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Chia seeds and their mucilage gels provide a nutritionally and functionally promising ingredient for the
food and pharmaceutical industry. Application and utilization of the gel remain limited due to the tightly
adhesion of the mucilage to the seeds, which affects the organoleptic properties, control of concen-
tration and structuring possibilities. To exploit the full potential of chia mucilage gels as a functional ingre-
dient calls for separation and purification of the gel. Herein, the gel was extracted by centrifugation and
characterized rheologically and microscopically to link the viscoelastic properties to the structural pro-
perties. Subsequently, the gel was dried employing three different methods for facilitated storage and
prolonged shelf life. The dried gels were readily soluble and its viscoelastic properties were fully regener-
ated upon rehydration demonstrating its potential to envisage industrial applications. The viscoelastic chia
mucilage demonstrated shear-thinning behavior with complete relaxation upon stress removal. The gel's
elasticity was enhanced with increasing mucilage concentration resulting in a highly tunable system. The
extractable and rehydratable functional chia gel is a viable candidate as additive for the development of
products requiring specific viscoelastic properties. Addition of the gel enhances the nutritional profile

rsc.li/food-function

Introduction

Chia (Salvia hispanica L. ) is experiencing an enormous revival
after it was consumed centuries ago as staple food by the Mayas
and Aztecs in Central and North America falling into oblivion
after the Spanish conquest."” This “superfood” is encountered
in manifold food products ranging from baked goods over cereal
bars, yoghurt-based breakfast formulations and smoothies but
can also be obtained in its pure form of seeds. The recently
gained recognition derives from their outstanding nutritional
profile. Chia seeds provide a great source of w-3 and -6 fatty
acids, proteins of high biological value, soluble and insoluble
fibers, antioxidants, vitamins and minerals.*® Moreover, it has
been reported that the seeds are capable of preventing inflam-
matory disorders, heart and cardiovascular diseases, diabetes
and protect the central nervous system.>'°"* However, chia
seeds are not only striking due to their nutritional value but also
due to their ability to exudate a mucilage layer when in contact
with water. This mucilage bears promising high water absorp-
tion capacity for food and pharmaceutical applications."®
Mucilages are water-soluble polysaccharides and are pro-
duced by several plants, algae and microorganism species.®"°
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without interfering with the organoleptic properties.

Upon hydration a hydrogel network is formed, which is gov-
erned by hydrophilic functional groups attached to the poly-
meric backbone of the polysaccharide.”” Such networks are
capable of absorbing large quantities of water due to swelling
and can be used in emulsifying and foaming processes.

Chia mucilage gels have been previously described by
several authors."®*®° The polysaccharides that make up the
mucilage network are located in the outer three seed coat
layers forming the testa. They are among others composed of
B-p-xylopyranosyl, a-p-glucopyranosyl and 4-O-methyl-a-p-gluco-
pyranosyluronic acid.'®*! Upon addition of water the polysac-
charides exudate, absorb water and unravel to full extension.
The mucilage in contrast to other seeds including flax remains
attached to the seed with remarkable tenacity. Application and
utilization of the gel therefore remain limited owing to the
adhering seed, which requires extensive extraction procedures.
Nevertheless chia mucilage gels provide a promising material
for the food industry. In contrasts to common vegan thick-
eners such as alginate, polyvinyl-alcohol and carrageenan, chia
mucilage is biodegradable and digestible. To exploit the full
potential of chia mucilage as functional ingredient the gel
needs to separated by e.g. hydration, freeze-drying, rubbing of
the gel and purification.**>* All methods are laborious and
extraction, purification, drying and other modification pro-
cesses can significantly affect the molecular structure of the
natural biopolymers. Moreover, most methods were focusing

This journal is © The Royal Society of Chemistry 2019
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on the soluble fraction of the chia mucilage. To overcome these
shortcomings a simplified extraction procedure was applied
envisaging industrial applicability. The proposed extraction pro-
cedure based on centrifugation and allows to extract both the
soluble and non-soluble gel fraction. The freshly extracted gel
was characterized both microscopically and rheologically
aiming at linking its viscoelastic properties to the underlying
structure. Since the drying process can have a significant influ-
ence on the rehydration ability, three different drying
approaches were investigated: rotary evaporation, oven- and
freeze-drying. The rehydration potential was evaluated based
the gels’ viscoelastic properties. Furthermore, different concen-
trations and resulting viscoelastic gel properties were elucidated
to define tenability envisaging industrial application.

