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Tamarind seedmucilage (TSM)was evaluated as a novelwallmaterial for microencapsulation of sesame oil (SO)
by spray-drying method. Wall material:core ratios of 1:1 (M1) and 1:2 (M2) were considered, and the corre-
sponding physical and flowproperties, thermal stability, functional groups composition,morphology, encapsula-
tion efficiency, and oxidative stability were evaluated. Powder of M1 and M2 microcapsules exhibited free-
flowing characteristics. The particle size distribution for M1 microcapsules was monomodal with diameter in
the range 1–50 μm. In contrast, Microcapsules M2 presented a bimodal distribution with diameter in the ranges
1–50 μm and 50-125 μm. M1 microcapsules were thermally stable until 227 °C and microcapsules M2 until
178 °C.MicrocapsulesM1 andM2exhibited a dominant amorphous halo and externalmorphology almost spher-
ical in shape. Encapsulation efficiency was 91.05% for M1 and 81.22% for M2. Peroxide formation reached values
after sixweekswas 14.65 and 16.51mEq/kgOil forM1 andM2 respectively. Overall, the results led to the conclu-
sion that tamarindmucilage is a viablematerial for highmicroencapsulation efficiency, while offering protection
against oxidation mechanisms of SO.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Newconsumer trends have promoted a noticeable growth in the de-
mand of sustainable, eco-green and minimally processed food ingredi-
ents. Concomitantly, the search, development, and application of new
techniques and formulations of active and healthy products, using nat-
ural and active compounds have intensified in the recent decade. In
this way, actual industrial production of food products is more complex,
involving the inclusion of bioactive compounds with potential health
benefits. However, the stability of bioactive compounds is a critical pa-
rameter for their successful incorporation into various food systems
[1,2]. Hydrocolloids are widely used in food matrices for the protection
of active ingredients. Commonly, natural polysaccharides are the basic
bricks for the fabrication of hydrocolloids [3,4]. Entanglement of linear
and branched polysaccharide chains, electrostatic forces and weak hy-
drogen bridging are mechanisms involved in the formation and stabili-
zation of hydrocolloids. Gums (e.g., Arabic), chitosan, starch are
instances of polysaccharides that have been extensively considered for
food hydrocolloids.
yes), cpereza@uaemex.mx
The recent decade has witnessed the search of polysaccharides from
novel botanical sources as a supplementary alternative for traditional
materials. The motivation relies on promoting sustainable and renew-
able exploitation of natural resources in tropical and sub-tropical re-
gions. In this regard, mucilages from aside residues of food
commodities have been explored for utilization in food hydrocolloids.
Besides polysaccharides, mucilages contain functional compounds
with potential benefits for human health [5]. Interestingly, mucilages
extracted from seeds can be obtained at relatively low costs while offer-
ing a low-calorie intake [6,7].

Tamarind is a potential source of polysaccharideswith application in
foodmatrices. It has been reported that tamarind seed contains ~72% of
mucilage, which can be obtained as a by-product of the tamarind pulp
industry. Tamarind seed mucilage is composed of β-(1,4)-D-glucan
backbone substituted with side chains of α-(1,4)-d-xylopyranose and
(1,6)linked [β-D-galactopyranosyl-(1,2)-α-D-xylopyranosyl] to glucose
residues, where glucose, xylose and galactose units are present in ratios
of 2.8:2.25:1.0 as the monomer units and with a molecular weight of
720–880 kDa [8]. Previous studies have explored the chemical, physical,
thermal, thermodynamic, rheological and functional properties of tam-
arind mucilage [6,7], showing its valuable potential functional and a
low-cost source of wall material to be applied on encapsulation of
food ingredients.
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Encapsulation is often required for lipids of nutritional interest, es-
pecially lipids that are unsaturated and therefore particularly prone to
oxidation and other degradation. The most interesting oils that have
been explored in food science are those with high omega-3 fatty acid
content. These oils have been touted for their health benefits but are
currently typically consumed in the form of a large capsule that can be
difficult to swallow and lead to fishy breath and repeating. A suitable so-
lution is to find a way for incorporating oils into small microcapsules by
spray drying and subsequently adding the resulting product into food
and beverage products [1]. Sesame seed oil (SO) has been used as a nat-
ural ingredient in salads and as a seasoning oil to prepare foods. The
main compounds of the sesame oil are unsaturated fatty acids (UFA),
~47% of linoleic acid and ~37% of oleic acid [9]. In the last years, it has
been reported that the consumption of sesame oil has positive effects
in blood lipid profiles, increasing anti-inflammatory function, and
exhibiting antimutagenic activity [10]. Unsaturated essential fatty
acids in SO are chemically unstable in presence of oxygen, light, mois-
ture and heat. However, this problem can be fixed by enhancing the sta-
bility of SO throughmicroencapsulation process by spray drying. To this
end, the proper selection of a wall material is a central issue. In particu-
lar, a suitable wall material should exhibit high encapsulation efficiency
and protection against oxidation mechanisms of oils along time. Nowa-
days, there are only some studies focused on proving the application of
mucilages employing adjuvants (e.g., gums and proteins) as wall mate-
rials to encapsulate some lipids prone to oxidation [11–14]. However,
studies dealing with the sole use of mucilages as wall materials in the
microencapsulation processes have not yet been published.

