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Microstructure, chemical composition
and mucilage exudation of chia (Salvia
hispanica L.) nutlets from Argentina
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Abstract

BACKGROUND: The micromorphology and anatomy of nutlets, myxocarpy (mucilage exudation) and mucilage structure of
Argentinean chia were described using scanning electron microscopy (SEM). The proximal composition of nutlets and mucilage
was also studied.

RESULTS: Chia nutlets are made up of a true seed and a pericarp enclosing the seed; they are small, glabrous, elliptic and
apically rounded. The pericarp has cuticle, exocarp, mesocarp and bone cells vertically arranged and endocarp. The myxocarpy
was carefully recorded by SEM. After 5 min in contact with water, the cuticle of nutlets is broken and the exocarp cell content
gradually surrounds the rest of the nutlet. The proximal composition of chia nutlets was studied; fat is the major component
(327 £ 8.0 g kg™") followed by protein (293 £ 4.0 g kg~") and fiber (276 + 1.0 g kg™ ). Extractions of chia nutlets with water at
room temperature yielded 38 £ 1.0 g kg~" (dry basis) of mucilage. The fresh mucilage structure was similar to a network of
open pores. The freeze-dried crude mucilage contained more ash, residual fat and protein than commercial guar and locust
bean gum. The solubility of 10.0 g L=! w/v solution of chia freeze-dried crude mucilage in water increased with temperature,
being maximal at 60 °C (870 g kg™").

CONCLUSION: The results obtained show a fast exudation of chia mucilage when nutlets are in contact with water. The
freeze-dried crude mucilage hydrates easily in water, even at low temperatures. Chia nutlets have mucilaginous substances,
with interesting functional properties from a technological and physiological point of view.
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INTRODUCTION

Salvia L. is the largest genus of the family Lamiaceae, and is
represented by about 1000 species. Based on the most recent
classification, this genus is part of the subfamily Nepetoideae,
tribe Mentheae, subtribe Salviinae." Chia (Salvia hispanica L.) is an
annual herbaceous plant belonging to this taxonomic hierarchy;
it was widely used in pre-Columbian Mesoamerica as a major
commodity and it was valued as a food, medicine and oil. Today,
there is renewed interest in chia as an excellent source of omega-3
fatty acids, protein, antioxidants and dietary fiber for a healthy
diet.2~6 In 2009, it was approved as a novel food by the European
Parliament and the European Council.” There is no evidence of
adverse effects or allergenicity caused by whole or ground chia
seeds;®® thus chia seeds and derived products are promising
sources of food.

The fruit of chia, as in other plants of the Lamiaceae family, is
a schizocarp consisting of indehiscent locules which separate
to form four fruitlets, referred to mericarps or nutlets.'0~12
Commercially, each of these fruitlets is called as a ‘seed’, but
actually the (true) seed is contained within each fruitlet.'>' In this
text we will refer to the fruitlet of chia as a ‘nutlet’. Each of these
nutlets has a stratified pericarp: cuticle, epicarp, mesocarp, a layer

of bone cells and endocarp; the latter is in contact with the true
seed.'*~16 The color of the S. hispanica nutlet ranges from black
and black-spotted to white, although most chia commercialized
today is black-spotted, followed by a low percentage of white
nutlets.”” These nutlets are ellipsoid in shape and the average
principal dimensions are 2.11 mm length, 1.32 mm width and 0.81
mm thickness,'® increasing linearly with moisture content in the
range 46-177 g kg~ dry basis."®

When nutlets are soaked in water, a clear mucilaginous gel is
exuded, which remains tightly bonded to the nutlet.2>2" Mucilage
plays a significant role in anchoring the nutlet to the soil. Even
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though the presence of mucilage may provide a considerable
selective advantage under certain conditions, the production of
mucilage may be costly for the plants, and it may be quickly lost
where it has no function.#?? Recent information indicates that
mucilage in Labiatae is only present in the subfamily Nepetoideae,
in 75% of the genera and species.'® The biological/ecological
function of mucilage is still not clear and the correlation between
the presence of mucilage and certain environmental conditions
has not yet been established.

