60mL PBS - ethanol solution and it was slowly stirred
at constant temperature (37 °C and 65 °C).Samples of 2mL were sucked
out for analysis at specific time intervals, and immediately replaced
with 2mL of fresh media (PBS - ethanol solution). The samples were
centrifuged using a 5810 R centrifuge (Eppendorf, Hamburg, Germany)
at 3150×gfor 10minat 25 °C and the supernatants were used to de-
termine the LEO concentration with an UV–VIS spectrophotometer
model Genesys 10 (Thermo Scientific, Waltham, MA, USA) at a wave-
length of 273 nm, using as blank sample PBS - ethanol 3:2 (v/v) solu-
tion. The LEO concentration in the release medium at sampling time
intervals was calculated using a calibration curve of LEO in PBS -
ethanol 3:2 (v/v) solution (Absorbance=0.2765(LEO conc.(mg/
mL))+ 0.3618; r2= 0.99).The cumulative percentage (Q) of released
LEO was obtained using the Eq. (6):

Q M
M

100
t

t
t

0 0
= ×

= (6)
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where Mt is the cumulative amount of LEO released in the medium at
each sampling time and M0 is the initial mass of LEO loaded in the
sample.

2.7. Statistical analysis

Statistical analysis was performed in triplicate for each sample for
all the tests, and data are shown as means± standard deviation. Data
were analyzed using a one way analysis of variance (ANOVA) and
Tukey's test at a significance level p≤ .05 using Minitab version 16.0
software (Minitab Inc., State College, PA, USA).

3. Results and discussion

3.1. Emulsions characterization

3.1.1. Droplet size distribution and apparent viscosity
Table 1 shows the parameters of droplet size distribution of LEO

emulsions stabilized with MG-CM mixtures and MG. The volume-
weighted mean diameter D[4,3] and Sauter diameter D[3,2], of90–10
and 80–20 MG-CM emulsions were significantly (p≤ .05) larger than
those of MG emulsion,but showed no significant difference (p > .05)
between them. The larger droplet mean sizes ofMG-CM mixturescan be
attributed to certaincharacteristics of CM, such as high water holding
capacity and high viscosity of the mucilage (Timilsena, Adhikari,
Kasapis, et al., 2016). In contrast, MGemulsion had very small mean
droplet sizedue to the compact structure,high solubility in water and
low viscosity of MG (Vernon-Carter et al., 2000), which allows a very
rapid diffusion and anchoring of MG molecules to the oil-water inter-
face. Therefore, structural and functional differences between both
biopolymers lead to significant differences in their droplet mean dia-
meters. The width of the droplet size distribution or “span” (Table 1)
values indicate that MG-CM emulsionshad high polydispersity, i.e.
heterogeneous droplet size distribution, whileMGemulsion wa-
spredominantly monodisperse, i.e.it had a homogeneoussizedistribu-
tion. Fig. 1 shows that MG-CM emulsionsshowed a bimodal behavior,
while MG emulsion a unimodal behavior characterized by basically a
peak corresponding to its predominant size. Piorkowski and
McClements (2014) have determined that homogeneous systems with
narrow unimodal distribution display higher emulsion stability over the
time; although emulsion stability may also depend on other factors.

Fig.2 shows apparent viscosity (ηa) of LEO emulsions at 26.6% of total
solids. MG-CM emulsions had higher ηavalues than MGemulsionand as CM
concentration in MG-CM emulsions increased, the ηa also increased.
80–20MG-CM emulsion had the highest ηa(14.86 Pa s at =0.005 s−1)
and was able to flow without tendency to form a weak gel. The high
viscosity of CM is related with its content of 4-O-methyl glucuronic acid
that forms intermolecular bonds in aqueous medium (Timilsena, Adhikari,
Kasapis, et al., 2016) which lead to higher water retention and molecular
swelling.The viscosity curves of MG-CM emulsions(Fig. 2) showed three
well-defined regions: (1) Newtonian-Plateau region where the viscosity

