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A B S T R A C T

The impact of thermosonication on the functional properties and the main polysaccharides from Aloe vera was
investigated. Thermal processing was used for comparison purposes. Acemannan was the predominant poly-
saccharide in Aloe vera juice followed by pectins. Interestingly, thermosonication promoted a minor degradation
of the acetylated mannose from acemannan than thermal processing. On the other hand, the degree of me-
thylesterification of pectins was slightly reduced as a consequence of thermosonication. Further, swelling and fat
adsorption capacities were improved by thermosonication. Thus, the highest values for swelling (> 150mL/
g AIR) and for fat adsorption capacity (∼120 g oil/g AIR) were observed when thermosonication was performed
at 50 °C for 6min. Moreover, high inactivation of L. plantarum (∼75%) was observed when thermosonication
was carried out at 50 °C for 9min. Interestingly, thermosonication promoted a similar color change (ΔE=7.7) to
the modification observed during pasteurization carried out at 75 °C for 15min (ΔE=8.2 ± 0.9). Overall, these
results suggested that thermosonication could be a good alternative to thermal procedures of Aloe vera juice,
since not only caused minor degradation of bioactive polysaccharides but was also able to improve functional
properties.

1. Introduction

Aloe vera gel, the mucilaginous aqueous extract of the hydro-
parenchyma of the succulent leaves of Aloe vera plant, has been con-
sidered as a raw material of great interest for cosmetic and pharma-
ceutical industries, representing a new source of compounds with
exceptional biological activities [1]. The gel is composed of high
amounts of water (> 98%) and a remaining portion mainly composed
of polysaccharides, over 60% (w/w), being acemannan the pre-
dominant polysaccharide [2]. Acemannan, considered as the main
bioactive component of the Aloe vera mucilage, is a storage polymer
located within the protoplast of the parenchymatous cells [2]. This
polysaccharide is mainly composed of acetylated mannose units linked
by β-(1→4) glycosidic bonds [2–4]. The acetyl groups, the only non-
sugar functional groups present in acemannan, seem to play a key role

in the physico-chemical properties and biological activity of Aloe vera
[3,5].

For the last decades, the use of Aloe vera gel has been extended to
the food industry, mainly as a resource of functional ingredients,
especially used for the preparation of healthy food drinks and other
beverages, including Aloe vera juice. In Aloe industry, thermal proce-
dures are probably the most common methods used for processing Aloe
vera juice, being pasteurization the most important procedure used for
juice production. The high efficiency of pasteurization is due to the
elimination of the pathogenic microorganisms and deteriorative en-
zymes, extending the shelf life of most fluid food products, such as fruit
juices [6]. However, thermal procedures tend to promote irreversible
modifications to the original structure of the Aloe vera polysaccharides,
affecting their physiological and pharmacological properties [6–8].
Thus, innovative techniques suitable for food processing such as
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ultrasounds have been explored with the aim of obtaining good results
with the application of little or no heat [9].

Ultrasounds (US) have been recognized as a technology with great
potential for its application in the food industry. US can be classified as
environmentally friendly since the generated sound waves are generally
considered as safe and non-toxic [10,11]. Indeed, several studies have
been carried out relating the processing of fruit juices using US tech-
nology as an alternative for the total or partial substitution of thermal
processing procedures [12]. Recently, it has been demonstrated that
thermosonication (US combined with mild or low temperature) could
not only improve the physico-chemical and functional properties, but
also extend the shelf life of different food products [13–16].

Within this context, Aloe vera juice could be an interesting material
to test the efficiency of US in food processing in order to preserve
bioactive components and related functional properties. Therefore, the
main aim of this study was to evaluate the effect of thermosonication on
the main bioactive polysaccharides from Aloe vera, in particular ace-
mannan polymer and cell wall polysaccharides, and also on the func-
tional properties. Further, a conventional thermal procedure was also
applied on Aloe vera juice for comparison purposes.

