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Abstract: The development of sustainable extraction methods to obtain natural products constitutes
a challenge for the food industry. The aim of this work was to compare yield, separation efficiency,
chemical composition, and physicochemical properties of the mucilage extracted from fresh cladodes
(FNM) and mucilage extracted from dehydrated cladodes (DNM) of O. ficus indica. Suspensions of
fresh and dehydrated cladodes (4% w/w) were prepared for mucilage extraction by using a mechani-
cal separation process. Subsequently, the separated mucilage was precipitated with ethyl alcohol
(1:2 v/v) then, yield and separation efficiency were determined. The mucilage was characterized
by measuring Z potential, viscosity, color, and texture attributes. Additionally, chemical proximate
analysis, scanning electron microscopy, and thermogravimetric analysis (TGA) were conducted.
No significant differences (p < 0.05) were detected in the yield and separation efficiencies between
samples. Nevertheless, the dehydration process of cladodes prior to mucilage extraction increased
protein, ashes, nitrogen free extract, and calcium content. The viscosity was higher in DNM than
in FNM. The TGA revealed a different thermal behavior between samples. In addition, the DNM
showed lower L (darkness/lightness), cohesiveness, adhesiveness, and springiness values than those
of FNM. These results support that differences found between the chemical and physicochemical
properties of DNM and those of FNM will determine the applications of the mucilage obtained from
the O. ficus indica cladodes in the food, pharmaceutical, and cosmetic industries.

Keywords: mucilage; O. ficus indica; mechanical separation; separation efficiency; sustainable extrac-
tion; physicochemical properties

1. Introduction

The Opuntia ficus indica cladode is a common vegetable in the traditional diet of
the Mexican population, which reaches its maximum commercial value when it weighs
less than 150 g [1]. Cladodes weighing more than 200 g are not eaten fresh due to their
extremely fibrous texture; for this reason, it is preferred to dehydrate and grind them to
obtain granular solids [2].
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The cladode of this species is a food that provides numerous health benefits, including:
protection against free radicals and cancer, attributed to the presence of antioxidant compo-
nents; reduction of serum glucose and cholesterol levels; and as a co-adjuvant to control
weight due to its low content of lipids and carbohydrates [3–5]. Furthermore, O. ficus indica
cladodes constitute an important source of minerals in the diet, mainly calcium [6]. In
fact, our research group has previously demonstrated, employing models of growing and
ovariectomized rats, that calcium in O. ficus indica is bioavailable [7–9]. The content of
water in these cladodes is high (90–96 g/100 g), thus dehydration constitutes an alternative
to increase the shelf life of this product, reducing transportation and storage expenses [10].

The mucilage obtained from O. ficus indica is a viscous biopolymer, whose main
monomeric units are D-glucose, D-galactose, L-arabinose, D-xylose, L-rhamnose, D-galacturonic
acid, and glucuronic acid. Consequently, mucilage constitutes a fraction of the soluble
dietary fiber of this cactus [3]. The age of the cladodes is not a restriction for obtaining
mucilage, which is analogous to gums and represents a material of interest for the industrial
sector, due to both, its physicochemical properties, and its health benefits [11]. This
biopolymer has been applied in the pharmaceutical, cosmetic, medical, and food areas due
to its physicochemical and rheological properties, emulsifying capacity, as an auxiliary in
gels formation, as well as in the elaboration of edible films and coatings [12–14]. Various
methodologies have been reported for extracting the mucilage from fresh cladodes, using
different process conditions, such as temperature, extraction time, and different extraction
solvents. It should be noted that results regarding mucilage yield obtained in different
investigations are very dissimilar, most likely as a result of variations between the extraction
procedures and the maturity stage and variety of the cladodes. Up to now, the efficiency
of the extraction process of mucilage from O. ficus indica has not been reported [15,16].
Moreover, although Contreras-Padilla et al. [17] compared the rheological properties of
the mucilage extracted from O. ficus indica cladodes at different maturity stages, currently,
a comparative analysis of the physicochemical properties of the mucilage extracted from
fresh and dehydrated cladodes has been scarcely described.

In the present research, we hypothesized that physicochemical properties of the
mucilage obtained from dehydrated cladodes are different from those of the mucilage
extracted from fresh cladodes, which have an important impact on the applications that
mucilage could have, mainly in the food industry [18]. The purpose of this work was to
compare the chemical composition, physicochemical properties, and microstructure of the
mucilage extracted from fresh O. ficus indica cladodes with those of the mucilage obtained
from dehydrated cladodes, by using a mechanical separation process by centrifugation
in order to determine whether the dehydration process affects the properties of mucilage
and, therefore its applications in the food industry. In addition, this study proposes an
environmentally friendly method to obtain mucilage from O. ficus indica cladodes.

2. Materials and Methods
2.1. Vegetal Material

Opuntia ficus indica cladodes with an average weight of 400 g (100 days after sprouting)
were cultivated with an organic fertilizer and collected during the summer of 2019 in
the experimental field of the Engineering Department of the Autonomous University
of Querétaro.

2.2. Mucilage Extraction from O. ficus indica Cladodes

The O. ficus indica cladodes were washed and both, spines and crown were manually
removed. During the drying process, the cladodes were placed on stainless steel trays to
dry in a forced air oven (EPS, Mod. SM05, Santa Ana, CA, USA). The drying temperature
was 70 ◦C with an air flow of 1.4 m/s. The moisture content was determined in the dry
material, and afterward, it was ground using a hammer mill (PULVEX 200, Mexico City,
Mexico) with a mesh size 0.8 mm. Subsequently, the solids were passed through a No. 60
sieve (USA series) to obtain solids with homogeneous size. On the other hand, the fresh
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cladodes were wet ground in a blade mill (RETSCH, Mod. GM 300, Newton, PA, USA),
with a mesh size of 0.8 mm, in order to obtain a suspension that passed through a No. 60
sieve (USA series).