has a constant value at lower shear rates, (2) shear-thinning or pseudo-
plastic region where the viscosity decreases with increasing shear rate and
(3) the infinite shear viscosity region at higher shear rates (García et al.,
2014; Sittikijyothin et al., 2005). On the other hand, the viscosity curve of
MG emulsion only had two well-defined regions, the pseudoplastic and
infinite shear viscosity region.The viscosity curves of MG-CM emulsions
were well fitted to Cross model (r2≥0.99) (Table 2). As concentration of
CM in MG-CM emulsions increased, the relaxation times (λ) also increased
due to the increase in ηa and reduction of molecular movement by greater
cross-linking (Lopes da Silva, Gonçalves, & Rao, 1992). The structure of
80-20 MG-CM emulsionhad the greatest resistance to viscosity drop when
increasing the shear rate, sinceit took more time to move from the New-
tonian-Plateau region to pseudoplastic region. The “m” parameter of Cross
model allowed to determine the fluids pseudoplasticity (Cervantes-
Martínez et al., 2014), MG-CM emulsions had “m” values close to or
greater than oneand were classified as non-Newtonian fluids of pseudo-
plastic type. Cross model has been used to represent the rheological be-
havior of viscosity curves of mucilages obtainedfrom Aloe vera(Cervantes-
Martínez et al., 2014) and pitahaya (Hylocereus undatus) (García-Cruz,
Rodríguez-Ramírez, Méndez-Lagunas, & Medina-Torres, 2013). The visc-
osity curve of MG emulsion (Fig. 2) was adjusted to Power Law model
(r2=0.98) and its ηavalues dropped rapidly due to alignment of its mo-
lecules to the shear field, reaching infinite viscosity valuesat low shear
rates.Viscosity and droplet size of emulsions are directly related. High

Table 1
Parameters of droplet size distribution of LEO emulsions stabilized with MG-CM
mixtures and MG.

D[4,3] μm D[3,2] μm Span

90-10 MG-CM 36.88 ± 0.64 a 1.84 ± 0.00 a 61.95 ± 1.23 a

80-20 MG-CM 48.60 ± 6.73a 1.94 ± 0.09 a 66.83 ± 3.21a

MG 1.46 ± 0.01b 1.10 ± 0.01b 0.92 ± 0.00 b

Data are presented as means± SD (n=3).
Values with different letters in the same column indicate significant difference
(p≤ .05).
LEO: lemon essential oil; MG: mesquite gum; CM: chia mucilage; D[4,3]: vo-
lume-weighted mean diameter; D[3,2]: area-volume mean diameter or Sauter
diameter.

Fig. 1. Droplet size distribution of lemon essential oil emulsions stabilized with
mesquite gum – chia mucilage (MG-CM) mixtures and MG stored for 24 h,
25 °C. Average values are shown (n=3).

Fig. 2. Apparent viscosity-shear rate behavior of lemon essential oil emulsions
stabilized with mesquite gum – chia mucilage (MG-CM) mixtures and MG at
25 °C. (1) Newtonian-Plateau region; (2) Shear-thinning or pseudoplastic re-
gion; (3) infinite viscosity region.Average values are shown (n= 3).
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viscosity emulsionsslow down the diffusion of biopolymers molecules to
the interface during homogenization,resulting in larger oil droplet sizes
(Piorkowski & McClements, 2014). In this case, MG-CM emulsions had
higher viscosity, larger droplet sizes and higher heterogeneity than that of
the MG.

3.2. Microcapsules characterization

3.2.1. Moisture content, particle size distribution and morphology
Table 3 shows the moisture content and volume-weighted mean

diameter D[4,3] of the LEO microcapsules. The moisture content
ranged from 2.17 to 3.89%. MG-CM microcapsules had larger D[4,3]
than MG microcapsules, and the three microcapsules systems showed
significant difference between them (p≤ .05). As concentration of CM
in MG-CM microcapsules increased, D[4,3]also increased. Particle
mean diameter of microcapsules is related with droplet mean diameter
of inlet emulsions, i.e., microcapsules with larger particle size were
obtained from emulsions with larger droplet size and higher viscosity
(Carneiro et al., 2013). It should be noted that MG-CM microcapsules
did not show tendency to the agglomeration.Fig. 3 shows the particle
size distribution of LEO microcapsules where thethree microcapsules
systems had a bimodal behavior with heterogeneous particle sizes or
high polydispersity, however, MG-CM microcapsules showed greater
amplitude in the particle size distribution than those of MG.