2. Materials and methods

2.1. Preparation of the Aloe vera juice

Aloe vera leaves, used as a raw material, were supplied by AMB
Wellness Company (Gomez Palacio, Durango, Mexico). Leaves of 3-
year-old were selected according to uniform size, shape and color. Prior
to the gel extraction, the leaves were washed with a sodium hypo-
chlorite solution (200 ppm) and distilled water. The Aloe vera gel was
manually extracted as described by Rodríguez-González et al. [6]. The
juice was extracted from the gel and filtered throughout a nylon-cloth
in order to remove most of the fibrous material. The juice was collected
and stored at 4 °C for 8 h prior to processing.

2.2. Processing

2.2.1. Thermosonication processing
Aloe vera juice was subjected to thermosonication as previously

described by Saeeduddin et al. [13] with some modifications.
Approximately 150mL of Aloe vera juice was placed into a double

jacket vessel (200mL). A 750W ultrasonic processor (Sonics VCX750,
Materials Inc., Newtown, USA) with a 13mm diameter probe was used
for sonication. The juice was processed at a constant frequency of
20 kHz with an amplitude of 50% and pulse duration of 5 s on and 5 s
off. The thermosonication was carried out at two different tempera-
tures, 25 and 50 °C, for three different times, 3, 6 and 9min. Hence,
total processing times were 6, 12 and 18min. The temperature of the
samples was controlled by recirculating water at 20 ± 2 °C (VWR
Scientific Model 1166, Niles, IL). The ultrasound probe was introduced
into the sample to a depth of 1 cm. All treatments were carried out in
triplicate.

In order to determine the power that was acting on the sample, the
power density values were determined using a calorimetric method,
using the Eq. (1) described by Minjares-Fuentes et al. [17].

=P m C T
t

· · (1)

where P is the ultrasonic power (W), m is the mass of the sample (kg),
Cp is the specific heat capacity (J·kg−1·K−1), and T

t
is the temperature

(K) change as a function of time (s). The power density was of
0.213W·mL−1.

In addition, the ultrasound energy consumption was determined
according to Perrier et al. [18]. Thus, the energy consumption WUS

(kJ·kg−1) could be obtained by using the following Eq. (2):

= ×W P d
m

10US
3

(2)

where P is the ultrasonic generator power (P=750W), d is the treat-
ment duration (s), m is the mass of the treated samples (kg). Therefore,
the energy consumption during processing, taking the longest proces-
sing time (18min) as a reference time, was of 5.43 kJ·kg−1.

2.2.2. Thermal processing
Thermal processing was only carried out for comparison purposes.

Approximately 150mL of Aloe vera juice were heated at 75 °C for
15min in a double jacket vessel in order to carry out a conventional
pasteurization [6]. Furthermore, two Aloe vera juices (150mL) were
heated at 25 °C and 50 °C for 18min as in the thermosonication pro-
cedure. The temperature was measured using a thermocouple and the
time was calculated when the inside sample temperature was homo-
geneous. Finally, the Aloe vera juice was cooled up to 10 °C and stored
at 4 °C until posterior analysis.

Fresh Aloe vera juice without any processing was used as a re-
ference.

2.3. Color

The color was measured using a Konica Minolta colorimeter (CR-
400) calibrated with black and white standards. The values of the dif-
ferent color parameter such as lightness (L), greenness/redness (± a*),
and blueness/yellowness (± b*) were directly recorded for each juice
sample. The chroma parameter (C), indicating color intensity, was
calculated using Eq. (3).

= +C a b( )2 2 1/2 (3)

Total color difference or change between processed and reference
samples was also calculated using Eq. (4):

= + +E L L a a b b( ) ( ) ( )0
2

0
2

0
2 (4)

where L0 , a0 and b0 are the values of the reference sample, and L , a
and b the measured values corresponding to the processed sample. All
parameters were measured at least in triplicate for each treatment.

2.4. Alcohol insoluble residues (AIRs)

AIRs from fresh and processed Aloe vera juice were obtained by
immersing the samples in boiling ethanol (final concentration 85% (v/
v) aqueous) as described in Rodríguez-González et al. [6].