Thereafter, two suspensions were prepared. One of them was obtained from the fresh
ground cladodes and the moisture content was analyzed by the method 925.10 of the
Association of Official Analytical Chemists (AOAC, 2000) [19] to determine the content of
total solids.

Another suspension was prepared with the granular solids obtained from dehydrated
cladodes and water, using a homogenizer (IKA-WERKE, Mod. Eurostar BSC.S1, Wilm-
ington, NC, USA) at a speed of 450 rpm for 5 min. Both suspensions were stored 4 h at
10 ◦C. Thereafter, the resulting suspension was centrifuged to separate the mucilage in a
disc stack centrifuge (DIDACTA, Mod. TAG1/d, Torino, TO, Italy) with a feeding speed
of 200 mL/min and a centrifugation rate of 7000 rpm [6]. The light fraction, containing
the soluble fiber, was separated from the heavy fraction (insoluble fiber). Mucilage was
obtained from the light fraction by precipitation with ethyl alcohol 96% (v/v) in a 1:2 (v/v)
ratio (light fraction: ethyl alcohol). Subsequently, the mucilage was vacuum filtered on a
Büchner funnel at 5.33 kPa using a 20 µm pore size polyester-cotton filter (70–30%). Finally,
the mucilage was dehydrated in a forced air oven (EPS, Mod. SM05, Santa Ana, CA, USA)
at 35 ◦C during 40 min. The suspension obtained from fresh cladodes was processed
employing the same conditions just described. Mucilage yield extracted from fresh and
dehydrated cladodes was obtained by weighting total solids in mucilage and calculating
the percentage based on the weight of total solids in 100 g of cladodes, employing the
Equation (1) [20].

Mucialge yield (%) =

(
Wm
Wc

)
× 100 (1)

where:
Wm = Weight of total solids in the mucilage of O. ficus indica cladodes (g)
Wc = Weight of total solids in O. ficus indica cladodes (g)
The separation efficiency was calculated using the turbidity values according to the

Equation (2) reported by Bai et al. [21] with some modifications. This was proposed
considering the turbidity of the suspensions and the turbidity of the centrifuged samples
(light fraction) at the processing conditions. The turbidity was analyzed with a turbidimeter
(HANNA INSTRUMENTS, Mod. LP 2000, Woonsocket, RI, USA) and the method 1889-
88a [22].

Separation e f f iciency (%) = ((Tsn − Tl f )/Tsn) × 100 (2)

where:
Tsn = Turbidity of suspension obtained with fresh and dehydrated cladodes (ntu)
Tlf = Turbidity of light fraction (ntu)

2.3. Proximal Chemical Analysis

Fresh and dehydrated cladodes, as well as their respective mucilages were analyzed
according to the methods established by the American Association of Cereal Chemists
(AACC, 2000) [23] and the AOAC (2000) [19] and the nitrogen free extract (NFE) was
calculated by difference (% NFE = 100 − [% moisture + % Crude fiber + % Crude protein +
% Ether extract + % Ash]).

2.4. Calcium Content Analysis

The calcium content in mucilage samples was determined by the dry ashing method
(968.08) [19] with an atomic absorption spectrophotometer (Perkin Elmer, Mod. Analyst
300, Boston, MA, USA) and a flame detector. The operating conditions were reported by
Rojas-Molina et al. [6].
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2.5. Morphological Characterization of O. ficus indica Cladodes and Mucilage Obtained from Fresh
and Dehydrated Cladodes

The morphology of O. ficus indica cladodes and the mucilage extracted from fresh and
dehydrated cladodes was studied by low vacuum scanning electron microscopy (LV-SEM)
using a JSM 5600LV (Tokyo, Japan) microscope (5 nm resolution), equipped with an energy
dispersive X-ray spectrometer (Noran instrument, Mod. Voyager 4.2.3). The analysis
conditions were those reported by Mendoza-Ávila et al. [24].

2.6. Characterization of the Mucilage Extracted from Fresh and Dehydrated O. ficus indica
Cladodes by Fourier Transform Infrared (FT-IR) Analysis

Mucilage samples were characterized by using an FTIR spectrophotometer (Perkin
Elmer, Mod. Spectrum Two, Boston, MA, USA) with ATR (Attenuated Total Reflectance).

2.7. Z Potential

Mucilage powders obtained from fresh and dehydrated cladodes were dissolved in
deionized water to obtain mucilage solutions of 0.1% (w/v) at 40 ◦C. The solids were
mixed with a homogenizer at 600 rpm for 30 min (IKA-WERKE, Mod. Eurostar BSC.S1,
Wilmington, NC, USA). The dispersions were stored for 24 h until analysis. Z potential
assessments were conducted using a Zetasizer Nano ZS90 equipment (Malvern Instruments
Ltd., Malvern, Worcestershire, UK) at a temperature of 25 ◦C to obtain the Z potential and
the particle size.