Fig.4 shows micrographs obtained by scanning electron microscopy
of LEO microcapsules.Fig.4a–ccorrespond to 90-10 MG-CM, 80-20 MG-
CM, and MG microcapsules, respectively. MG microcapsules were
smaller sized than the MG-CM microcapsules, whose particle size in-
creased as CM concentration augmented in MG-CM mixtures. All the
microcapsules were characterized for displaying irregular spheres
shapes with wrinkled surfaces. Shrinkage phenomenon during spray
drying is influenced by variables such as drying conditions, inlet
emulsion viscosity and wall material characteristics (Jafari, Assadpoor,
He,& Bhandari, 2008). In this work, the three microcapsules systems
were obtained under the same conditions, so MG microcapsules
shrinkage was associated with a rapid spray drying rate since its
emulsion had low viscosity values which allowed a rapid flow to the
drier interior (Cortés-Camargo et al., 2017), while MG-CM micro-
capsules shrinkage was attributed to the scarce flexibility and resistance
of thewall materials (Tan, Chan,& Heng, 2009). Addition of CM in MG-
CM emulsionsincreased their viscosity, which delayed the drying pro-
cess, but it was not enough to avoid shrinkage.

3.2.2. Volatile oil retention and encapsulation efficiency
Table3 shows the total volatile oil retention (VOR) of LEO micro-

capsules. The three microcapsules systems had a content of VOR
≤51.5%. 90–10 and 80–20 MG-CM microcapsules had higher VOR
than MG microcapsules, and these mixtures showed no significant dif-
ferences (p > .05) between them. The VOR values ofMG-CM micro-
capsules were mainly associated with the inlet emulsions characteristics
which presented larger droplet sizes and higher viscosity values,
thus,MG-CM emulsions took longer to form the film around the large
droplets during spray drying and consequently, they suffered a great
loss of volatile compounds (Soottitantawat et al., 2005). Cortés-
Camargo et al. (2017)reported VOR valuesin a range of 58.2–70.3%for
LEO microcapsules covered with MG- nopal mucilage mixtures.

Table 3 shows encapsulation efficiency (EE) of LEO microcapsules.
All themicrocapsules systems had nosignificant difference (p > .05) in
theirEE values(≥96.9%). High EE values indicate a greater protection
of oil against oxidation since most of the oil is inside of the micro-
capsule.High EE values of MG-CM microcapsules can be related tothe
high viscosity of the inlet emulsions which avoid oil droplet migration
towards the particle surface (Tonon, Grosso,& Hubinger, 2011), and
also to the enhanced film-forming capacity byCM in MG-CM mixtures

Table 2
Parameters of cross model of LEO emulsions stabilized with MG-CM mixtures.

Cross ηo (Pa s) η∞ (Pa s) λ (s) m r2

90-10 MG-CM 6.73 ± 0.12b 0.14 ± 0.03a 22.30 ± 1.07a 1.33 ± 0.07a 0.99
80-20 MG-CM 15.96 ± 0.23a 0.23 ± 0.05a 26.36 ± 1.00a 1.24 ± 0.04a 1.00

Data are presented as means± SD (n= 3).
Values with different letters in the same column indicate significant difference (p≤ .05).
LEO: lemon essential oil; MG: mesquite gum; CM: chia mucilage; η0: zero-shear rate viscosity; η∞: infinite-shear rate viscosity; λ: relaxation time; m is a dimensionless
constant; r2: coefficient of linear determination.

Table 3
Characterization of LEO microcapsules covered with MG-CM mixtures and MG.

Moisture content(%) D[4,3](μm) Volatile oil retention(%) Encapsulation efficiency(%)

90-10 MG-CM 3.89 ± 0.06 a 13.80 ± 0.24 b 49.6 ± 1.9 a 98.3 ± 1.4 a

80-20 MG-CM 3.23 ± 0.02 b 18.38 ± 0.45 a 51.5 ± 1.7 a 98.6 ± 1.3 a

MG 2.17 ± 0.14 c 9.81 ± 0.12 c 42.0 ± 1.0b 96.9 ± 1.7 a

Data are presented as means± SD (n= 3).
Values with different letters in the same column indicate significant difference (p≤ .05).
LEO: lemon essential oil; MG: mesquite gum; CM: chia mucilage; D[4,3]: volume-weighted mean diameter.

Fig. 3. Particle size distribution of lemon essential oil microcapsules covered
with mesquite gum – chia mucilage (MG-CM) mixtures and MG. Average values
are shown (n= 3).
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which protect the emulsion from extensive oil droplet disruption during
atomization process by spray drying (Tonon, Pedro, Grosso,& Hubinger,
2012).Timilsena, Adhikari, Barrow, et al. (2016) used chia seed gum at
very low concentration (2.6 g of gum / 500mL of water) for micro-
encapsulating chia seed oil by spray drying with an EE value of
63.1 ± 1.9%, however, when chia seed gum - chia seed protein isolate
complex coacervates were used, the EE values increased up to
93.9 ± 4.6%.