2.5. Determination of functional properties

The functional properties determined included hydration properties
such as, swelling (Sw) and water retention capacity (WRC), and fat
adsorption capacity (FAC). As previously described by Minjares-Fuentes
et al. [8], Sw and WRC of AIRs, obtained from the reference and pro-
cessed samples, were measured in phosphate buffer (1M; pH 6.3) in
order to simulate pH and the buffering conditions of food products.

2.5.1. Swelling
Sw was measured as bed volume after equilibration in an excess of

solvent. The samples (0.01–0.10 g) were weighed into a graduated
conical tube with an excess of buffer. The suspensions were stirred and
after equilibration (16 h) the volumes were recorded and expressed as
mL/g AIR.

2.5.2. Water retention capacity
WRC was measured as the water retained by the AIR samples after

centrifugation. Samples (0.01–0.10 g) were suspended (24 h) in phos-
phate buffer (5mL) and centrifuged (18,000g; 15min). The residual
solids in the supernatant were recovered by filtration (GF/C paper) and
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recombined with the pellet. The pellet was weighed (P1), and dried at
102 °C overnight. After cooling the dry weight was determined (P2) and
hence WRC was calculated using the Eq. (5) proposed by Femenia et al.
[19]:

=WRC P P
P k

1 2

2 (5)

where =k P P( )1 2 with α=0.028 g phosphate/mL.
All WRC results were expressed as g H2O/g AIR.

2.5.3. Fat adsorption capacity
FAC was measured as the oil retained for the AIR samples after

centrifugation. AIRs (0.01–0.10 g) were mixed with sunflower oil
(5 mL), left overnight at room temperature and centrifuged at 18,000g
for 10min. The excess supernatant was decanted and FAC was ex-
pressed as g oil/g AIR.

2.6. Analysis of the main polysaccharides from Aloe vera

2.6.1. Isolation of water-soluble polysaccharides (WSP)
Isolation of WSP was carried out as described in Minjares-Fuentes

et al. [20] with slight modifications. AIR preparations from reference,
thermally processed and thermosonicated Aloe vera juice (100mg) were
suspended in distilled water (250mL) and stirred for 2 h at room
temperature. The suspension was then centrifuged at 18,500g during
1 h at 20 °C. The water-soluble and insoluble fractions were collected
and lyophilized. The lyophilized extracts were stored in anhydrous
conditions until posterior analysis. The mannose-containing-poly-
saccharide detected in the Aloe vera filet and gel water fractions, has
been previously identified as the bioactive polysaccharide acemannan
whereas the water insoluble material is mainly comprised by cell wall
polymers [2,6].

2.6.2. Carbohydrate composition
Carbohydrate analysis was performed as described Minjares-Fuentes

et al. [20] for neutral sugars. Sugars were released from residues by
acid hydrolysis. About 5mg of AIR preparations from Aloe vera samples
were suspended in 12M H2SO4 solution for 3 h followed by dilution to
1M and hydrolyzed at 100 °C for 2.5 h [21]. A second sample, from
AIRs preparations, was hydrolyzed only with 1M H2SO4 (100 °C for
2.5 h). All the hydrolysis procedure was carried out in closed Pyrex
culture tubes placed in a heating block; the samples were stirred every
20min. The cellulose content was estimated by the difference in glu-
cose obtained by Saeman hydrolysis and the hydrolysis carried out with
1M H2SO4 for 2.5 h. Neutral sugars were derivatized as their alditol
acetates and isothermally separated at 220 °C by GC with a FID detector
and equipped with a 30m column DB-225 (J&W Scientific, Folsom, CA,
USA) with i.d. and film thickness of 0.25mm and 0.15 μm, respectively.
Uronic acids were determined by colorimetry, as total uronic acids
[22], using a sample hydrolyzed for 3 h at 20 °C in 12M H2SO4, fol-
lowed by 1 h at 100 °C in 1M H2SO4.

2.6.3. Fourier transformed infrared (FTIR) spectroscopy analysis
FTIR spectra of the different Aloe vera juice samples were obtained

using a FTIR spectrometer (Bruker Tensor 27, Massachusetts, USA) as
previously described in Minjares-Fuentes et al. [23]. The frequency
range used varied from 400 to 4000 cm−1 with a resolution of 4 cm−1.