The aim of this work was to introduce tamarind seed mucilage as a
wall material without any other hydrocolloid for spray-dryingmicroen-
capsulation of sesame seed oil susceptible to degradation processes. Be-
sides, the resultant microcapsules with sesame seed oil were
characterized for their physical and flow properties, thermal stability,
functional groups composition, morphology, encapsulation efficiency,
and oxidative stability.

2. Materials and methods

2.1. Materials

Sesame seeds were purchased at a local market (Toluca, Mexico).
Tamarind seed mucilage was extracted according to a method previ-
ously reported [8]. Chemical reagents were purchased from Sigma Al-
drich S.A. de C.V. (Toluca, Mexico). Bidistilled water was used in all
experimental runs.

2.2. Oil extraction

A Tamer hydraulic press (Model PT-20, Shanghai, China) fitted with
a 40 cm long and 10 cm diameter plunger was used for cold pressing
sesame seeds in order to extract seed oil. The maximum pressure ap-
plied by the piston was 8.8 × 108 N/m2, at room temperature (~20 °C).
Sesame seed oil (SO) was stored in amber bottles at ~4 °C for further
measurements.

2.3. Emulsions preparation

Aqueous stock solutions of tamarind seedmucilage (TSM)with 0.3%
w/w sodium azide to prevent the proliferation of microorganisms, were
prepared and kept overnight in a shaking water bath at ~40 °C, to war-
rant full hydration of the biopolymer molecules. Stock solutions of TSM
were used aswall materials, and sesame seed oil (SO)were used as core
material. Two oil-in-water emulsions (O/W) were formulated. The first
one (E1) with wall material:core ratio (Wm:Co) of 1:1 in dry basis, a
total solid content of 10% w/w and a ϕO/W = 0.05. The second one
(E2) with wall material:core ratio (Wm:Co) of 1:2 in dry basis, a total
solid content of 15% w/w and a ϕO/W = 0.1. E1 and E2 were made by
adding the required amount of oil and pouring dropwise into the pre-
scribed amount of TSM at ~30 °C. Emulsification was carried out with
an Ultra-Turrax T50 homogenizer (IKA®-WERKE Works Inc., Wilming-
ton, NC, USA) at 6400 r.p.m. during 10 min. The emulsions were main-
tained in a water bath with the purpose of keeping the temperature
below 30 °C.

2.3.1. Emulsifying properties
The emulsifying stability and activity were determined based on the

method proposed byAlpizar-Reyes et al. 2017 [6]. To this end, the emul-
sions E1 and E2 were centrifuged with a Hermle Z323K highspeed cen-
trifuge (Hermle, Labortechnic, Germany) for 10 min at 524 ×g. The
emulsifying ability (EA) was calculated as follows:

% EA ¼ Emulsion volume
Total volume

� 100 ð1Þ

Emulsifying stability (ES) was evaluated with a method similar to
the EA method [6]. After the emulsions were homogenized, they were
heated in a water bath at 80 °C for 30 min, and subsequently cooled
down to room temperature (20 ± 2 °C), and centrifuged for 10 min at
524 ×g. The emulsified layer was measured, and the ES calculated
using the following equation:

% ES ¼ Final emulsion volume
Initial emulsion volume

� 100 ð2Þ

The creaming index (CI) was evaluated as described by Manoi and
Rizvi [15] with some adaptations. 10 mL of each emulsion was filled
into a glass test tube (1.5 cm internal diameter and 12 cm height) and
then stored at room temperature (20 ± 2 °C). The height of the serum
(HS) and the total height of emulsions (HT) were recorded after storage
at ambient temperature for 1, 7, 14 and 21 days. The creaming index
was reported as:

% CI ¼ HS

HT
� 100 ð3Þ

2.4. Spray drying of emulsions

The emulsions were fed at a rate of 40 mL/min to a Nichols/Niro
spray-drier (Turbo Spray PLA, NY, USA) operated with an inlet temper-
ature of 135 ± 5 °C, outlet temperature at 80 ± 5 °C and injecting com-
pressed air at 4 bar [7]. The spray-dried emulsions E1 and E2 after the
drying process turned into microcapsules M1 and M2, respectively.
Then, microcapsules were stored in desiccators above P2O5 to prevent
any increase in absorbed moisture, until they were required for
experiments.