2.8. Viscosity of the Mucilage Extracted from Fresh and Dehydrated O. ficus indica Cladodes

Mucilage powders obtained from fresh and dehydrated cladodes were dissolved in
distilled water to prepare mucilage solutions at different concentrations of 1.0, 1.5, 2.0, and
2.5% (w/v) at 25 ◦C with magnetic stirring for 45 min to complete the hydration. Then, the
solutions were cooled at room temperature for analysis. Measurements were performed in
rotational mode at different shear rates in a range from 64.6 to 600 s−1 in a viscosimeter
with concentric cylinder geometry (Mettler-Toledo, Mod. RM180 Rheomat, Columbus, OH,
USA) and a rotating cylinder sensor (DIN 1). Data obtained from this analysis were used
to obtain the graphs of shear straining (Pa) versus shear rate (s−1) and the rheograms of
viscosity (Pa.s) versus shear rate (s−1). The flow behavior index (n) and consistency index
(k) values were computed by fitting the power law model [25].

2.9. Thermogravimetric Analysis (TGA)

Thermal gravimetric analyses of the samples were carried out with a TGA Q5000IR
equipment (TA Instruments, New Castle, DE, USA). A nitrogen atmosphere was used at
a flow rate of 30 mL/min, a heating rate of 10 ◦C/min, temperature ranging from 25 to
600 ◦C and analysis was carried out by employing the TRIOS 4.3.0. 38388 software. All
measurements were performed in triplicate.

2.10. Color Measurement

Color measurement of the mucilage samples was performed using a colorimeter
(Minolta, CR300, Tokyo, Japan) and the granular solids device. Three-dimensional scales
expressed as Hunter L, a, and b were used to quantify color values, which were recorded as
L, darkness/lightness (0, black; 100, white); a (−a, greenness; +a, redness); and b (−b, blue-
ness; +b, yellowness). Additionally, the total color difference (∆E) was calculated according
to Equation (3). Color measurements were repeated from three different positions [26].

∆E =

(
(L ∗ 1 − L ∗ 2)2 + (a ∗ 1 − a ∗ 2)2 + (b ∗ 1 − b ∗ 2)2

)1

2
(3)
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2.11. Texture Profile Analysis (TPA)

The samples were dissolved in distilled water at 35 ◦C to prepare 4% (w/v) solutions
using a thermo shaker (Thermo Scientific, Mod. 4625Q, Waltham, MA, USA) at a maximum
rate of 250 rpm. Then, samples were stored at room temperature for 24 h until analysis. A
universal texturometer (Shimadzu, Mod. EZ-S, Kioto, Japan) was used to obtain force-time
curves of a two-cycle compression test. All experiments were conducted under a controlled
temperature of 25 ◦C. A cylinder of 2 cm in diameter compressed the samples placed in a
Petri dish (diameter 6.0 cm, height 1.5 cm). The cylinder was allowed to descend at a rate
of 1.3 mm/s to a compression depth of 8 mm (20% compression). Once the compression
stroke was completed, the direction of the cylinder was reversed and started its upward
stroke. Then, a second down and up cycle was run on the same sample with a 5 s pause
before the second compression cycle. The instrument automatically recorded the force–time
curve. Five replicates were conducted for each sample.

2.12. Statistical Analysis

The results obtained from the physicochemical characterization of the mucilage sam-
ples were analyzed with Student’s t-test with an α value of 0.05. In all cases, the statistical
package SPSS version 2.2 was used.

3. Results and Discussion
3.1. Yield and Separation Efficiency of the Mucilage Extracted from Fresh and Dried
O. ficus indica Cladodes

The content of total solids of the fresh ground cladodes was 4% (w/w). This determi-
nation was carried out with the purpose of ensuring the same total solids content in the
suspension of the dehydrated cladodes.

Yields obtained for the mucilage extraction from dehydrated and fresh O. ficus indica
cladodes were 15.69 ± 0.04 and 13.06 ± 0.19 g/100 g respectively. No significant differences
were observed between both values (p ≤ 0.05). These results are in accordance with
Contreras-Padilla et al. [17], who used similar conditions for extracting the mucilage from
cladodes of this plant species. However, in other studies higher yields of mucilage, ranging
from 16.50 to 33%, have been reported [27–29]. These discrepancies can be attributed to
various factors including: (1) the type of solvent used in the extraction process, the polarity
of which significantly influences the solubility and mass transfer characteristics of the
compounds to be extracted [30]; (2) cladodes maturity stage, since a direct relationship
between mucilage yield and stalk age has been observed; and (3) temperature and time of
extraction; It has been previously demonstrated that young cladodes possess a high soluble
fiber content which produces higher yields of mucilage, whereas, as cladodes get older,
the insoluble fiber content increases [31]. Furthermore, time and extraction temperature
are critical, since they involve heat energy transfer, by convection and conduction, from
the solvent to the nucleus of the matrix particles, as well as solvent interaction with target
particles [32].

Although mucilage extraction yields have been described by some authors [17,27–29],
there is little information related to the efficiency of this process. In this study, the efficiency
of mucilage extraction from fresh and dehydrated cladodes was 96.7 ± 0.06 and 97 ± 0.01%,
respectively. These results indicate that dehydration of the cladodes does not affect the
efficiency of hydrocolloid separation. The process that we employed to obtain the mucilage
from O. ficus indica cladodes involved a centrifugation step to separate insoluble and soluble
fiber, the latter containing the mucilage. Centrifugation allows separation of impurities
from hydrocolloids used for food applications, such as those from macroalgae [33]. Thus, it
is likely that the O. ficus indica mucilage obtained by this extraction process could be used
for food and pharmaceutical applications [34].