Chia nutlets contain 50-60 g kg~' mucilage, which is part
of the soluble dietary fiber.2>?* The addition of dietary fiber in
foods can affect their texture, playing a role as texturing and
stabilizing agents. In this sense, soluble dietary fiber contributes
to the stabilization of food structure (dispersions, emulsions, etc.)
through gel formation or thickening of the continuous phase.?
Lin et al?° proposed a tentative structure of the basic unit
of the polysaccharide, i.e. a tetrasaccharide with 4-O-methyl-
a-D-glucoronopyranosyl residues occurring as branches of S-b-
xylopyranosyl on the main chain. This mucilage can be easily
extracted and hydrated to achieve water retention of 27 times
its weight in water and it has a great potential as a functional
ingredient to be used as a thickener in foods.?'

Scanning electron microscopy (SEM) is a technique particularly
suited for structural and topographical examinations of seeds and
fruits. In recent years, the importance of SEM in the study of nutlets
has been demonstrated for various genera of Lamiaceae.?5 How-
ever, few studies have been carried out on S. hispanica. Therefore,
the objectives of this work were to provide the characterization
of the microstructure and description of the pericarp structure of
Argentinean chia nutlets; to analyze their proximal composition; to
study the mucilage exudation process when nutlets are in contact
with aqueous media; to examine the proximal composition, and
functional and microstructural characteristics of the mucilage.
This information is useful in order to contribute to the botanical
characterization and industrial application of chia nutlets.

-1

MATERIALS AND METHODS

Material

Chia used in this study was a commercial source obtained from
Salta, Argentina (25° S, 65.5° W). The nutlets were cleaned manually
and foreign matter, such as stones, dirt and broken nutlets, was
removed. Afterwards, they were packed in hermetic plastic vessels
and stored at 5+ 1 °C until use.

Proximal composition of chia nutlets

AOCS procedures were used to analyze moisture (Ba 2a-38
method), crude fiber (Ba 6-84 method) and ash (Ba 5a-49 method)?’
contents of chia nutlets and the mucilage obtained from them. Oil
content was determined following the IUPAC Standard Method
1.122.28 Total nitrogen content was determined by the Kjeldahl
method according to AOAC? and the protein calculated as
%N x 6.25. Carbohydrate content was estimated as nitrogen-free
extract (NFE) by difference using Eqn 1:

NFE = 100 — (oil + protein + crude fiber + ash) (1)

The energy content was calculated by multiplying the values of
crude protein, fat and carbohydrate contents by factors of 4, 9 and
4, respectively, and summing; results were expressed in kcal.>® All
determinations were done in triplicate.

Determination of the cell wall contents

The ground nutlets were separated into cell contents, highly
digestible; and cell walls, partially digestible (Van Soest method).
The cell wall was analyzed and its components (cellulose, hemicel-
lulose and lignin) were determined. The technique uses acidic and
neutral detergent.?>3' All determinations were done in triplicate.

Mucilage extraction

Samples of 10 g whole nutlets were placed in a tray (9 cm x 14
cm x 5 cm) and distilled water was added in 1:10 (w/v) proportion.
They were covered with aluminium foil and maintained at room
temperature for 4 h. Then, samples were frozen at —50 °C, followed
by freeze-drying (20 °C, 30 umHg, 98 h). The dried mucilage was
separated from the nutlet by rubbing over a 20 ASTM mesh
screen (840 um) during three periods of 15 min each. This is the
freeze-dried crude mucilage sample.

Proximal composition of the freeze-dried crude mucilage
Moisture, protein, fat, ash and carbohydrate contents of chia
freeze-dried crude mucilage were determined according to the
methods used for the proximal composition of nutlets. All
determinations were done in triplicate.