2.7. Microbiology assay

The Lactobacillus plantarum C1R1 strain, isolated from plum fruit
juice, was supplied by the Chemistry Engineering Department of the
School of Chemistry from the Universidad Autónoma de Coahuila. The
stocks were prepared by inoculating the starter culture into deMan,
Rogosa and Sharpe (MRS) agar (Difco™) and incubated at 37 °C for 48 h.
Following to this, L. plantarum C1R1 culture was transferred into 21mL

MRS Broth (Difco™) and incubated at 37 °C for 18 h to produce a
working stock bacterial culture.

Before innoculation, Aloe vera juice was sterilized in an autoclave at
121 °C for 15min and refrigerated at 8 °C until processed. Inoculum
with microbial loads of approximately 106 CFU/mL for L. plantarum was
used to inoculate the sterile juice. This bacteria suspension was used in
order to evaluate the effectiveness of thermosonication to eliminate
these bacteria from Aloe vera juice. Thermal processed samples were
also inoculated for comparison purposes.

2.7.1. Enumeration of L. plantarum
Sterile distilled water was used for sample dilution. Each sample

was serially diluted (1:10) and 0.1mL of the appropriate dilutions were
plated in duplicate on MRS agar by incubating the surface plated dishes
at 37 °C for 48 h. L. plantarum populations were manually counted and
the results were expressed as the number of logarithmic reductions
(−Log [final population/initial population]).

2.8. Statistical analysis

The effect of the different treatments was statistically evaluated by a
one-way analysis of variance (ANOVA) with a p < 0.05. Further, the
Tukey-Kramer test was used as a post-hoc test with a significant level of
α= 0.05. All calculations and graphics were performed using NCSS
software version 2007 and Sigma-plot 10.0 software, respectively.

3. Results and discussion

3.1. Color

Color constitutes an important tool in the evaluation of quality and
nutritional losses of liquid foods during processing and/or subsequent
storage [12]. Particularly, the color of Aloe vera tends to change when is
processed as consequence of degradation processes [24]. Thus, the
color of thermally and thermosonicated Aloe vera juices was measured
through the CIEL* a* b* color coordinates [15]. As it can be seen in
Table 1, all thermosonicated samples and, also, the sample processed at
75 °C for 15min (pasteurized sample) were significantly brighter than
the reference juice (p < 0.05). Likewise, the chroma (C) parameter
exhibited higher values for thermosonicated and pasteurized Aloe vera
juices than the reference sample and, also, than juices processed at mild
temperatures (25 and 50 °C) (p < 0.05). Interestingly, no significant
differences were observed between thermosonicated juices and the
pasteurized juice. Overall, the C parameter for thermosonicated sam-
ples ranged from 4.3 to 5.7, while the reference sample presented a C
value of 3.5.

On the other hand, the visual color differences were evaluated using
the ΔE parameter which quantifies the potential color modification of
the sample promoted by processing in comparison with the reference
sample. As it can be seen in Table 1, the thermally processed samples,
excluding pasteurized sample (75 °C for 15min), exhibited a minor
visual color change (ΔE=1.5) in comparison with the thermosonicated
samples (ΔE > 6.0). Interestingly, thermosonicated samples at 25 °C
showed a wide ΔE range (between 6.2 and 9.3), whereas samples
processed at 50 °C exhibited a closer range comprised between 7.3 and
7.8.

3.2. Effect of thermosonication on the functional properties of Aloe vera
juice

Some health benefits associated to Aloe vera, such as hypocholes-
terolemia and hypoglycemia, have been closely related to the functional
properties attributed to Aloe polysaccharides, in particular swelling,
water retention and fat adsorption capacities [25]. However, it is well
known that those properties may be altered during chemical, me-
chanical and thermal processing [3,8,23,26]. For this reason, the
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functional properties of AIRs from Aloe vera fresh juice, thermally
processed and those were thermosonication was applied, were de-
termined.