In the case of MG microcapsules, their high EE value can be at-
tributed to their emulsion characteristics such as small particle sizes,
low viscosity values and consequently, high emulsion stability. Some
studies have shown higher EE values of the oils and flavorings, by de-
creasing the droplet size and increasing emulsion stability (Carneiro
et al., 2013; Tonon et al., 2012).

3.2.3. Oil oxidation kinetics
Fig. 5 shows the oxidation kinetics of LEO and LEO microcapsules

covered with MG-CM mixtures and MG, stored at 35 °C per seven
weeks. The initial hydroperoxides(HP) content of non-encapsulated
LEO was of 9.3 ± 1.9meq HPkg−1 of oil,which was rapidly oxidized
during the first week ofstorage (183.3 ± 8.5meq HP kg−1 of oil);
oxidation continued until reaching a very high peroxide value of
351.2 ± 11.3meq HP kg−1 of oil at the fifth week of stor-
age.Microencapsulation of LEO reduced its oxidation significantly, but
the wall material composition affected the level of protection against
oxidation.90–10 and 80-10MG-CM microcapsules provideda greater
protection against LEO oxidation during storage than MG micro-
capsules, but the mixtures showed no significant (p > .05) difference
between them, indicative that CM contributed to reduce oxidation, but
the oil oxidative stability was not dependent on its concentration.

LEO covered with 90–10 and 80–20 MG-CM mixtures and MG had
their peroxide values peaks (maximum HP concentration) at second
(91.6 and 90.5meq HP kg−1 of oil)and third (203.3meq HP kg−1 of
oil) week of storage, respectively.At longer storage times, the peroxide
value decreased continuously because the hydroperoxides reacted to
form secondary lipid oxidation products (carbonyls and aldehydes)
(Timilsena, Adhikari, Barrow, et al., 2016).Cortés-Camargo et al.
(2017)showed a similar trend in the oxidation kinetics of micro-
encapsulated LEO covered withMG – nopal mucilage mixtures stored
under the same conditionsof this study.

CM addition produced thicker biopolymer matrices evidenced by
the larger particle size of the MG-CM microcapsules compared to that of
MG, and afforded a greaterprotection to the encapsulated LEO, since
the surface area to volume ratio and the contact area of the oil with
oxygen were reduced (Soottitantawat et al., 2005).However, CM ad-
dition in 90–10 and 80–20 MG-CM microcapsules was not enough to
maintain the initial oxidation level during storage, and this could be
related with the “shrinkage”that tends to damage the microcapsule

Fig. 4. Micrographs of lemon essential oil microcapsules covered with mesquite gum – chia mucilage mixtures (a) 90–10 MG-CM, (b) 80–20 MG-CM and (c) MG, at
10 μm scale.

Fig. 5. Oxidation kinetic of lemon essential oil (LEO) and LEO microcapsules
covered with mesquite gum – chia mucilage (MG-CM) mixtures and MG, stored
during seven weeks, at 35 °C. Average values are shown (n= 3).
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surface favoringoxygen permeability(Bae &Lee, 2008).
On the other hand, MG microcapsules had smaller particle size, with

greater surface area to volume ratio,which promoted oxidation (Jafari
et al., 2008). MG has abranched compact spherical structure which
diffuses rapidly to the oil–water interface during the emulsion forma-
tion (Vernon-Carter et al., 2000) and when it is spray-dried, it creates
thinfilms which makes the oil closer to the surface facilitating its re-
action with external oxygen (Soottitantawat et al., 2005).