2.5. Physical properties of microcapsules

2.5.1. Bulk and tapped densities
Bulk density was measured by transferring 20 g of microcapsules

into a graduated measuring cylinder and the volume occupied by the
microcapsules gave the bulk volume. The measuring cylinder was
clamped to the USP 1 tapper (USP Toron Pharma – TD10, Ontario,
Canada). Tapped density was measured by mechanically tapping the
measuring cylinder containingmicrocapsules until the constant volume
was observed up to 600 taps. Bulk and tapped density were calculated
as the ratio of the mass of the mucilage to the bulk or tapped volume,
respectively [16].
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2.5.2. Compressibility index
The compressibility index of the microcapsules was determined ac-

cording to the Carr's index as follows [16]:

Carr0s Index ¼ Tapped Density−Bulk Density
Tapped Density

� 100 ð4Þ

2.5.3. Hausner's ratio
The Hausner's ratio was determined by the ratio of tapped density

and bulk density based on following equation [16]:

Hausner0s Ratio ¼ Tapped Density
Bulk Density

ð5Þ

2.5.4. Moisture content
The moisture content of TSM microcapsules M1 and M2 was deter-

mined according to the AOAC standard method 925.10 [17]. Briefly,
the moisture content of TSM microcapsules was determined gravimet-
rically by oven-drying at 105 °C up to constant weight using 1 g of pow-
der and themoisturewas expressed in terms of percentage on dry basis.
For all physical properties, measurements were made for at least three
duplicates of each sample.

2.6. Physicochemical analysis

2.6.1. Fourier transform infrared spectroscopy (FTIR)
Functional groups of microcapsules were determined using Fourier

transform infrared spectroscopy (FTIR) using a spectrophotometer FT-
IR GX System (Perkin–Elmer, Shelton, CT, USA) coupled to an ATR
DuraSample II accessory. All the spectra were an average of 16 scans
from 36,500 to 800 cm−1 at a resolution of 2 cm−1.

2.6.2. Thermogravimetric analysis
The thermal characteristics of themicrocapsules were studied using

thermogravimetric analysis (TGA). TGA studies were carried out using a
TA-DSC Q1000 calorimeter (TA-Instruments, New Castle, DE, USA)
equipped with a mechanical refrigeration system (RCS-refrigerated
cooling accessory), with a heating ramp of 2 °C/min. Samples were
heated from 0 °C to 400 °C. Aluminium crucibles of 5 mm diameter
were used. The instrument was purged with nitrogen at a flow rate of
100 cm3/min. The data were analyzed using Universal Analysis 2000
software, version4.7a (TA Instruments, New Castle, USA).

2.6.3. X-ray diffraction
X-ray diffraction (XRD) patterns of microcapsules were obtained

using a diffractometer Siemens D4 (Endeavor, Bruker AXSGmbH, Karls-
ruhe, Germany) with Co-Kα radiation. Diffractograms were taken be-
tween 5° and 55° (2Ɵ) at a rate of 1°/min (2Ɵ) and with a step size of
0.05° (2Ɵ). The diffractrogramswere obtained at 25 °C using an acceler-
ating voltage of 15 kV and a current of 40 mA. For all the physicochem-
ical characteristics, measurements were made with at least three
replicates of each sample.

2.7. Encapsulation efficiency

2.7.1. Surface oil content
The surface oil in microcapsules was determined by means of the

method proposed by Rodea-González et al. [18], with some modifica-
tions. Briefly, 5 g of microcapsules were dispersed in 50 mL of n-
hexane followed by 10 min stirring. The suspension was filtered, and
the residue was washed three times with 5 mL of n-hexane. The ob-
tained powder was dried in an oven at 80 °C until the weighed mass
was constant (W). The surface oil in microcapsules was determined to
calculate the difference between the initial microcapsules mass and
the powder mass obtained after drying (W).

2.7.2. Total oil content
Total oil content was measured according to Rodea-González et al.

[18], with some modifications. Briefly, a suspension formed through
the dispersion of 5 g of microcapsules into 180 mL petroleum ether
was sonicated on an ice bath for 5min at an amplitude of 50% and a fre-
quency of 30 kHz. The oil was extracted using a Soxhlet (VLP-SER 148/
6) system, with an extraction time of 6 h. After extraction, the powder
was dried until constant mass. The total content of oil was calculated
as the difference between the initial mass of microcapsules and the
powder mass obtained after extraction with Soxhlet.

2.7.3. Encapsulation efficiency
The encapsulation efficiency was calculated using the following

equation:

EE %ð Þ ¼ Total Oil − Superficial Oil
Total Oil

� 100 ð6Þ

For all the encapsulation efficiency studies, at least three duplicates
of each sample were analyzed.