The functional properties of polysaccharides from Aloe vera juice are
presented in Fig. 1. As it can be seen, for the properties related to hy-
dration, Sw and WRC, the values determined for the reference sample of
Aloe vera juice were of ∼46mL/g AIR and ∼20 g H2O/g AIR, respec-
tively; while FAC value was of ∼49 g oil/g AIR. Interestingly, sig-
nificant changes in the functional properties were observed in all Aloe
vera juices processed, either thermally processed or thermosonicated
(p < 0.05).

Thus, Sw values increased for most of the thermally processed Aloe
vera juices, excluding those juices processed at 75 °C for 15min, which
exhibited a decrease to ∼36mL/g AIR (p < 0.05). On the other hand,
thermosonication promoted higher Sw values, reaching up to ∼100
and ∼156mL/g AIR in juices thermosonicated at 25 and 50 °C for
6min, respectively (see Fig. 1a). Interestingly, Sw value of Aloe vera
juice was increased to around ∼200% with the application of US. This
increase was higher than the previously reported by Rodríguez-Gon-
zález et al. [6], who observed that the pasteurization process increased
Sw values up to 50% in comparison to fresh Aloe vera juices. Also, these
authors pointed out that the Sw values of those Aloe vera samples were
exceptionally high. Further, several authors have exposed that the
swelling capacity of polysaccharide-rich materials might be linked with
their ability to reduce blood cholesterol [27–29].

Regarding to the WRC, processing, either thermal or thermo-
sonication promoted a significant increase in all samples (p < 0.05). In
general, the samples exhibited a wide range of WRC values, varying
from ∼20 to ∼50 g H2O/g AIR (Fig. 1b). Interestingly, the WRC values
of Aloe vera juices treated by thermosonication, both processed at 25 °C
for 6min (49 ± 4 gH2O/g AIR) and for 9min at 50 °C (48 ± 2 gH2O/
g AIR), were similar to WRC value determined for the sample processed
at 50 °C for 9min but without ultrasonic assistance (49 ± 4 gH2O/
g AIR). It is important to highlight that the WRC of polymer-rich pro-
ducts has been associated to the reduction of blood glucose, and also to
laxative effects [27,29–31]. Noteworthy, thermosonication carried out
at 25 °C for 9min promoted a significant decrease of WRC (50%)
(p < 0.05) which could be attributed to the generation of water-so-
luble low molecular weight polymer chains as consequence to the
scission of cell wall polysaccharide chains promoted by acoustic energy
[32].

Finally, the ability of polysaccharides from Aloe vera juice to hold
organic molecules, such as lipid molecules, was strongly affected by

thermosonication. FAC values of the thermosonicated Aloe vera samples
varied from ∼30 g oil/g AIR, for the juice treated at 25 °C for 9min, up
to 120 g oil/g AIR for Aloe vera juice treated at 50 °C for 6min (Fig. 1c).
On the contrary, thermal processing carried out at mild temperatures
(25 and 50 °C) for 9min promoted a FAC value of ∼49 g oil/g AIR,
whereas for juice processed at 75 °C for 15min, FAC value decreased to
∼27 g oil/g AIR. Previously, Rodríguez-González et al. [26] reported
that polysaccharides from Aloe vera pasteurized at optimal conditions
(70 °C for 15min) were able to adsorb ∼33 g oil/g AIR. Therefore, it
should be pointed out that thermosonication seems to promote FAC
values higher than values reported, also for Aloe vera polysaccharides,
by different authors [6–8,26].

The functional properties of cell wall rich materials depend, not
only, on the polysaccharides composition, but also, on the manner in
which they are interlinked to form the three-dimensional and functional
structure of the intact cell wall [33]. Thus, thermosonication could
induce changes in the three-dimensional structure of Aloe vera poly-
mers, such as acemannan, which might improve their capacity to cap-
ture organic molecules, such as lipids. Several authors have observed
that the high hydrodynamic shear forces associated with ultrasonic
cavitation promoted the disruption of the hydrophobic and electrostatic
interactions between polymers, improving their solubility, increasing
the surface area and, also, facilitating the rapid oil adsorption
[32,34,35]. Further, Chokboribal et al. [3] observed that deacetylation
of acemannan polymer promotes changes in its spatial configuration
and structure, leading to the generation of hydrophobic regions, which
could also explain the high retention of organic molecules observed in
this study.