The use of ethanol, which is an eco-friendly solvent, to extract the mucilage from
O. ficus indica cladodes represents one of the advantages of this extraction method. Accord-
ing to the environmental health and safety guidelines, the danger that ethanol represents
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for health and the environment is relatively low (less than 3.0 points) [35]. Other advan-
tages offered by this method are that it does not require heating and the extraction time
is short compared to other techniques. Moreover, in the present work cladodes at a late
maturity stage, which are considered as waste and have no commercial value, were used.
Therefore, this is a sustainable extraction method [36].

3.2. Chemical Composition of Mucilage Extracted from Fresh and Dehydrated Cladodes

The proximal chemical analysis and calcium content of the mucilage extracted from
fresh (FNM) and dehydrated cladodes (DNM) are summarized in Table 1. Significant
differences (p < 0.05) were detected in protein, ashes, nitrogen free extract (NFE) and
calcium contents.

Table 1. Chemical proximate analysis and calcium content in mucilage extracted from fresh and
dehydrated Opuntia ficus indica cladodes.

Component FNM DNM

Moisture (%) 4.12 ± 0.02 a 4.19 ± 0.02 a

Fat (%) 2.11 ± 0.10 a 2.13 ± 0.01 a

Protein (%) 6.52 ± 0.10 a 7.93 ± 0.02 b

Ashes (%) 3.15 ± 0.02 a 5.18 ± 0.02 b

Crude fiber (%) 0.33 ± 0.01 a 0.31 ± 0.01 a

NFE (%) 83.77 ± 0.02 a 80.26 ± 0.04 b

Calcium (mg/g) 15.18 ± 0.15 a 19.05 ± 0.25 b

The values represent the mean ± standard deviation (SD), n = 5. Means in rows with different letters differ signifi-
cantly (p ≤ 0.05). NFE = Nitrogen free extract. FNM = Mucilage extracted from fresh cladodes. DNM = Mucilage
extracted from dehydrated cladodes.

The moisture content in the mucilage extracted from fresh and dehydrated cladodes
showed values around 4%. This percentage is similar to that previously reported (4.4–4.5%),
when a flow spray dryer with an inlet air temperature at 170 ◦C was used to dehydrate
the O. ficus indica mucilage [37]. It has been reported that the use of high temperature for
relatively long periods of time is required to remove excess water from the mucilage, which
is composed mainly of long-chain acid heteropolysaccharides that absorb and retain a high
water content [38].

In the present study, the protein content of both mucilage samples was higher than
that obtained by Toit et al. (2018) [39] (2.7–3.2 g/100 g) and similar to that observed by
Gebresamuel and Gebre-Mariam [40] (6.82 g/100 g) in mucilage extracts of Opuntia spp.
cladodes. While the lipid content that we found in the mucilage samples was higher
than that reported by the two previously mentioned research groups, who found lipid
concentrations between 0.4 and 0.9% [39,40]. In addition, long chain fatty acids (α-linolenic
and linoleic acid, among others) were found in O. ficus indica cladodes [39]. These fatty
acids are highly resistant to thermal hydrolysis at temperatures between 90 and 160 ◦C for
periods of time between 30 min and 8 h [41]. This implies that the temperature used in this
study to carry out the dehydration of O. ficus indica cladodes does not affect the integrity
of the fatty acids they contain. On the other hand, no significant differences (p < 0.05)
were detected in the crude fiber content between the samples (see Table 1), these results
may be associated with the efficiency of mucilage extraction from fresh and dehydrated
cladodes, which were similar. The crude fiber content that we detected in FNM and DNM
was lower than that reported by Sepúlveda et al. [27] (0.69%) and higher than that found
by Toit et al. [39] and Gebresamuel and Gebre-Mariam [40] (0.2 and 0.06%, respectively). It
has been proposed that O. ficus indica mucilage is constituted by different water-soluble
fractions: (1) a pectin with calcium dependent gelling properties, (2) a non-gelling mucilage,
and (3) a polysaccharide fraction with thickening properties representing less than 10% of
the water-soluble material [42,43]. Therefore, low crude fiber content was expected, since in
the crude fiber analysis only water insoluble components, such as cellulose, hemicellulose,
and lignin are quantified, [44]. Differences observed in proteins, ashes, NFE, and calcium
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contents of the samples studied in this research, with respect to samples analyzed in other
investigations can be attributed to several factors, such as: variation in the extraction
process, the age of the cladodes, the growing season, and edaphic conditions. Undoubtedly
these factors influence the nutrient content of the cladodes from this species [27,29,39,45].

The calcium content in the mucilage obtained from dehydrated cladodes (19.05 ± 0.25 mg/g)
was significantly higher (p < 0.05) than that found in the mucilage extracted from fresh clado-
des (15.18 ± 0.15 mg/g). Both values are similar to those observed by Monrroy et al. [28].
Nevertheless, differences can be attributed to different edapho-climatic cultivar conditions
and cladode age [46]. Most of the calcium contained in the mucilage is in the form of
CaCO3, which is bioavailable [6,8,9]. As expected, due to water loss, calcium, ash, protein,
and NFE contents were significantly higher in mucilage obtained from dehydrated clado-
des. It is important to mention that the higher protein content in mucilage increases its
capacity as an emulsifying agent, promoting the formation of an oil-in-water emulsion,
which is stabilized by the proteins [47]. Due to the fact that the carbohydrate (NFE) content
was determined by difference, evidently the amount of this component was higher in the
mucilage extracted from fresh cladodes.