2.7.4. Lipid oxidation by peroxide value
For oxidation assessment, microcapsules and free oil were stored at

25, 35 and 40 °C and water activities of 0.329, 0.318 y 0.313, respec-
tively, to each temperature. To achieve those conditions, microcapsules
and free oil were spread in pans of 3.5 cm of diameter (surface area of
9.6 cm2) and stored in sealed containers in order to accelerate the oxida-
tion process. The headspace for bothmicrocapsules and free oil samples
was 4 cm. For each time point of analysis, one sealed container was re-
moved. The contents were analyzed and then disposed to prevent new
oxygen being introduced after sampling. Samples were not exposed to
light during storage. Once the storage conditions were achieved, a sam-
ple of 1.0 g of microcapsules was dissolved in 10 mL of water. A 400 μL
portion of the dissolvedmicrocapsules wasmixedwith 1.5mL of an iso-
octane/isopropanol (1:2 v/v) solution, which then was vortexed three
times for 10 s [19]. The phases were separated, and the upper phase
was taken for further analysis. The peroxide value corresponding tomi-
croencapsulated as well as free oil was determined spectrophotometri-
cally. A 400mL portion of extractionmedium (or 0.2 g in the case of free
oil) was added to 9.6 mL of a chloroform/methanol (7,3 v/v) mixture.
For color formation, 50 mL of an ammonium thiocyanate/iron (II) chlo-
ride solution was added. The sample was vortexed for 4 s. The absor-
bance of the samples was read at 510 nm after 20 min reaction time
using the UV–Vis spectrophotometer model Genesis 10 (Thermo Scien-
tific, Waltham, MA), and hydroperoxide concentrations were deter-
mined using a standard curve of cumene hydroperoxide [20]. For lipid
oxidation by peroxide studies, at least three duplicates of each sample
were analyzed.

2.8. Surface and size of microcapsules

2.8.1. Scanning electron microscopy analysis
The surface morphology of the microcapsules by SEM was acquired

using a JSM-6510 model scanning electron microscope (Jeol Co. Ltd.,
Tokyo, Japan) with a voltage acceleration of 15 kV. The samples were
mounted on circular aluminium stubs with double-sided sticky tape,
coated for 250 s with 15 nm gold. Micrographs at 1000×magnifications
were presented.

2.8.2. Particle size distribution
The particle size distribution was analyzed in a particle size analyzer

Malvern Mastersizer 3000 packed with an unity for powders AERO S
and operated with a software Mastersizer 3000 version 3.63 (Malvern



Table 2
Physical properties of TSM-SO microcapsules.

M1 M2

Bulk density (g/mL) 0.26 ± 0.03a 0.28 ± 0.02a

Tapped density (g/mL) 0.31 ± 0.04a 0.33 ± 0.13a

Carr index (%) 13.79 ± 0.14a 15.57 ± 0.09b

Hausner radius 1.16 ± 0.02a 1.19 ± 0.04b

Moisture content (% w/w) 4.07 ± 0.12ª 6.32 ± 0.07b

Surface oil (%) 8.81 ± 0.08ª 16.89 ± 0.06b

Encapsulation efficiency (%) 91.05 ± 0.05ª 81.22 ± 0.03b

Values are means ± standard error, of three replicates. Superscripts with different letters
in same row indicate significant differences (P ≤ 0.05).
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Instruments Ltd., Malvern, Worcestershire, UK) which was used to de-
termine the volume-weighted mean size (D[4,3]) of the microcapsules.
The refractive index used was 1.39; the adsorption index was 0.1 and
the air pressure was 4 bar.

2.9. Statistical analysis

Data were analyzed using a one-way analysis of variance (ANOVA)
and a Tukey's test for a statistical significance P ≤ 0.05, using the soft-
ware Minitab 17. All experiments were done in triplicate.

3. Results and discussion

3.1. Emulsifying properties of emulsions

Emulsifying activity measures the ability of an emulsifying agent to
form water-in-oil emulsions, whereas the emulsion stability measures
the break-down process over time. Emulsifying activity was greater
for emulsion E2 (Table 1) than E1, because therewas a greater presence
of retained oil within the emulsion oil drops. The effect can be explained
by the presence of long chains of the branched structure of tamarind
seed mucilage on the surface active to absorb oil molecules lower the
surface tension [6]. On the other hand, emulsifying stability for E2 de-
creased with respect to E1, an effect that might be due to the higher
core:ratio for E2. Also, the reduction of surface tension of tamarind
seed mucilage on E2 might lowered the stability in time. The creaming
index has been used to indicate the susceptibility of oil droplets to coa-
lescence by forces such as gravitational, colloidal, hydrodynamic, and
mechanical, and the resistance of the dropletmembrane to rupture dur-
ing a certain period of time [21]. As depicted in Table 1, E2 emulsions
showed higher creaming values and a bigger phase separation, whereas
the creaming index of emulsions was dependent of oil retained into
emulsion. Clearly, the emulsion stability was reduced by increasing
the amount of oil in emulsions.