Materials and methods
Chia seed characterization

Chia seeds were purchased from MeaVita (Bio Chia Seeds from
Mexico, DE-OKO-037) and used for all trials. A general charac-
terization of the seed was carried out determining their moist-
ure content, water hydration capacity and swelling volume. All
measurements were conducted in triplicates and the average
was reported.

Moisture content. The determination of the moisture
content was conducted with a Halogen Moisture Analyzer
(HR73 Mettler Toledo, Switzerland). 5 g seeds where weighed
and placed into the aluminum dish of the moisture analyzer.
The seeds were dried for 50 min at 110 °C allowing to reach a
constant weight. The moisture content on dry bases MCqj, was
calculated according to the following equation:

Miyet sample — Mdry sample

MCqp =
Mdry sample

Water holding capacity. To determine the general water
holding capacity of the seeds, the standardized AACC
International protocol 56-30.01 was applied in an adapted
version.”* The seeds were placed in 50 mL centrifugal tubes
and water (25 °C) was added to saturate the sample. The tubes
were slightly centrifuged followed by discarding of the super-
natant and calculation of the water holding capacity WHC:

(mtube + mpellet) - (mtube + msample)

WHC [mL g '] = po— .
sample

Gel swelling volume. The swelling was determined as an
additional possibility to characterize the water holding
capacity of the seeds, by regarding the volume of swelling. The
determination was conducted by the AACC International
Method 56-21-01.>° It was performed as described in the
method by adding water, applying a standardized heat treat-
ment, subsequent centrifugation and measurement of the
resulting gel height. The swelling volume SSV was calculated
using the following equation:

(gel height x 0.6238) + 1.8649

SSV mL g '] = —
sample
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where the constant values derive from -calibration of the
employed 15 mL falcon tubes.

Mucilage formation and gel extraction procedure

For mucilage gel extraction chia seeds were hydrated in water
at a 1:20 ratio at 25 °C and mixed on a magnetic stirrer for 2 h
ensuring complete hydration (see Fig. 1). The gel extraction
was carried out by centrifugation of the viscous solution
obtained during hydration. The tubes were centrifuged at
6600g for 50 minutes and after centrifugation three different
layers were distinguishable in the test tubes. The top layer of
seeds and excess water including some of the soluble polysac-
charide fraction was removed. The mucilage gel was collected
with a spatula and either used fresh or stabilized by the
different drying methods. The remaining chia seeds at the
bottom of the test tubes with some remaining mucilage were
discarded.

Gel stabilization by drying

As the extracted chia gels are of short shelf life due to micro-
biological stresses, drying improves both shelf life as well as
handling. Herein, three different drying methods were investi-
gated as well as the respective rehydration potential of the
gels.

Oven drying. By drying the gel in an oven, the effect of
heating by convection and conduction were studied. Extracted
gel was weighed and spread on a baking sheet covered tray.
The gels were dried at 50 °C, with a 10% ventilation and 10%
latch opening for 8 h (UF 110 Plus Dryer, Memmert
GmbH+Co. KG, Schwabach, Germany). The dried gel film was
removed from the baking sheet for storage and later use.

Rotary evaporation. For rotary evaporation the gels were
weighed into round-bottom flasks attached to the rotary evap-
orator (Hei-VAP Value, Heidolph Instruments GmbH+Co. KG,
Schwabach, Germany). Vacuum was first lowered to 100 mbar,
subsequently to 72 mbar and finally to 22 mbar, allowing the
sample to stabilize at applied pressure. The sample was
rotated at 100 rpm in a water bath of 45 °C until the gel was
completely dry. The glass flask with dried gel film was closed
and stored at 21 °C until further utilization.

Freeze-drying. During freeze-drying, direct sublimation of
water from the gel was achieved by shock freezing the gel

Fig. 1 Chia mucilage formation and extraction procedure. Chia seeds
were hydrated at 1: 20 ratio and stirred for two hours to allow gel for-
mation. Extraction was performed by centrifugation at 6600g for
50 minutes. Three different layers were obtained after centrifugation.
The different layers were separated and only the gel layer was collected.
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samples in 125 mL plastic containers with liquid nitrogen and
subsequently placing them in the lyophilisator (BenchTop Pro
with Omnitronis, SP Scientific, Gardiner, NY, USA). A vacuum
pressure of 512 pPa was applied and samples were left for 48 h
until completely dried. The dried foams were stored at 21 °C
in airtight plastic containers.