3.3. Effect of thermosonication on the main polysaccharides present in Aloe
vera juice

The effect of thermal processing and thermosonication on the main
polysaccharides from Aloe vera parenchyma tissue was evaluated. Thus,
alcohol insoluble residues (AIRs), containing all polysaccharides, and
the water-soluble and water-insoluble fractions, obtained from AIRs,
were subjected to carbohydrate and FTIR analysis.

Overall, the alcohol insoluble residue (AIR) prepared for processed
samples showed a wide range of yields, varying from 115 to 229mg
AIR/100 g juice (Table 2). In most Aloe vera juices, either the reference
or processed samples, polysaccharides accounted for 50 to 60% of AIR
material, except for the juice thermally processed at 75 °C for 15min
where polysaccharides accounted for less than 40%.

Table 1
CIEL* a* b* color coordinates and chrome values for Aloe vera juices: reference, thermal processing and thermosonication (0.213W·mL−1).

Sample L a* b* C ΔE

Reference 38.7 ± 0.1 0.89 ± 0.1 3.4 ± 0.1 3.5 ± 0.0 –

Thermal processing

T (°C) t (min)

75 15 46.9 ± 0.9 0.91 ± 0.0 4.3 ± 0.1 4.4 ± 0.1 8.2 ± 0.9
50 9 37.9 ± 0.0 1.65 ± 0.1 3.1 ± 0.0 3.5 ± 0.0 1.5 ± 0.1
25 9 39.6 ± 0.2 1.34 ± 0.1 3.1 ± 0.0 3.4 ± 0.1 1.5 ± 0.2

Thermosonication

T (°C) t (min)

50 3 46.3 ± 0.9 −0.13 ± 0.0 4.6 ± 0.2 4.7 ± 0.3 7.8 ± 0.9
50 6 46.1 ± 1.1 −0.04 ± 0.0 4.3 ± 0.0 4.3 ± 0.1 7.5 ± 1.1
50 9 45.8 ± 1.3 1.99 ± 0.1 4.6 ± 0.1 5.0 ± 0.1 7.3 ± 1.2
25 3 47.0 ± 1.0 −0.30 ± 0.0 5.1 ± 0.1 5.1 ± 0.1 8.5 ± 1.0
25 6 47.9 ± 1.2 −0.06 ± 0.0 4.7 ± 0.1 4.7 ± 0.1 9.3 ± 1.2
25 9 44.7 ± 1.9 −0.05 ± 0.0 5.2 ± 0.1 5.2 ± 0.1 6.2 ± 1.9

L (lightness, 0= black, 100=white); a* (−a*= greenness, +a*= redness) and b* (−b*= blueness, +b*= yellowness).
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The carbohydrate analysis revealed that mannose and uronic acids
(UA) were the predominant monomers found in AIRs followed by glu-
cose, galactose and xylose. Minor amounts of arabinose, rhamnose and
fucose were also found (Table 2).

The occurrence of large amounts of mannose suggested the presence
of the bioactive polymer acemannan in all Aloe vera juices [2–4,8]. On
the other hand, the large amounts of UA together with minor amounts
of galactose, arabinose, and rhamnose were a clear indication of the
occurrence of pectic substances [2,36]. The presence of cellulose was
inferred from the considerable amounts of glucose released after
Saeman hydrolysis while hemicelluloses type xyloglucan were asso-
ciated to the relatively small amounts of xylose and fucose [2].

3.3.1. Water-soluble polysaccharides from Aloe vera juices
The carbohydrate composition from WSP is summarized in Table 3.

As it can be observed, WSP accounted for ∼74% of the AIR for the fresh
sample, whereas in the case of processed Aloe vera samples the WSP
content varied from ∼57% to ∼81% of the AIR (p < 0.05), depending
on the treatment. Thus, in the thermally processed samples, the WSP
yield ranged from ∼65%, for the sample treated at 25 °C for 9min, up
to ∼75%, when Aloe vera juice was processed at 75 °C for 15min.
Whereas, in thermosonicated Aloe vera juices, WSP ranged from ∼57%,
for the juice processed at 25 °C for 6min, to ∼81% when Aloe vera juice
was treated at 50 °C for 3min.