3.2. Physical properties of microcapsules

3.2.1. Bulk and tapped densities
The results of bulk and tapped densities are shown in Table 2. Bulk

density is an important property for assessing packaging, good reconsti-
tution, and retail use of microencapsulated powders. Bulk density is de-
pendent on the degree of inter particulate space or porosity of the bulk
volume. Bulk density values varied in the range from 0.26 to 0.28 g/mL
for both M1 and M2. These values are in accordance with the values
commonly observed formicroencapsulated powders. The lowbulk den-
sity values for M1 can be attributed to the reduced content of sesame
seed oil present in the microcapsules. This feature helps to achieve a
higher degree of occupation of TSM as a barrier agent. In fact, it is
well-known that the prevalence of barrier agents promotes the spongy
nature of microcapsules [22]. A further explanation for the lowest bulk
density could be linked to the fact that the bulk density decreased
when the diameter of the particles decreased [23]. A useful parameter
affecting the design variables (e.g., transportation, packaging and com-
mercialization of microcapsules) is the tapped density, which deter-
mines the weight and amount of powder that can be placed into a
container. M2 exhibited higher values for tapped density that M1. The
Table 1
Emulsifying properties for TSM-SO microcapsules.

E1 E2

Emulsifying activity (%) 86.26 ± 0.03a 90.28 ± 0.02b

Emulsifying stability (%) 82.31 ± 0.04a 80.33 ± 0.13b

Creaming index (%) 9.87 ± 0.14a 11.79 ± 0.09b

Values are means ± standard error, of three replicates. Superscripts with different letters
in same row indicate significant differences (P ≤ 0.05).
amount of oil encapsulated and final concentration on M2 was higher
than M1 and impacted on the tapped density with higher values. The
production of spray-dried microcapsules with higher tapped density
will require the use of smaller containers, representing a great advan-
tage for manageability. Furthermore, higher bulk density indicates a
lower amount of air presented in the powder, which can help to prevent
lipid oxidation during storage [22].

3.2.2. Flowing properties
Carr index (compressibility percentage) and Hausner ratio are the

most common parameters used to describe the flowing properties of
microcapsules in powder form. In agreement with Turchiuli et al. [24],
compressibility percentages (Carr index values) between 11.0 and
15.00 indicate powders with good flowability, which are characteristic
of free-flowing powders. For M1 and M2 microcapsules, values from
13.79 to 15.57% of compressibility were obtained. In turn, this indicates
that free-flowing powders were present, which would not require the
addition of flowing promotors. It has been reported that higher oil con-
tents onmicrocapsules exert a negative influence on the bulk density of
the powder and consequently impacts on the flowability of the micro-
capsules [23]. In turn, this characteristic promotes a reduction on the
flowability of the microcapsules. The effect was observed for M2micro-
capsules with lower flowability compared with M1 microcapsules.

Other useful parameter to characterize the flowability of microcap-
sules is theHausner ratio, which evaluates the cohesiveness of the pow-
der. Values close to 1.0 indicate the good ability of powders to flow;
while values N1.60 denote awful flow properties. In this way, a higher
Hausner ratio indicates that the powder is more cohesive and less able
to flow freely. For M1 microcapsules, the Hausner ratio was 1.16, indi-
cating good flowability. However, for M2 microcapsules Hausner ratio
was 1.19, just on the limit for having good flowability, indicating fair
flowability [23]. The small difference of Hausner ratio between M1
and M2, might be due to the amount of superficial oil in M2 (Table 2).
This fact would reduce slightly the flowability of powder given the ten-
dency to agglomerate.

The moisture content of the microcapsules ranged from 4.07 to
6.32%w/w (Table 2). Thismeans thatmicrocapsules exhibitedmoisture
contents that allow free flow behavior with no need of adding flow pro-
moters during formulation processing.

3.3. Physicochemical analysis

3.3.1. Fourier transform infrared spectroscopy (FT-IR)
Fig. 1 shows the FT-IR spectra of microcapsules prepared with tam-

arind seed mucilage (TSM). Microcapsules M1 and M2 showed similar
spectra peaks. Two notable regions corresponding to wavenumbers of
3600–2700 cm−1 (mainly linked to lipids) and 1800–800 cm−1 (linked
to proteins and carbohydrates) were obtained. Strong characteristic
bands of lipids in the high wavenumber region (3000–2800 cm−1), in-
cluding duplets centered at 2920 and 2850 cm−1

, and single peaks lo-
cated at wavenumbers of 1743 and 1415 cm−1, are attributed to the
sesame seed oil (SO) contained on the microcapsules. The duplet
(2920 and 2850 cm−1) bands are attributable to ν(C\\H) stretching



Fig. 1. Fourier transform infrared spectroscopy (FTIR) of TSM-SO microcapsules.