Gel rehydration

To elucidate the effect of the different drying methods on the
rehydration potential, the dried samples were rehydrated to
concentrations of 0.3% (w/w) corresponding to the initial con-
centration and 2 or 4% (w/w) to investigate higher concen-
trated solutions. The water (25 °C) was added to the dried gel
and stirred with a magnetic stirrer for 1 h ensuring complete
dissolution.

Rheological gel characterization

The rheological properties of chia gels were studied by shear,
frequency and amplitude sweeps using a MCR 300 Rheometer
(Anton Paar GmbH, Graz, Austria). The rheometer was
equipped with a TEK 150-P measuring cell and Couette geo-
metry CC27. The temperature was kept constant at 25 °C
through a Peltier Element. Shear rate measurements were
conducted at shear rates from 0.1 to 100 1 s™'. Frequency
sweeps were carried out at frequencies of 0.1 to 100 rad s~ at
an amplitude of 1%. For the amplitude sweeps deformations
of 0.1 to 100% were applied at a frequency of 1 rad s
Rheological measurements were performed for the freshly
extracted gel and the hydrated gel. All experiments were con-
ducted in triplicates.

Microscopic gel characterisation

The viscoelastic behavior and functional properties are closely
linked to the underlying gel structure. To investigate the struc-
ture and orientation of mucilage strands samples were ana-
lyzed with an inverse light microscope (NIKON Diaphot-TMD).
Pictures were taken and analyzed with NIS Elements Software.
The structure of the gel was investigated after the individual
processing steps, ie. after hydration, extraction, drying and
rehydration. The gel was stained with crystal violet (Sigma
Aldrich) or Congo red (Alfa Aesar, Thermo Fischer) to dye the
polysaccharide strand.

Results and discussion
Seed properties

Chia seed properties were characterized serving as basic classi-
fication of the raw material. The dried chia seeds came at a
moisture content of 8% db going in line with the values
reported by Ixtaina et al.®” Mucilage formation was initiated
with addition of water demonstrating a fast unraveling in the
first 5 min and further expansion endured up to 30 min from
the water addition."”” The hydrated seeds reached water
hydration capacities and swelling volumes of 11.7 and 16.0
mL g~ seed. Higher water holding capacities were observed by
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other research groups focusing solely on the fiber rich part of
the seed.”®*” The fiber rich part is considered as being respon-
sible for the water absorption capacity explaining the differ-
ences in values determined.

Microscopic gel characterization

Chia gel structure was investigated microscopically after the
individual processing steps unraveling the optical properties
and network structure of the mucilage strands. Initially
hydrated, the gel formed a transparent layer surrounding the
seed. The mucilage strands of the gel were highly oriented
showing no entanglement or overlap and were tightly attached
to the seed surface (Fig. 2A). Extraction yielded a clear gel of
concentrated mucilage strands. Due to the centrifugal extrac-
tion the highly ordered structure of the initial gel was lost
resulting in a randomly oriented polymer network (Fig. 2B).

In the dried state the gel is at its most concentrated state.
Appearance of the gel was dictated by the drying method
applied. Transparent and shiny films were obtained after
oven drying or rotary evaporation, whereas freeze-drying gen-
erated voluminous, white foam-like structures. Despite their
differing optical properties, the dry mucilage structure
revealed a highly concentrated system with overlapping layers
of mucilage strands (Fig. 2C). Examination of the rehydrated
gel at initial concentration of 0.3% (w/w) resulted in compar-
able gel properties and structure (Fig. 2D). Consequently, the
extraction resulted in a loss of mucilage strand order. The
initial order might derive from volume depletion, repulsive
forces amongst the negatively charged strands, or forced
order due to the tight attachment to the seed. However, the
applied drying and rehydration steps do not to interfere with
the mucilage strands indicating macroscopic structure
preservation.

Fig. 2 Structure of the freshly extracted and rehydrated chia gels. (A)
Highly ordered chia mucilage strands attached to the seed, which can
be seen at the left edge of the image. (B) Freshly extracted gels show
overlapping and interacting strands. (C) Freeze-dried gels (under polar-
ized light) demonstrate the highly concentrated system. Multiple layers
of mucilage strands came to lie on top of each other. (D) Rehydrated
samples show similar structural features as the freshly extracted sample.