3.3. Morphology of Mucilage Extracted from Fresh and Dehydrated Cladodes

Figure 1 shows micrographs of fresh (Figure 1a,b) and dehydrated (Figure 1d,e) O. ficus
indica cladodes. Figure 1a,d show the presence of calcium oxalate crystals in the insoluble
fiber, both in fresh and dehydrated cladodes; these crystals have been identified by other
authors too [6,17]. Calcium oxalate crystals are formed within cells known as crystalline
idioblasts, whose function is to maintain an ionic balance and regulate the osmotic pressure
of the plant [48]. In Figure 1b,e the internal parenchyma of fresh and dehydrated cladodes
is observed. This tissue is characterized by the presence of isodiametric cells, which possess
thin cell walls made up mainly of cellulose, and whose function is to store water, for this
reason, this tissue is also known as aqueous parenchyma or hydrenchyma [49]. Inside
the aqueous parenchyma, the presence of spherical and globose structures known as
mucilage cells or mucilage-secreting idioblasts, which are characteristic of Opuntia species,
can be distinguished (see arrows). The main function of these cells is the retention of
water when the plant is exposed to long periods of drought. In addition, these cells are
specialized to retain more than 30% of water as a reserve in the parenchyma area [49–52]. It
is worth noting that size of the cells of the internal parenchyma and the mucilage-secreting
idioblasts of the dehydrated cladodes (Figure 1e) is smaller than that of the fresh cladodes
(Figure 1b). In addition, it is evident that the mucilage-secreting idioblasts have lost their
spherical shape (Figure 1b). This can be explained by the removal of water from the
dehydrated cladodes during drying. It has been reported that mucilage-secreting idioblasts
can represent up to 14% of the cladode dry weight.

Figure 1c,f show mucilage obtained from fresh and dehydrated cladodes, respec-
tively. In cactus stems, mucilage together with gums and pectin are constituents of soluble
fiber and constitute a colloidal system that prevents dehydration of plant tissues [53,54].
Bayar et al. [55] demonstrated that 50% of mucilage composition is pectin; nevertheless,
mucilage showed 28% more water holding capacity than pectin. This explains why mu-
cilage retains more than 30% of the total stored water in parenchyma [54]. Micrographs of
Figure 1c,f show that the mucilage has an elongated structure, which differs from what was
reported by León-Martinez et al. [37], who observed that powdered mucilage was com-
posed of agglomerated semi-spherical particles. These authors possibly observed clumps of
mucilage cells (mucilage-secreting idioblasts) as a result of the mucilage extraction process
that they used, which consisted of a decoction and stirring. In the case of the present
study, mechanical separation of the mucilage at high speed most likely provokes idioblasts’
disruption, which consequently causes the release of mucilage from the cells, therefore
no globular structures are observed. Regarding this, it has been reported that disc stack
centrifugation promotes yeasts and algal cell disruption leading to the release of various
cell components, including lipids [56,57]. It is important to mention that various clusters of
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particles are observed on the surfaces of the elongated structures of the mucilage. These
accumulations are more abundant in the mucilage obtained from dehydrated cladodes
and possibly correspond to mineral salts, mainly calcium carbonate. The presence of this
crystalline compound in O. ficus indica soluble fiber has been previously reported [6].

Figure 1. Scanning electron microscopy (SEM) images of fresh (a,b) and dehydrated (d,e) O. ficus in-
dica cladodes and mucilage extracted from fresh (c) and dehydrated (f) cladodes. (a) Calcium oxalate
crystals (ox) in fresh cladodes, (d) calcium oxalate crystals (ox) in dehydrated cladodes, (b) aqueous
parenchyma (ap) in fresh cladodes with mucilage-secreting idioblasts inside (id), (e) aqueous
parenchyma (ap) in dehydrated cladodes with mucilage-secreting idioblasts inside (id), (c) mucilage
(mu) extracted from fresh cladodes, (f) mucilage (mu)extracted from dehydrated cladodes.

3.4. FTIR Spectral Characterization of the Mucilage Extracted from Cladodes

The IR spectra of the mucilage extracted from fresh and dried O. ficus indica cladodes
showed differences in both the position and intensity of some bands (Figure 2a,b). A
slight shift towards a lower frequency was observed in the characteristic broad band
corresponding to OH-stretching vibration, which appeared at 3294 cm−1 in the mucilage
obtained from fresh cladodes and 3290 cm−1 in the spectrum of mucilage obtained from
dehydrated cladodes (see arrows). Additionally, this band showed lower intensity. This
could be attributed to the loss of some of the hydrogen bonds formed between water,
which is abundant in the fresh cladodes, and hydroxyl groups of carbohydrates and
acids. The same tendency was observed for the νas of CH2 groups, which decreased
from 2920 to 2912 cm−1 in the mucilage obtained from dehydrated cladodes (see arrows).
This band corresponds to the stretching vibration of hydroxymethylene groups present
both in the pyranose and furanose conformations of galactose, arabinose, and xylose,
which are the most frequent monosaccharides identified in Opuntia mucilage. In fact, the
viscosity of mucilage has been mainly attributed to the high content of arabinose [16]. On
the other hand, a decrease in frequency was also observed for the band corresponding
to the carboxylate group (COO−), which appears at approximately 1600 cm−1 (strong
νas). In the case of the spectrum of the mucilage obtained from fresh cladodes, this band
splits into a second weaker band at 1513 cm−1 (νs COO−), as a result of the H bonds
established between acids contained in the mucilage and water. It is very likely that these
carboxylate groups belong to uronic acid, which is commonly found in mucilage [28]. It
has been demonstrated that the carboxylate group of uronic acid interacts with water and
cationic ions, such as calcium, which makes an important contribution to the viscosity of
mucilage [16]. Weak bands at 1420 cm−1 (overlapped in mucilage extracted from fresh
cladodes and more visible in mucilage extracted from dehydrated cladodes) and 875 cm−1

in both mucilage samples (see arrows) indicated the presence of CO3
2−. Finally, a decrease

(from 1034.21 cm−1 to 1024.25 cm−1) in the ν of the band corresponding to the C-O bond
of sugar units was also observed in the case of the mucilage extracted from dehydrated
cladodes, as a consequence of the loss of water. It is worth mentioning that dry mucilage is
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the most suitable material for a longer shelf life of Opuntia products before reconstitution
for human consumption.