Fig. 2. Thermogravimetric analysis for TSM-SO microcapsules.
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modes of the methyl (−CH3) and methylene (−CH2) backbones of
lipids (symmetrical and asymmetrical, respectively). In particular, the
peak at 2920 cm−1 is associated with ν(C\\H) stretches of cis-alkene
(−HC=CH−) in unsaturated fatty acids (UFAs), consequently, repre-
sents the midst of the UFA in the sample [25]. The position of this
peak can be used to determine the degree of unsaturation in fats and
oils because the higher the number of olefinic double bonds (–HC=
CH–) presented in the fatty acid molecules, the higher the wavenumber
of the peak. Similarly, the presence of this peak at a lower wavenumber
suggests a lower degree of unsaturation in the lipid contents of the ex-
aminedmaterial. In addition, the sharp peak at 1743 cm−1 assignable to
ν(C\\O) stretches of ester functional groups from lipids and fatty acids
is typically indicative of total lipids in most biological compounds
[26,27]. The peak at 1415 cm−1 is referred to the combination of defor-
mationmodes of methyl (−CH3) andmethylene (−CH2) groups in the
lipid structures [25]. Meanwhile, peaks at 3340, 1610, 1525, 1370, 1280,
1150, 1070, 1035, 944 and 897 cm−1 correspond primarily to the iso-
lated tamarind seed mucilage (TSM). The wide strong peak of absorp-
tion in the region of 3340 cm−1 is the most notable peak that denotes
the interaction between TSM and sesame seed oil, it is attributed to
the overlapping deformation modes of =C-O stretch, which corre-
sponds to the lipid fraction of tamarind seedmucilage and the presence
of slight interactionswith sesame seed oil [6]. For the second region, the
band at 1610 cm−1 is linked to -C=O stretching characteristic of Amide
I from proteins of the acetylated units (-CONH2 groups). The band at
1525 cm−1 corresponds to the Amide III (-NH3

+ groups), and the band
at 1280 cm−1 has been attributed to the stretching of the C\\O bond [6].

Peaks at 1370, 1150, 1070, 1035, 944 and 897 cm−1 are characteris-
tic absorbance peaks of the xyloglucan commonly observed on the
xyloglucan backbone [28], which is the most important component of
TSM. The peak at 1370 cm−1 represents the CH2 bending of xyloglucan,
and a soft peak located at 1150 cm−1 is related to theO-C-O asymmetric
stretching. Moreover, the bands observed at 1037 and 1071 cm−1 are
assumed as resulting from C\\O and C\\C stretching of the xyloglucan
ring. The peak at 944 cm−1 denotes the ring vibration of xyloglucan. Fi-
nally, the band at 897 cm−1 corresponds to the C\\H stretching repre-
sentative of glucose and xylose β-anomeric links of TSM [6,29].
Despite the FT-IR spectra of the M1 and M2 microcapsules, typical sig-
nals were observed for major components of both systems,
i.e., sesame oil, xyloglucan, glucose and xylose, those interactions were
not significant enough to cause peak shifts, as it is illustrated in Fig. 1.

3.3.2. Thermogravimetric analysis
The results of thermogravimetric analysis (TGA) for M1 and M2mi-

crocapsules are shown in Fig. 2. It can be seen that two main stages of
mass loss were displayed. The first mass change can be associated
with the loss of moisture correspondent to adsorbed and structural
water. For M1, the first mass change of 2.54% is observable at tempera-
tures between 20 and 75 °C; meanwhile, for M2 the event occurred at
temperatures between 14 and 68 °Cwith loss of 4.96%. In turn, this tran-
sition is associated with the hydrophilic nature of the functional groups
of each polysaccharide of tamarind seed mucilage [6]. The second mass
change, forM1was of 74.96% at temperatures up to 227 °C,while forM2
it was 77.04% at temperatures higher than 178 °C. This secondmass loss
has been attributed to the polysaccharide thermal decomposition corre-
sponding to tamarind seed mucilage and superficial sesame seed oil.
The difference of temperatures between M1 and M2 at which occurs
mass loss events could be attributed to the amount of oil used on each
formulation since oils are highly susceptible tomass loss at low temper-
atures. Similar ranges of weight loss were observed for cactus mucilage
used as an encapsulating agent [30].

3.3.3. X-ray diffraction
XRD was performed to confirm the amorphous structure of micro-

capsules. The regular arrangement of atoms and molecules produces
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sharp diffraction peaks, whereas amorphous regions result in broad
halos. X-ray diffraction patterns of M1 and M2 are shown in Fig. 3a
and b, indicating a dominant amorphous halo with a broad band cen-
tered at 2θ=20°. Previous studies have also shown the amorphous na-
ture of tamarind seed mucilage with a broad band centered at 2θ=20°
[6]. Moreover, it has been demonstrated that bulk sesame seed oil also
shows a broad halo at 2θ=20° [31], contributing to the amorphous na-
ture of the microcapsules system.