The HP formationkinetics (Fig. 5) were tested using zero-order and
first-order models finding that all the systems showed a better fit to
zero-order kinetics (r2≥ 0.94) until reaching their maximum HP con-
centration over the time.In shelf-life studies, zero-order reactions form
a straight line by plotting a quality factor (positive or negative) versus
time, and are independent of the reagent concentration (Han, 2005),
i.e. the rate of HP formation was constant over the time and in-
dependent of the concentration of oil that was reacting.Table 4 shows
the zero-order kinetic parameters of LEO and microencapsulated LEO-
covered with MG-CM and MG. Greater rate constants of HP formation
(KHP) indicate a higher oxygen diffusion through the biopolymer matrix
(Escalona-García et al., 2016). The KHP of non-encapsulated LEO
(11.81 ± 0.18meq HP kg−1 of oil·day) was significantly (p≤ .05)

higher than that of microencapsulated LEO covered with MG
(10.17 ± 0.34meq HP kg−1 of oil·day) and both of them were sig-
nificantly higher (approximately two-fold times) thanKHP ofmi-
croencapsulated LEO covered with 90-10 and 80-20 MG-CM mixtures
(6.19 ± 0.35 and 6.12 ± 0.32meq HP kg−1 of oil·day, respectively),
indicating that MG-CM microcapsules achieved greater protection of
LEO against oxidation.Soottitantawat et al. (2004) and Escalona-García
et al. (2016) also found zero-order reactions in the oxidation kinetics of
encapsulated oil using D-limonene and chia seed oil, respectively as core
materials.

3.2.4. Oil release kinetics
Release kinetics of LEO encapsulated with MG-CM mixtures and MG

were carried out under different pH and temperature conditions simu-
lating the physicochemical conditions of food processing within the
gastrointestinal tract, i.e. pH of 2.5 and 6.5, at two temperatures 37 °C
(human body temperature) and 65 °C (food processing temperature)
(Dima et al., 2016). The oil release kinetics data were tested usingzero-
order, first-order, Higuchi and Peppas models (Table5).

Fig. 6a shows the release rate of LEOencapsulatedwith MG-CM and
MG at pH=2.5 and 37 °C. LEO release rate was faster in MG

Table 4
Zero-order kinetic parameters of LEO and LEO microcapsules covered with MG-CM and MG.

Kinetic modelCHP= KHPt+ CHP0 KHP (meq hydroperoxides/kg of oil·day) r2

LEO CHP=11.81 t+12.95 11.81 ± 0.18 a 0.94
LEO/90-10 MG-CM CHP=6.19 t+12.74 6.19 ± 0.35 c 0.94
LEO/80-20 MG-CM CHP=6.12 t+7.93 6.12 ± 0.32 c 0.99
LEO/MG CHP=10.17 t+8.90 10.17 ± 0.34 b 0.94

Data are presented as means± SD (n= 3).
Values with different letters in the same column indicate significant difference (p≤ .05).
LEO: lemon essential oil; MG: mesquite gum; CM: chia mucilage; CHP0: initial peroxide value at time zero; CHP: peroxide value after time (t); KHP:hydroperoxides
formation rate constant; r2: coefficient of linear determination.

Table 5
Kinetic release parameters of LEO microcapsules covered with MG-CM and MG at different pH and temperature conditions.

pH=2.5, 37 °C

Mathematical model 90-10 MG-CM 80-20 MG-CM MG
Zero order Q=7.27 t+20.22 (r2= 0.77) Q=2.32 t+24.46 (r2= 0.76) Q=15.41 t+24.18 (r2= 0.79)
First order ln(Q-100)=−0.41 t+4.79 (r2= 0.98) ln(Q-100)=−0.09 t + 4.62 (r2= 0.99) ln(Q-100)=−0.77 t + 4.78 (r2= 0.98)
Higuchi Q=31.37 t1/2–3.66(r2= 0.91) Q=17.68 t1/2–1.82(r2= 0.94) Q=43.07 t1/2+ 3.75 (r2= 0.97)
Peppas lnQ=0.75lnt+2.90(r2= 0.90) lnQ=0.75lnt+ 2.17(r2= 0.93) lnQ=0.46lnt+3.87 (r2= 0.94)

pH=2.5, 65 °C

Mathematical model 90-10 MG-CM 80-20 MG-CM MG
Zero order Q=9.09 t+20.93 (r2= 0.85) Q=8.22 t+20.29 (r2= 0.82) Q=13.31 t+4.09 (r2= 0.97)
First order ln(Q-100)=−0.3 t+4.56 (r2= 1.0) ln(Q-100)=−0.42 t+4.82 (r2= 0.98) ln(Q-100)=−0.45 t+5.03 (r2= 0.89)
Higuchi Q=32.56 t1/2+ 1.4(r2= 0.98) Q=32.4 t1/2–1.82(r2= 0.95) Q=39.76 t1/2–14.07 (r2= 0.93)
Peppas lnQ=0.51lnt+3.49(r2= 0.97) lnQ=0.66lnt+3.16(r2= 0.91) lnQ=0.94lnt+2.77 (r2= 0.99)