Figure 2. (a) FTIR spectrum of mucilage extracted from fresh Opuntia ficus indica cladodes. (b) FTIR
spectrum of mucilage extracted from dehydrated O. ficus indica cladodes.

3.5. Z Potential and Particle Size

The zeta potential is the overall charge a particle acquires in a specific medium
and shows the degree of repulsion between charged particles in the dispersion. Thus,
this parameter is used to measure the stability of a colloid solution as a function of the
molecules’ charges dispersed in the system [58]. No statistically significant differences
(p ≤ 0.05) were observed in the Z potential in the dispersions of mucilage extracted from
fresh and dehydrated cladodes (−21.73 ± 2.38 and −19.30 ± 1.31 mV, respectively). These
values are within the range reported by Quinzio et al. [59] for the mucilage extracted from
O. ficus indica (from −1.0 to −32 mV) with pH values from 2.0 to 10.0. The variations
between the Z potential values are attributed to the presence of the carboxyl group of
galacturonic acid in the mucilage. At a basic pH, these carboxyl groups ionize to give
rise to carboxylates, resulting in an increase in the negative charge of the Z potential [60].
Accordingly, negative values of Z potential have been reported for several biopolymers
in a pH range from 2.0 to 9.0, including pectin (−15 mv to 25 mV) [61], sodium alginate
(−8.7 mV to −68.4 mV) [62], Arabic gum (−2 mV to −21 mV), beet pectin (−2.5 mV to
−33 mV), and corn fiber gum (−3 mV to −19 mV) [63].

No statistical difference (p ≤ 0.05) was found between the particle size values obtained
from the mucilage extracted from fresh cladodes (2623 ± 52.93 nm) and those of the
mucilage extracted from dried cladodes (2672 ± 42.31 nm). These values are in accordance
with what was reported by Cortés-Camargo et al. [60] for the particle size of the O. ficus
indica mucilage (1.64 to 2.52 µm). The particle sizes found in the O. ficus indica mucilage
were smaller than those of arabic gum (37 to 790 µm) [64], jackfruit pectin (363.6 µm) [65],
and guar gum (46.4–315 µm) [66].

Similar Z potential and particle size values found in the mucilage extracted from
fresh and dehydrated cladodes implies that the dehydration process of the cladodes
prior to mucilage extraction does not modify these physicochemical properties of the
hydrocolloid. On the other hand, the particle size and negative Z potential values detected
in mucilage extracted from fresh and dehydrated cladodes indicate that this hydrocolloid
can interact with polycationic biopolymers such as proteins, to obtain microspheres through
the complex coacervation method. These microstructures can be applied in the food and
pharmaceutical industries for the encapsulation of biologically active compounds to obtain
controlled delivery systems [67].

3.6. Viscosity of the Mucilage Extracted from Fresh and Dehydrated Cladodes

The viscosity and shear straining values versus shear rate of samples at different con-
centrations are shown in Figure 3. It is evident that in the range of the tested concentrations,
as the shear rate and the mucilage concentration increase, the shear strain rises (Figure 3a).
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The viscosity of the mucilage obtained from dehydrated cladodes is higher than that of the
mucilage obtained from fresh cladodes.

Figure 3. Shear strain (a) and viscosity (b) values versus shear rate of mucilage extracted from fresh
cladodes (FNM) and mucilage extracted form dehydrated cladodes (DNM) at different concentrations
(1, 1.5, 2 and 2.5% w/v).

The rheogram in Figure 3b shows that as the shear rate increases, the viscosity of the
samples decreases. This means that the solutions of the mucilage extracted from fresh and
dehydrated cladodes show the behavior of shear-thinning fluids, also referred to as pseudo-
plastic fluids in the evaluation conditions [68]. The viscosity of these fluids decreases with
increasing shear rate, which is common in polymer solutions and similar solutions of high
molecular weight compounds [69]. The pseudoplastic behavior of mucilage dissolutions
are supported by the flow behavior index (n < 1, see Table 2). This behavior is more
pronounced when the mucilage concentration increases, which is in accordance with
previously reported investigations by Contreras-Padilla et al. [17], León-Martínez et al. [37]
and Medina-Torres et al. [11].

Interestingly, the mucilage obtained from dried cladodes shows higher viscosity values
than the mucilage extracted from the fresh cladodes (see Figure 3b), in fact, in the entire
range of concentrations evaluated, the viscosity values of the DNM were approximately
twice the respective values of the FNM. This was corroborated with the observation that
the consistency index (K) values were higher in the DMC (see Table 2).

At this point, it is important to mention that significant differences were observed in
the calcium content of the DNM and the FNM (see Table 1). It has been reported that the
presence of calcium ions caused an increase in the viscosity of the cell wall polysaccharide
matrix. Likewise, an increase in the viscosity is accompanied by a rise in the calcium ions
concentration [70].