3.4. Encapsulation efficiency

3.4.1. Surface oil content and encapsulation efficiency
Table 1 presents the surface oil content and encapsulation efficiency

for TSM-SO microcapsules. The surface oil was significantly higher for
M2 microcapsules (16.89%) than for M1 microcapsules (8.81%). In the
latter case, the surface oil content was drastically reduced, which is im-
portant to provide storage stability of the encapsulated material. This
phenomenon can be explained from the lower amounts of barrier
agent employed on M2 microcapsules. In fact, increased material con-
tent allows a better coating of oil droplets before drying process [32].
On the other hand, encapsulation efficiency presented greater values
for M1 microcapsules (91.05%) than for M2 (81.22%) microcapsules.
Fig. 3. X-ray diffraction studies of a) M1 and b) M2 microcapsules.
Hence, the most ideal system among this study was M1, leading to the
optimal encapsulation efficiency for the microencapsulation of SO
with the lowest proportion of surface oil. Encapsulation efficiency was
affected significantly by Wm:Co ratio since when such ratio increased
from 1:1 to 1:2, the encapsulation efficiency decreased and surface oil
increased (Table 2). As the ratio of wall material:core was increased,
the ability of the wall material (TSM) to retain and protect the core ma-
terial (SO) was increased, resulting in a higher encapsulation efficiency.
Similar trends have been found for other wall material encapsulating
seed oils, as cactusmucilage (surface oil 10% and 26% and encapsulation
efficiency 90% and 43%, respectively) [26], chia seed mucilage (surface
oil 6.1% and 8.4% and encapsulation efficiency 96.7% and 95.1%, respec-
tively) [27], brea gum (surface oil 9.5% and 29.75% and encapsulation ef-
ficiency 76.12% and 37.48%, respectively) [33].

3.4.2. Lipid oxidation by peroxide value
The oxidative stability of sesame oil using tamarind seedmucilage as

wall material is shown in Fig. 4. All samples were stored six weeks at 25,
35 and 40 °C and water activities of 0.329, 0.318 and 0.313. The results
show the formation of peroxide on free sesame seed oil (SO) and ses-
ame seed oil encapsulated employing tamarind seed mucilage (TSM-
SO). For all temperatures, the stability of the peroxide value for free oil
was considerably lower than formicrocapsulesM1 andM2, also the sta-
bilitywas increasedwith encapsulation efficiency (M1 NM2). This effect
was reported by Lehn et al. [26]. Also, Yang [34] found that the micro-
capsules structure was improved by increasing the wall material quan-
tity and the encapsulation efficiency, ending up with an improvement
on the oxidative stability of the microcapsules.

The peroxide value of sesame seed oil before microencapsulation
was 5.09 ± 0.42 peroxide mEq/oil kg, while for microcapsules after
spray drying were 5.13 ± 0.16 peroxide mEq/oil kg for M1 microcap-
sules, and 5.19 ± 0.24 peroxide mEq/oil kg for M2 microcapsules. The
values for free and encapsulated oil were too similar with no significant
differences (P N 0.05) between different core-to-wall formulations. In
this way, the results indicated that the emulsification and encapsulation
processes did not exert a negative impact on the oxidative degradation
of sesame seed oil (SO).

Independent of temperature, after sixweeks of storage, the PV of the
free oil rapidly increased and reached to maximum values of 28.83,
29.16 and 29.66 mEq/kg oil at 25, 34 and 40 °C, respectively. On the
other hand, the microcapsules M1 and M2 followed a similar oxidation
pattern, presenting lower oxidative levels, achievingmaximum levels at
40 °C and six weeks of storage for M1 of 14.65 mEq/kg oil and for M2 of
16.51 mEq/kg oil. The variation of oil load in microcapsules having dif-
ferent core-to-wall ratio also affected the oxidative stability of the en-
capsulated oil. This effect was more visible for M2 with higher PV than
inM1. This fact can be attributed to the amount of oil present on the sur-
face of microcapsules since a higher surface oil allows higher peroxide
formation. It has been reported that higher oil concentration in micro-
capsules leads to higher lipid oxidation due to lower encapsulation effi-
ciency and higher surface oil [35].