This journal is © The Royal Society of Chemistry 2019
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Shear rheological properties of freshly extracted and
rehydrated gels

The flow behavior of the extracted gel was characterized by
shear rate tests as well as frequency and amplitude sweeps.
The freshly extracted gel served as reference for the dried and
rehydrated gels. After extraction the fresh gel yield a solid con-
centration of around 0.3% (w/w). The gel demonstrated a
shear thinning behavior at shear rates between 0.1 and
100 1 s~* (Fig. 3, red curve). There results are in line with the
findings of Capitani et al. determining slightly higher viscosity
values for gel at a concentration of 0.25% (w/w) whereas com-
parable behavior was observed by Timilsena et al. for 0.02%
(w/w) chia polysaccharide solution.”>>* The shear thinning
behavior is caused by shear induced ordering of the polymer
chains parallel to the flow direction causing a viscosity
decrease due to lesser interactions amongst the chains.>">%73°
The freshly extracted gel was dried by rotary evaporation, oven
and freeze-drying aiming towards the most suitable method for a
rehydratable gel while keeping the structure and functionality of
the fresh gel. The rehydrated gel shows comparable rheological
behavior to the fresh gel as depicted in Fig. 3 (grey curve). Upon
shearing the gel demonstrated the same shear thinning behavior
over all shear rates. Slightly higher viscosity values were observed
for samples dried by rotary evaporation, which is attributable to
a slightly larger solid concentration after rehydration and denser
network structure restricting the intermolecular motion.””**

Viscoelastic properties of rehydrated gels

The viscoelastic properties of chia mucilage gels were investi-
gated by frequency and amplitude sweeps. For freshly extracted
and rehydrated gels at the natural mucilage concentration of
about 0.3% (w/w) both torque sensitivity as well as inertia
effects compromise the rheological data. However, extracted or
rehydrated mucilage gels show weak-gel properties, which is in
line with the shear thinning behavior reported in the shear

Extracted chia gel Rehydrated chia gel 1

._
<

Viscosity 1 [Pa-s]

107 ul 1 1 1l
0.1 1 10 100

Shear rate ¥ [1/s]

Fig. 3 Shear rheological characterization of the extracted and rehy-
drated chia mucilage gels. The shear viscosity 5 of the gel is plotted as a
function of the shear rate y. The freshly extracted and rotary evaporated
and rehydrated sample demonstrated shear-thinning behavior (mucilage
concentration of 0.3% (w/w)).
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rate experiments. Similar behavior was reported for the soluble
gel fraction and for the entire gel.*">*

Owing to the detection limit of the rheometer at the natural
concentration, frequency sweeps were performed at a concen-
tration of 2% (w/w) for rehydrated mucilage samples (Fig. 4).
All rehydrated samples, regardless of the drying process
showed viscoelastic behavior. Highest G' and G" values were
obtained for the freeze-dried followed by the rotary evaporated
and the oven dried sample. At low frequencies, the storage
modulus G" was larger than the loss modulus G" indicating
the weak-gel character of the samples. Both values increased
with increasing frequency with G” becoming dominate at
higher frequencies, i.e. after the crossing point. The respective
crossover points of G’ and G” are 1 rad s™* for rotary evapor-
ation, 5 rad s~ for freeze-dried, and 11 rad s™' for oven dried
samples. The complex viscosity exhibited a shear thinning be-
havior for all samples. In conclusion, the drying methods
influence the mucilage functionality, entanglement properties,
average molar mass and thus the gel properties. Freeze-drying
enabled preservation of the initial gel structure throughout
drying. However, water crystals forming upon freezing could
have affected network structure decreasing its stability. Rotary
evaporation is regarded as very gentle process compacting the
gel under rotational movement and might hence have had rela-
tively little impact in the structure and mucilage functionality.
Oven treatment is by far the most severe treatment. At temp-
eratures of 50 °C denaturation of protein might have occurred
affecting the molar mass of the mucilage strands. Higher
angular frequencies at the crossover point can be attributed to
a lower average molar mass, which could indicate an induced
alteration of the molecules.”® The mucilage strands appeared
to be relatively resistant to the applied moderate heat treat-
ments. Simple extraction with subsequent drying hence allows
for improved storage and handling of the gel without compro-
mising its functional properties and quality. This makes dried

2
10 T T T

G' G" n*

—a—-e——— Freeze dried

—=——-@—-— Rotary evaporated
Oven dried

Storage G and Loss G” Modulus [Pa]
Complexe viscosity n* [Pa-s]

<

aal " " rararere | (B
10° 10' 10°
Frequency w [1/s]

Fig. 4 Viscoelastic behavior of the differently dried and rehydrated chia
mucilage gels at concentrations of 2% (w/w). The complex viscosity 7*,
storage G' and loss G” modulus are illustrated as a function of the fre-
quency o for the rehydrated gels. The highest complex viscosity, storage
and loss moduli were observed for freeze-dried followed by rotary evap-
orated and oven dried samples.
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and rehydratable chia gel a viable candidate as additive for
food production. Additionally, selecting different drying prin-
ciples or further processing steps offer the possibility to tailor
the viscoelastic behavior widening the frame of probable
applications.