Evidently, the difference in the viscosity of the FNM and the DNM will have a sig-
nificant impact on the textural properties of the products to which these mucilages are
added. For example, the FNM can be used in products where a moderate or low viscosity is
needed to replace dairy or fats (e.g., frozen desserts) and to make edible coatings and films
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on minimally processed products [71,72]. In contrast, the DNM can be useful to improve
textural characteristics of products and to replace egg and fats (e.g., dressings) [71].

Table 2. The Power law values of mucilage extracted from O. ficus indica cladodes at different
mucilage concentrations.

Type of Mucilage Concentration (% w/v) K n

FNM

1 0.0635 0.7273

1.5 0.2517 0.5824

2 0.8697 0.4335

2.5 1.6245 0.3828

DNM

1 0.3854 0.5414

1.5 0.8657 0.4927

2 1.5288 0.4519

2.5 2.8021 0.4171
FNM = mucilage extracted from fresh cladodes, DNM = mucilage extracted from dehydrated cladodes,
K = consistency index, n = flow behavior index.

3.7. Thermogravimetric Analysis

Thermogravimetric analysis (TGA) is a simple and accurate method to measure the
change in weight of a sample as a function of a temperature profile. This technique is useful
for determining sample decomposition, oxidation or loss of solvent or water [73]. Figure 4
shows the thermograms of the mucilage extracted from fresh (Figure 4a) and dehydrated
(Figure 4b) cladodes. Table 3 provides the details of thermal behavior according to the
primary thermograms and derivative thermograms for the samples. The early minor weight
loss in the FNM is attributed to the removal of free water molecules (adsorbed water) and
those water molecules bound to the polysaccharides contained in the mucilage [15,73,74].

Table 3. Thermogravimetric (TGA and DTG) data of the mucilage extracted from fresh and dehydrated cladodes.

Type of Mucilage No. of Decomposition Stage Temperature Range ◦C DTG max. ◦C Weight Loss %

FNM
1 45–125 76 11.45

2 200–350 254 51.14

DNM
1 125–200 151 and 164 11.42

2 210–325 252 45.31

FNM = mucilage extracted from fresh cladodes, DNM = mucilage extracted from dehydrated cladodes.

Since the first weight loss in the FNM occurs over a wide range of temperatures (see
Table 3), some authors have proposed that it might be associated with the loss of low
molecular weight components (solvent extractable components) present in O. ficus indica,
such as lipids, chlorophyll, phenolic components among others [54,75–78]. By contrast, this
was not observed in the DNM (Figure 4b see arrow). It is likely that most of the adsorbed
water and volatile compounds were eliminated during the cladode drying process prior to
the extraction of the mucilage, so the elimination of these components was not detected.
Interestingly, the first event in DNM was observed at a temperature range of 125 to 200 ◦C
with two maximum temperature peaks (see Figure 4 and Table 3). Regarding this, it has
been previously reported that the weight loss between 100–200 ◦C may be attributed
to the loss of water that is hydrogen-bound and/or coordinated to mineral compounds
containing calcium [79]. In the case of the present study, these maximum temperature
peaks are probably due to the loss of water attached to the calcium compounds (CaCO3,
K2Ca(CO3)2) identified in O. ficus indica mucilage [6,17].
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Figure 4. Thermogravimetric curve and derivative thermogram curve of (a) mucilage extracted from
fresh O. ficus indica cladodes and (b) mucilage extracted from dehydrated O. ficus indica cladodes.

The second event exhibited the highest mass loss in FNM and DNM (51.14 and 45.31%,
respectively) in similar temperature peaks (see Table 3). These data are comparable with
thermal stability observed in mucilage extracted from Hollyhocks seeds, Opuntia spinulifera
and modified Dalbergia sissoo gum reported by other authors [77,80,81]. This event is
attributed to the thermal degradation onset of the biopolymers such as branch ruptures of
polysaccharides, and decomposition of pectins [15,77]. The residual mass at 600 ◦C, which
is greater in DNM compared to FNM (see Figure 4), has been associated with the content
of inorganic compounds quantified as ash in the mucilage (see Table 1) [77]. It is important
to mention that the weight loss onset in samples suggests that both FNM and DNM have a
good thermal stability, which indicates that FNM and DNM could be used in products that
require sterilization temperatures [82].

3.8. Color Parameters of Mucilage Extracted from Cladodes

The color parameters (L*, a*, and b*) of the mucilage extracted from dehydrated and
fresh O. ficus indica cladodes are shown in Table 4. Significant differences in all parameters
were found between both mucilages. The FNM had a lighter color (green), than that of the
DNM (green with brown tones). The ∆E = 8.33 indicates the color difference between the
mucilage samples, this difference has implications for their possible applications.
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Table 4. Color parameters of mucilage extracted from fresh and dehydrated O. ficus indica cladodes.

Type of Mucilage L* a* b*

FNM 90.34 ± 0.23 a +18.31 ± 0.15 a +22.29 ± 0.10 a

DNM 84.58 ± 0.16 b +21.21 ± 0.11 b +27.57 ± 0.10 b

Values represent the mean ± standard deviation (SD), n = 5. Means in columns with different letters differ
significantly (p ≤ 0.05). FNM = mucilage extracted from fresh cladodes, DNM = mucilage extracted from
dehydrated cladodes.