Mucilage solubility

The solubility of freeze-dried crude mucilage was determined
using the method reported in Betancur-Ancona et al.3? Briefly,
40 ml of 10.0 g L~" w/v mucilage suspension was prepared in a
50 mL centrifuge tube previously tared. A magnetic agitator was
placed in the tube, and it was kept at constant temperature (25,
30, 50, 60 and 80 °C) in a water bath for 30 min. The suspension
was then centrifuged at 3415 x g for 15 min and the supernatant
decanted. An aliquot of 10 mL of the supernatant was dried in an
air convection oven (FAC, Argentina) at 120 °Cfor 4 h, in a crucible
(constant weight was reached). The percentage of solubility was
calculated as follows:

dry weight at 120 °C x 400
solubility (g kg™") = =Y We;gmpfe weight x @)

Nutlet, myxocarpy and mucilage microstructure
characterization by SEM

Whole and longitudinally sliced nutlets, mucilage, release of
mucilage (myxocarpy) and different concentrations of mucilage
suspensions were analyzed by SEM.

For mucilage suspensions, the samples (2.5, 5.0, 7.5 and 10.0 g
L=" w/v) were previously dehydrated. The different suspensions
were initially fixed for 1 h in 25 mL L=" (v/v) glutaraldehyde in
0.067 mol L~! phosphate buffer and each dehydrated for 15 minin
a graded ethanol series (30%, 50%, 75% and 100%), and then with
acetone 100%. Solvents were replaced by liquid CO, in a critical
point drier (Polaron, Loughborough, UK) and the critical point was
achieved.

All dried samples (whole nutlets before and after mucilage
removal, longitudinally sliced nutlets and dried mucilage suspen-
sions) were adhered to a cover slip, coated with a thin gold film (600
A)inasputter coater (Pelco 9100) and observed in a scanning elec-
tron microscope (LEO EVO VP, Cambridge, UK) under high vacuum
with 5 kV acceleration voltage. Longitudinal sections of nutlets
were sliced with a razor blade, after being plunged into liquid
nitrogen to ensure keeping their internal structure, and analyzed
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Figure 2. SEM images of chia nutlets: (a) longitudinal section showing the internal structure; (b) pericarp transverse section; P, pericarp; T, testa; E,
endosperm; C, cotyledons; ¢, cuticle; exo, exocarp; meso, mesocarp; Ic, layer of bone cells; endo, endocarp.

by microscopy using the same procedure. The release of mucilage
(myxocarpy) was studied by soaking in water and observing chia
nutlets by SEM at different soaking times (5, 10, 30 and 60 min).

RESULTS AND DISCUSSION

Morphological and anatomical characterization of chia
nutlets by SEM

The nutlet size of chia calculated from SEM was 2.01 +0.10 mm
length, 1.24 + 0.08 mm width and 0.83 & 0.03 mm thickness. These
dimensions are in the same range as those reported by Ixtaina
etal.'® and Mufoz et al.?! The nutlets appear as glabrous (without
trichomes), elliptic (Fig. 1a, b) and apically rounded. The abscission
scar was almost circular and its diameter was approximately 400
um (Fig. 1c). The nutlet sculpturing surface is smooth and of Type
| (foveate: surface with small pits), according to the classification
given by Ozkan et al.3? for other Salvia species (Fig. 1d). Size, shape
and ornamentation characteristics of the nutlet appear to have
significant taxonomic value for distinguishing different species of
Salvia3*

Each chia nutlet is made up of a true seed enclosed within
the pericarp. The true seed consists in a seed coat (testa),
the endosperm and the embryo, which is made up mostly of
cotyledons (Fig. 2a). Basically, the pericarp is similar to other
Nepetoideae by having cuticle, exocarp, mesocarp, bone cells
vertically arranged and endocarp (inner epidermis) (Fig. 2b). The

exocarp and mesocarp cells are parenchymatous. In the exocarp
(nutlet epidermis), there are often cells which produce mucilage
when they are wetted. By studying many species of Salvia, Hedge*
found that they have a similar basic structure but show differences
in thickness of the pericarp, proportions of the individual layers
and color. In this study, the thickness of pericarp nutlets ranged
from 66.7 to 68.6 um, the layer of bone cells (32.0-37.0 um) being
the thickest part of the pericarp. The innermost layer of mesocarp
diverges from other layers in containing prismatic crystals.