pH=6.5, 37 °C

Mathematical model 90-10 MG-CM 80-20 MG-CM MG
Zero order Q=1.11 t+55.97(r2= 0.35) Q=1.6 t+34.68 (r2= 0.66) Q=15.33 t+7.71 (r2= 0.93)
First order ln(Q-100)=−0.09 t+3.79(r2= 0.84) ln(Q-100)=−0.13 t+4.83(r2= 0.82) ln(Q-100)=−0.61 t+5.05 (r2= 0.93)
Higuchi Q=11.62 t1/2+ 34.11(r2= 0.64) Q=14.87 t1/2+ 8.08(r2= 0.90) Q=43.28 t1/2–11.55 (r2= 0.93)
Peppas lnQ=0.31lnt+3.6(r2= 0.69) lnQ=0.53lnt+2.77(r2= 0.94) lnQ=0.95lnt+2.95 (r2= 0.95)

pH=6.5, 65 °C

Mathematical model 90-10 MG-CM 80-20 MG-CM MG
Zero order Q=2.2 t+28.4 (r2= 0.73) Q=1.46 t+37.08 (r2= 0.6) Q=14.36 t+18.15 (r2= 0.84)
First order ln(Q-100)=−0.08 t+4.49 (r2= 0.98) ln(Q-100)=−0.06 t+4.3(r2= 0.92) ln(Q-100)=−0.88 t+5.2 (r2= 0.93)
Higuchi Q=17.02 t1/2+ 2.63(r2= 0.93) Q=13.95 t1/2+ 11.49(r2= 0.86) Q=42.54 t1/2–3.26 (r2= 0.95)
Peppas lnQ=0.63lnt+2.54 (r2= 0.93) lnQ=0.58lnt+2.63(r2= 0.84) lnQ=0.68lnt+3.45 (r2= 0.92)

LEO: Lemon essential oil; MG: Mesquite gum; CM: Chia mucilage; Q: cumulative percentage of released LEO; t: time; r2: coefficient of linear determination.
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microcapsules, followed by 90–10 and 80–20 MG-CM microcapsules
and there was significant difference between them (p≤ .05). The three
curves of oil release rate had the best fit to the first-order model
(r2≥ 0.98). Peppas equation allowed to determine the diffusion ex-
ponent “n” of microcapsules whichclassifies the release mechanisms as
follows: n≤0.43 Fickian diffusion (case I transport); 0.43 < n < 0.85
anomalous or non-Fickian transport; n=0.85 zero-order release kinetic
(case II transport) (Dima et al., 2016; Siepmann & Peppas, 2001) and
n > 0.89 “supra II” type transport (Dash, Narasimha-Murthy, Nath,&
Chowdhury, 2010). In this case, the three microcapsules systems hada
non-Fickian transport mechanism where the oil release is controlled by
the biopolymer swelling and oil diffusion through the biopolymer ma-
trix (Maderuelo, Zarzuelo,& Lanao, 2011).

Fig.6b shows the release rate of LEOencapsulated with MG-CM and
MG at pH=2.5 and 65 °C. Under these conditions, the oil release rate
was very fast since it occurred in a maximum time of 10min and the
type of wall material had not an effect on the oilrelease rates. The
model that best described LEO release rate of90–10 and 80–20 MG-CM
microcapsules was the first-order model (r2≥ 0.98) and of MG micro-
capsules was that of Peppas (r2= 0.99). The transport mechanism of
LEO encapsulated with90–10 and 80–20 MG-CM was non-Fickian, and
of LEO encapsulated with MG was “supra II” type transport which re-
lease the oil by biopolymer erosion or degradation in contact with the
dissolution medium (Dash et al., 2010; Maderuelo et al., 2011).

Fig.6c shows the release rate of LEOencapsulated with MG-CM and
MG at pH=6.5 and 37 °C. Oil release rate was faster using MG mi-
crocapsules, followed by 90–10 and 80–20 MG-CM microcapsules.
90–10 and 80–20 MG-CM mixtures had different oil release rates but
were not significantly different (p > .05) in the range of 25 to 60min.
The model that best described the oil release rate of 80–20 MG-CM and
MG microcapsules was that of Peppas (r2≥ 0.94), and of 90–10 MG-CM

microcapsules was the first-order model (r2= 0.84).The transport me-
chanism of LEO encapsulated with80–20 MG-CM was non-Fickian,of
LEO encapsulated with MG was“supra II type”transport and of LEO
encapsulated with 90–10 MG-CM was Fickian where the oil release rate
is only controlled by the diffusion process (Dima et al., 2016).