The thermal influence on PV stability values is observed in Fig. 4. It
can be seen that higher temperatures boost the formation of peroxides,
either, due to the initiation, propagation step and the decomposition of
hydroperoxyl radicals. These oxidative reactions involving PUFAs lead
to unacceptable sensory issues for consumers, loss in nutritional value
and may sometime cause health disorders [36]. A similar phenomenon
was observed for chia seed oil [19]. Regarding the effect of the storage
time, the peroxide values of the microcapsules reached the limit set
for human consumption according to the CODEXAlimentarius Commis-
sion, which is established to be lower than 10mEq/oil kg [37]. The limit
for free SO was achieved at first week of storage, independently of tem-
perature, for M1 microcapsules at fourth week (for 25 and 35 °C) and
third week (for 40 °C), whereas that for M2 microcapsules at fourth
week (for 25 °C) and thirdweek (for 35 and 40 °C). Hence, the introduc-
tion of tamarind seed mucilage as a wall material for encapsulation
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corroborates the viability when protecting oils susceptible to oxidation
processes.

The results described above showed that the TSM provided an effec-
tive protection against oxidation during the storage of SO. The protec-
tion against oil oxidation is a function of the properties of the wall
material used. Thewall system is designed to provide protection against
transport phenomena between the inner part of the microcapsule and
the environment [26].

3.5. Morphology and size of microcapsules

3.5.1. Morphology by SEM
Microcapsules were evaluated by SEM to analyze shape and surface

features (Fig. 5). The surface analysis of the microcapsules revealed
semi-spherical shapes, with continuous walls and no apparent fissures
or cracks. Moreover, some of the particles presented concave and shriv-
elled surfaces, which is typical of microcapsules produced by the spray
drying process in the atomizer [8]. The morphology of these microcap-
sules was found to vary according to the number of wall materials
used in their production. However, they all seemed to be almost spher-
ical in shape with a size found to be diversified mostly in the range of
5–12.5 μm for M1 and 5–50 μm for M2 in diameter. It is possible to ob-
serve somedifferences betweenM1 andM2.MicrocapsulesM2 contain-
ing highest wall material:core ratio appeared to show the formation of
some clusters, even agglomerations. This fact is attributed to high
amounts of surface oil present on microcapsules. In contrast, microcap-
sules prepared with less wall material:core ratio (M1) presented dis-
crete particles by both smooth and wrinkled surfaces, with a skin-like
structure or polymeric appearance, a phenomenon widely observed
on spray-dried microcapsules employing low ratios on wall material:
core conformation.

3.5.2. Particle size distribution
The particle size distribution (Fig. 6) of M1 exhibited a unimodal

character, with sizes ranged from ~1 to 50 μm.Meanwhile, the distribu-
tion of M2 microcapsules showed a bimodal character, which might be
associated with the higher oil content on the surface of microcapsules
allowing the conformation of agglomerates between powder particles
of microcapsules [38]. Mean particle diameter D[4,3], indicates substan-
tial increments on values formicrocapsules with less sesame oil content
(M1) from 11.40 to 48.1 μm for higher amounts of sesame oil (M2).
These differences might be attributed to the predominance of oil mole-
cules all over the system, and a subsequent lack of TSM molecules able
to cover up the oil droplets, thus allowing the formation of biggermicro-
capsule particles [36]. Similar behavior on mean particle size distribu-
tion studies was observed with microcapsules formulated employing
chia mucilage [39] and nopal mucilage [40].

4. Conclusions

The present study revealed the possibility of encapsulating sesame
seed oil by spray drying using tamarind seedmucilage as awall material
achieving high-efficiency values and delaying oxidation mechanisms of
oil. A characteristic feature is the use of higher relations Wm:Co than
commonly used on microencapsulation of 1:1 and 1:2, for M1 and M2,
respectively. Encapsulation efficiency presented greater values for M1
microcapsules (91.05%) than to M2 (81.22%) microcapsules. Hence,
the most ideal system among this study wasM1, leading to the optimal
encapsulation efficiency for themicroencapsulation of SOwith the low-
est proportion of surface oil. For all temperatures, the stability of the
peroxide value was increased with encapsulation efficiency
(M1 N M2). The variation of oil load in microcapsules having different
core-to-wall ratio also affected the oxidative stability of the
Fig. 4. Oxidation of TSM-SO microcapsules at a) 25, b) 35 and c) 40 °C.



Fig. 5.Morphology by SEM of a) M1 and b) M2 microcapsules at 1000×.
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encapsulated oil, this effect was greater in M2 with higher PV than in
M1, because, a higher surface oil allows peroxides formation. The limit
of peroxides set for human consumption free SO was achieved at the
first week of storage and M1 and M2 microcapsules was reached at
the fourth week. These results clearly showed that the TSM used on
the microencapsulation process as a new wall material provided an
Fig. 6.Mean size distributions for TSM-SO microcapsules.
effective protection against oxidation during the storage of SO. The in-
troduction of tamarind seed mucilage (TSM) as a wall material for en-
capsulation, corroborates the manageability, thermal stability,
efficiency, and viability when protecting oils susceptible to oxidation
processes, even though, when encapsulating high amounts of oil.
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