Proximal composition of chia nutlets

The proximal composition of chia nutlets is presented in Table 1;
fat is the major component of the nutlets. Also, the high levels
of protein and fiber make chia nutlets a good source of these
nutrients. In particular, the protein content is higher than in other
traditional crops, e.g. wheat, corn, rice and oats.?3

Determination of the cell wall contents

Table 2 shows the NDF and ADF values, calculated using the Van
Soest method.3" The NDF value represents the cell wall content,
while ADF represents cellulose and lignin; NDF content is neg-
atively correlated with digestibility. The high values of NDF in
relation to those reported for sunflower¢37 indicate that chia nut-
lets have a lower percentage of cell content (i.e. highly digestible).
Onthe otherhand, the higherlevels of ADF found in chia nutlets are
associated with a higher percentage of cellulose instead of lignin.
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Table 1. Proximal composition of chia nutlets

Component Content (gkg™")
Moisture 70+4.0
Crude protein 293+4.0
Crude fat 327+8.0
Ash 484+1.0
Crude fiber 276 +1.0
Carbohydrate (by difference) 56+2.0
Food energy (kcal) 4320+£3.0

Dataare means =+ SD of triplicate determinations. Values are expressed
on a dry weight basis.

Table 2. Determination of the cell wall contents (g kg=') of chia
nutlets

Component Chia Sunflower3637
NDF 602 £18.0 340-480
ADF 426 +12.0 220-310
Lignin 60+2.0 80-110

Dataare means =+ SD of triplicate determinations. Values are expressed
onadryweightbasis. ADF, acid detergent fiber; NDF, neutral detergent
fiber.

of whether these are seeds or fruits. This author?? reported that
species with small nutlets are more often myxodiasporic than
species with large nutlets, and also that annuals are more often
myxodiasporic than perennials. Sales et al.38 reported in S. plebeia
R. Br. that the reaction of nutlets is very variable, depending
perhaps upon the maturity and age of the samples. Figure 3 shows
the myxocarpy phenomenon when chia nutlets become wetted.
After 5 min, it was observed that the cuticle had been broken (Fig.
3a) and the exocarp cell content gradually surrounded the rest
of the nutlet (Fig. 3a-d). As shown in the SEM images, the rate
of production of the mucilage after initial soaking is very fast (a
few minutes). These results are in agreement with Mufoz et al.,?'
who reported that the water absorption of chia nutlets was very
fast in the first few minutes and later it became slower, achieving
equilibrium conditions at about 2 h of hydration.

Proximal composition of chia freeze-dried crude mucilage

Extraction of chia nutlets with water at room temperature yielded
38+1.0 g kg~ db of mucilage. Mufioz et al.?! studied different
conditions of mucilage extraction, achieving an optimum yield
value of 69.7 g kg~' after 2 h of hydration at 80 °C and
using a nutlet:water ratio of 1:40. Table 3 shows the proximal
composition of chia freeze-dried crude mucilage. In comparison
with commercial guar and locust bean gums, extracts of chia

Mucilage extraction

When nutlets are in contact with water, the exocarp swells,
the cuticle is broken by depleting their elasticity and the cell
components are spilled out as mucilage surrounding the entire
fruit surface, but being attached to it with remarkable tenacity. In
nutlets of Lamiaceae, the mucilage consists of epidermal cells
that swell or disintegrate into thin spiral fibrillae when they
come into contact with water.>'® According to Ryding,’” who
studied the presence or absence of myxocarpy in most genera
of Lamiaceae, the phenomenon has only been recorded in the
subfamily Nepetoideae, and within the subfamily about 75% of the
species are mucilaginous. Ryding?? uses the term ‘myxodiaspory’
for the condition of having mucilaginous diaspores irrespective

Table 3. Proximal composition (g kg~') of freeze-dried crude chia
mucilage and commercial guar and locust bean gums

Locust
Component Chia mucilage Guar gum3® bean gum3®
Moisture 115+3.0 88 89
Crude protein 112+3.0 45 74
Residual fat 31+2.0 7 12
Ash 84+1.0 7 9
Crude fiber 135+6.0 — —
Carbohydrate (by difference) 637 +5.0 942 905

Dataare means =+ SD of triplicate determinations. Values are expressed
on a dry weight basis.