In accordance with the aforementioned, the mucilage extracted from both fresh and
dehydrated cladodes can be used for the development of soft capsules (softgels), for which
an L* = 87.73 is accepted for capsule control (standard) [83]. On the other hand, the FNM
(which had the lighter color) would be suitable for the formulation of edible films, where
a light transmission rate and film transparency are required [72,84]. On the contrary,
the DNM could be used as an encapsulating agent to preserve the stability of bioactive
compounds and food additives, as well as to improve textural and functional properties
of foods, where color is not a critical attribute [85]. The drying process caused a decrease
in the L coordinate and an increase in a* and b* in DMN compared to the values of FMN.
This means that drying turns the mucilage less light and green. Color modifications and
visual green color loss can be attributed to the conversion of chlorophylls to pheophytins
(pheophytinization), as a result of heating and pH lowering during processing [86]. In this
reaction, chlorophyll is converted to pheophytin by the loss of the magnesium ion, found
in the center of the porphyrin ring, which is replaced by two hydrogen ions. Consequently,
the bright green color of chlorophyll turns olive-brown, which causes a negative perception
in the consumer [87]. Changes in chlorophyll concentration are linearly related to the *a
value, for this reason, this parameter is used as a quality indicator of thermally processed
vegetables [86].

3.9. Texture Attributes of the Mucilage Extracted from Cladodes

Texture profile analysis (TPA) is a technique that has been widely employed for determin-
ing the textural properties of foods, although it is also used in the cosmetic and pharmaceutic
industries. During a TPA test, samples are compressed twice, using a texture analyzer to
provide insight into how samples behave when chewed [88]. The parameters (attributes) that
may be derived from TPA are hardness (force required for a predetermined deformation),
cohesiveness (strength of internal bonds in the sample), springiness (originally called elasticity,
that is the rate at which the deformed sample returns to its undeformed condition after the re-
moval of the deforming force), adhesiveness (work required to overcome the attractive forces
between the surface of the sample and the surface of the probe with which the sample comes
into contact), compressibility (the force per unit time required to deform the product during
the first compression cycle of the probe), among others [89]. Test conditions greatly affects the
results derived from a TPA. Moreover, the measured and calculated TPA parameters have a
slight relationship to the same properties in Material Science and other disciplines, for this
reason, TPA parameters are currently subject of study [90]. In order to preliminarily assess
the possible applications of O. ficus indica mucilage as an additive, a TPA was carried out.
The instrumental texture profile of cohesiveness, adhesiveness, and springiness for mucilage
samples are presented in Table 5.

Table 5. Instrumental texture attributes in mucilage extracted from fresh and dehydrated Opuntia ficus indica cladodes.

Type of Mucilage Cohesiveness Adhesiveness
(J × 10−3)

Springiness
(m)

Hardness
(g)

Compressibility
(g·s)

DNM 0.72 ± 0.01 a 3.21 ± 0.01 a 0.63 ± 0.01 a 11.29 ± 0.04 a 77.11 ± 0.02 a

FNM 0.97 ± 0.01 b 5.95 ± 0.01 b 1.13 ± 0.06 b 6.19 ± 0.02 b 42.42 ± 0.02 b

Values represent the mean ± standard deviation (SD), n = 5. Means in columns with different letters differ significantly (p ≤ 0.05).
FNM = mucilage extracted from fresh cladodes, DNM = mucilage extracted from dehydrated cladodes.
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Statistically significant differences (p < 0.05) in cohesiveness, adhesiveness, springi-
ness, hardness, and compressibility were detected between the mucilage obtained from
fresh and dehydrated cladodes samples, which indicates that the dehydration process
of cladodes prior to mucilage extraction significantly affects TPA parameters, reducing
cohesiveness, adhesiveness, and springiness of the mucilage. According to an engineering
approach of food processing, texture attributes are the result of structure and composi-
tion that are obtained by submitting the ingredients to a sequence of operations, which
comprise a given food process [91]; specifically, cohesion between two particles and ad-
hesion between two surfaces without material bridges is primarily attributable to Van
der Waals’ interactions and electrostatic forces [92]. From this point of view, the decrease
in cohesiveness and adhesiveness of DNM compared to FNM can be attributed to the
loss of hydrogen bonds between water and hydroxyl groups of sugars and the carboxyl
group of uronic acid contained in the mucilage. This proposal is supported as previously
discussed by the reduction in the frequency of the characteristic broad band corresponding
to the OH group stretching vibration and for the carboxylate group (COO−) (see Figure 2).
It is worth mentioning that hardness and compressibility values in DNM were higher
than those observed in FMN. Probably, the loss of hydrogen bonds in DNM favored the
interaction between the ionized carboxylate group of uronic acid and calcium and other
cations, which increases the viscosity of DNM (see Figure 3), and consequently its hardness
and compressibility.

4. Conclusions

The development of sustainable extraction methods to obtain natural products that
can be used as additives with functional properties, by using agricultural products that
lack commercial value, constitutes a challenge for the food industry and requires a mul-
tidisciplinary research work. In this study, we carried out a comparative analysis of the
chemical composition and physicochemical properties of the mucilage extracted from fresh
and dehydrated O. ficus indica cladodes at late maturity stage, which are considered as a
by-product of agroindustry. The yield and efficiency values obtained through the process
used to extract the mucilage from the O. ficus indica cladodes indicate that it is a sustainable
extraction method. The dehydration process of cladodes prior to mucilage extraction
modified the chemical composition and physicochemical properties of the mucilage, which
directly influence its possible applications. The chemical composition and physicochemical
characteristics of the mucilage extracted from either fresh or dehydrated O. ficus indica
cladodes support the great potential application of this natural polymer as a food additive
and as an excipient and to obtain microstructures for the development of new novel food,
pharmaceutical, and cosmetic products.
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