Fig.6d shows the release rate of LEO encapsulated with MG-CM and
MG at pH=6.5 and 65 °C. Oil release rate was faster using MG mi-
crocapsules, followed by 90-10 and 80-20 MG-CM microcapsules and
these mixtures had not significant difference (p > .05) between them
in most of the time studied. The model that best described the oil re-
lease rate of 90–10 MG-CM (r2= 0.98) and 80-20 MG-CM micro-
capsules (r2= 0.92) was the first-order model and of MG microcapsules
was that of Higuchi (r2= 0.95). All three LEO microcapsules systems
had a non-Fickian transport mechanism.

Addition of CM in MG-CM microcapsules decreased the LEO release
rate. The higher CM concentration in MG-CM microcapsules,the slo-
werwas the oil release rate. Oil release rate in MG-CM microcapsules
was controlled by the swelling and the formation of a robust gel
layer,decreasing the porosity of the wall material and the oil release
rate. The acidic condition of the medium (pH=2.5) favored the rapid
oil release from microcapsules. Acidic conditions tend to produce the
depolarization or reduction of the negative chargeof the biopolymers,
which reduces the viscosity and the resistance of gel (Maderuelo et al.,
2011).

MG microcapsules showedthe “burst effect” where a considerable
percentage of oil is released in a relatively short period of time in
contact with water (Maderuelo et al., 2011). The burst effect is attrib-
uted to oil molecules adsorbed on the microcapsules surface, that is, the
biopolymer dissolution rate near to the surface is high, thus the amount
of oil released is also high (Hosseini, Zandi, Rezaei,& Farahmandghavi,
2013). In this work, burst effect of MG microcapsules was attributed to

Fig. 6. Release kinetics of lemon essential oil encapsulated with mesquite gum – chia mucilage (MG-CM) mixtures and MG, using different conditions of pH (2.5 and
6.5) and temperature (37 °C and 65 °C). Average values are shown (n=3).
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their small particle sizes and to their thin biopolymermatrices. The
addition of CM in MG-CM microcapsules allowed to delay the LEO re-
lease rate avoiding the representative burst effect of MG microcapsules,
besides it could be useful in the sensorial aspect, since CM ad-
ditioncould prolong the release and perception of lemon flavor in the
mouth. On the other hand, the rapid LEO release from MG micro-
capsules could be exploited in the preparation of powdered instant
beverages since these microcapsules are rapidly solubilized in water
allowing the immediate release of the flavoring agent. Thus, depending
on the application, the most convenient biopolymer matrix must be
selected to control the oil release rate.

4. Conclusions

MG-CM microcapsules in 90–10 and 80–20 ratios provided better
protectionto LEO against oxidationthanMG microcapsules.The higher
protection against LEO oxidation by the MG-CM mixtures was related
with their emulsion and microcapsules characteristics, i.e. MG-CM
emulsions hadlargerdroplet sizes and higher apparent viscosityvalues
than MG emulsion, and after being spray-dried, MG-CM micro-
capsuleshad larger particle sizesand smaller superficial area in con-
tactwith oxygen than MG microcapsules. The three microcapsules sys-
tems had low volatile oil retention values (≤51.5%) and high
encapsulation efficiency values (≥96.9%). Furthermore, CM addition
in MG-CM microcapsules contributed to delay the LEO release rate. A
higher concentration of CM in MG-CM microcapsules led to a reduction
in oil release rate due to the increase in the particle size and to the
swelling and the formation of a robust gel layer around the micro-
capsules in contact with water. In contrast, MG microcapsules eroded in
contact with water which led to a rapid oil releaseby burst effect.
Studies of oil release kinetics should be considered for future applica-
tions of the encapsulated oil since they could have an effect on their-
functional and sensory characteristics. Finally, CM is an unexploited
additive capable of interacting with MG for oil microencapsulation by
spray drying, since these mixtures contributed to the improvement of
the oxidative stability and to delay of the release rate of encapsulated
LEO. In this way, MG-CM mixturesareinteresting additives system-
ssuitable for being applied in food industry.
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