200 pm

(b)

200 pm

Figure 3. SEM images of chia nutlets soaked in water for different lengths of time: (a) 5 min; (b) 10 min; (c) 30 min; (d) 60 min.

wileyonlinelibrary.com/jsfa

(© 2013 Society of Chemical Industry

J Sci Food Agric (2013)



Microstructure, composition and mucilage of chia nutlets

O
SCI

WWW.S0Ci.org

1000
—&— Chiamucilage --¢-- Guargum =& - Xanthic gum
900 A

800 A

700 -

Solubility (g kg-1)

600

500 |

400 T T T T T T T |
20 30 40 50 60 70 80 90 100

Temperature (°C)

Figure 4. Solubility (g kg~") of chia mucilage as a function of temperature.
Data of guar and xanthic gums*®

mucilage contain more ash, residual fat and protein, and a lower
level of carbohydrates.>®

Mucilage solubility

The solubility of chia mucilage in 10 g L~! w/v water was elevated
and higher than that of guar and xanthic gums* in the studied
temperature range (25-80 °C), varying between 660 and 870 g
kg~'.The highest solubility of chia mucilage was achieved at 60 °C,
decreasing at higher temperatures (Fig. 4). These values of
solubility may be due to the mucilage structure, which is slightly
branched, since the water gum dispersion depends mainly on
its chemical structure. Furthermore, the decreasing solubility at
elevated temperatures could be attributed to the gelling effect
associated with some gums at such temperatures.*

Characterization of chia nutlets after mucilage removing

and mucilage microstructure by SEM

Figure 5 shows SEM images of chia nutlets after mucilage
extraction. In these images it can be observed that the myxocarpy
phenomenon occurs in the outer layers (cuticle and exocarp).
After removing the mucilage, the nutlet surface is characterized

200pm

by small hill-like eminences, spaced, that cover the entire surface,
corresponding to the mesocarp cells.

Fresh and freeze-dried crude mucilage samples are shown in
Fig. 6. The association between different components that
formed the mucilage forms a network structure of open pores,
which provide interesting rheological properties (gel formation).
When mucilage was freeze-dried, it took the appearance of
‘overlapping sheets’. The extraction, purification, drying and/or
further modification processes can significantly affect the chemical
composition and molecular structure of natural plant-based
biopolymers. Mirhosseini and Amid,*' who studied the effect
of different drying techniques on flowability characteristics and
chemical properties of natural carbohydrate-protein gum from
durian fruit seed, reported that the freeze-dried gum showed the
highest porosity, solubility and foaming capacity among differently
dried seed gums. These authors reported that this behavior might
be due to the least thermal degradation, which probably resulted
in less compact structure than other samples. Figure 7 shows
the micrographs of the chia mucilage dispersion in water. These
images show clear strands, which became denser when mucilage
concentration was increased. In this case, it is necessary to take
into account that for high-vacuum SEM samples were dried by
critical point drying and this process could lead to the presence
of structures that are not normally present in the living tissues
(artifacts).38

CONCLUSIONS

This study contributes to the micromorphological and anatomical
characterization of chia nutlets, which may be helpful in the
identification of the studied species. These nutlets are elliptic,
glabrous, smalland with a smooth-sculptured surface. The pericarp
is constituted by cuticle, exocarp, mesocarp, bone cells vertically
arranged and endocarp. The thickness of pericarp ranged from
66.7 to 68.6 um, the layer of bone cells being the thickest part.
The results obtained show a fast exudation of chia mucilage
when nutlets are in contact with water. Also, the freeze-dried crude
mucilage hydrates easily in water, even at low temperatures. Chia
nutlets have mucilaginous substances, with interesting functional
properties from a technological and physiological point of view.

Figure 5. SEM images of chia nutlets after mucilage extraction: (a) whole nutlet; (b) nutlet surface; (c) broken nutlet; (d) broken nutlet.
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Figure 6. SEM images of chia mucilage: (a) fresh mucilage; (b) freeze-dried crude mucilage.

Figure 7. SEM images of different concentrations of chia mucilage suspensions prepared by critical point drying: (a) 2.5; (b) 5.0; (c) 7.5; (d) 10.0 g L' w/v.

Thus chia mucilage could be used as a new thickening agent in the
cosmetics and food industries as well as contributing to consumer
health as a source of soluble dietary fiber.
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