Influence of mucilage concentration on gel properties

To elucidate the potential of the extracted chia gel for future
applications, higher mucilage concentrations of 4% (w/w) were
examined in frequency sweep tests (Fig. 5). In comparison the
sample with mucilage concentrations of 2% (w/w) similar
shear thinning behavior but higher values of the complex vis-
cosity n* were observed, which agrees with the findings of
Capitani et al.>® More distinct differences in the viscoelastic
behavior were observed for the storage G" and loss modulus G”
with increasing mucilage concentration. First, larger storage
and loss moduli were recorded, which has been also documen-
ted for several other biopolymers including xanthan gum,
welan, and rhamsan.*® Second, the storage modulus G’ sur-
passed the loss modulus G” for sample with a mucilage con-
centration of 4% (w/w) indicating the dominate elasticity of
the gel. And finally, the slopes of both moduli in double logar-
ithmic representation indicate the transition from a weak-gel
system (concentration of 2% (w/w)) to a fully cross-linked gel
(concentration of 4% (w/w)). For weak-gel systems the slopes of
the moduli are relative similar and in the order of w°?>. Also, a
dominant storage modulus at low frequencies can be observed
for all samples as depicted in Fig. 4. In same case, the slope of
G' may level out to zero. Such low frequency plateau in G’
reflects the weak network structure of the sample, which will
be damaged at higher frequencies and thus leading to domi-
nant G” values as also seen in Fig. 4. With increasing concen-
tration as shown in Fig. 5, more and more network points are
established in the gel and, as a consequence, G’ becomes the
dominant rheological parameter. The slope of about zero as

N
[S)
>
T

- 1000

4% (w/w)
rehydrated chia gel
L 100

N
53

2% (w/w)
rehydrated chia gel

N
CX

Complexe viscosity n* [Pa-s]

Storage G’ and Loss G” Modulus [Pa]

—— G" ——n*

10° 10' 10°
Frequency o [1/s]

Fig. 5 Viscoelastic behavior of chia mucilage gel at different concen-
trations. Complex viscosity 1*, storage G" and loss G” modulus as a func-
tion of frequency  for rotary evaporated and rehydrated gels at con-
centrations of 2 and 4% (w/w). With increasing concentrations, G' and
G” are increased and a transition from weak-gel structures to gel- or
rubber-like behavior is seen.
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seen in Fig. 5 for the 4% (w/w) sample indicates a gel- or rubber-
like behavior. In summary, chia mucilage gels can be adjusted
in their rheological behavior from liquid-like fluids to weak-gel
structures to fully gelled samples by increasing the mucilage
concentration. The adjustability of the viscoelastic behavior as a
function of the concentration offers a promising tool for tailor-
ing the properties of the resulting gel and food product.

Conclusions

Chia seed mucilage bears a huge potential for application as
vegan thickener in the food and pharmaceutical industry
owing to its excellent nutritional profile and functional pro-
perties. Nonetheless, its application in bulk remains restricted
due to the tight adhesion of the mucilage layer to the seed.
Herein, chia seed mucilage was extracted employing a simple
extraction approach envisaging industrial applications. The
obtain freshly extracted and rehydrated gels were characterized
rheologically and microscopically indicating a gel with ran-
domly oriented mucilage strands giving the gel its unique
viscoelastic properties. Upon rehydration, its properties were
fully regenerated. The viscoelastic mucilage demonstrated
shear-thinning behavior, which was enhanced with increasing
mucilage concentration resulting in highly tunable systems. At
>higher concentration, the drying procedure becomes impor-
tant, ie. is influencing the gel properties. Freeze-drying
yielded the strongest gel probably due to structure preservation
while harsher drying treatments in the oven reduced gel
strength. Freshly extracted and rehydrated functional chia gel
is a viable candidate as additive for the development of products
requiring specific viscoelastic properties. Structure and func-
tionality of the gel are tunable by the mucilage concentration
and pre-treatment or drying procedure. Owing to its non-tox-
icity, biodegradability and digestibility chia gel provides a prom-
ising alternative to commercially available vegan thickeners
such as polyvinyl alcohol, carrageenan and alginate. In the next
steps, both incorporation of chia gels in existing or novel food
matrices as well as their sensory properties will be exanimated.
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