The carbohydrate analysis showed that mannose was the pre-
dominant monomer present in all WSP fractions of the different Aloe
vera juices, accounting for more than 60% of the total sugars, followed
by UA (∼25%), glucose (∼10%), and galactose (< 5%). The con-
siderable presence of mannose units together with significant amounts
of non-cellulosic glucose (Glc 1M) in all WSP fractions, confirmed the
occurrence of the acemannan polymer. Minor amounts of pectic sub-
stances were also present in all WSP fractions. It should be point out
that most of these pectic polysaccharides might have arisen from the
middle lamellae region and not from the cell walls, as it was previously
observed by Femenia et al. [2].

The acemannan polysaccharide was strongly affected for the dif-
ferent procedures, either thermal processing or thermosonication. In
the reference Aloe vera juice, the mannose and glucose content was of
294 and 41mg/g WSP, respectively, while the content of these mono-
mers was altered as a consequence of processing. Thus, mannose ac-
counted from 219 up to 284mg/g WSP in thermally processed samples,
at 75 °C for 15min and 25 °C for 9min, respectively; whereas in ther-
mosonicated samples for 3min at 50 °C and, also, at 25 °C, the mannose
content accounted for 232 and 306mg/g WSP, respectively. Moreover,
the glucose content varied significantly in all processed samples
(p < 0.05). Whereas in thermally processed samples, glucose varied
from 32 to 46mg/g WSP, and in thermosonicated samples varied from
28 to 52mg/g WSP, for juices processed at 50 °C for 6 and 3min, re-
spectively.

In order to gain more insight about the changes promoted by pro-
cessing on WSP, and in particular on the bioactive acemannan poly-
saccharide, FTIR analysis was performed.

In general, the identification of strong bands within the range of
1078–1036 cm−1 indicated the presence of mannose and glucose su-
gars, the main monomers comprising the bioactive acemannan poly-
saccharide [37] (see Fig. 2). Moreover, the transmittance spectrum at
around 1740 cm−1 and 1248 cm−1 can be attributed to the presence of
C]O and C–O–C stretches of acetyl groups, these results being in
agreement with the bioactive acetylated polysaccharide acemannan,
present in the Aloe vera gel [6,38,39]. The acetyl groups of acemannan
has been considered as the main responsible not only of the interaction
of acemannan with other biomolecules, but also, enabling the transport
of other bioactive components across the intestinal epithelium, en-
hancing their absorption in the intestine [5]. Interestingly, the intensity
of the bands at 1740 cm−1 and at 1248 cm−1 decreased in most of
processed samples, except for the sample thermally processed at 50 °C

Fig. 1. Functional properties for AIR samples from Aloe vera juices: reference,
thermally processed (T) and thermosonicated (TS; 0.213W·mL−1). (a) Swelling
(Sw), (b) Water Retention Capacity (WRC), and (c) Fat Adsorption Capacity
(FAC).
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for 9min, and also for those thermosonicated, for 6 and 9min, at 25 °C.
The reduction of these bands has been associated to the deacetylation of
the acemannan polymer [3,23,40]. Thus, thermally processed samples,
at 75 °C for 15min, presented the highest deacetylation, ∼72%,
whereas in the case of thermosonicated samples, deacetylation was
lower than 30%.

It is important to highlight that thermosonication seems to promote
a lower acemannan deacetylation than different drying procedures
[8,23]. Several studies have shown that the acetyl groups of acemannan
are involved in the interaction of this polymer with other biomolecules;
therefore, this is a key aspect that should be taken into account when
assessing the overall quality of Aloe vera processed products [3,5,7,8].
In fact, Chokboribal et al. [3], who evaluated the influence of

deacetylation of acemannan on its bioactivity, observed that the in-
ductive activity on cell proliferation, vascular endothelial growth factor
and collagen I expression was reduced as deacetylation of acemannan
increased. On the other hand, rheological studies have demonstrated
that acemannan is the main responsible of the pseudoplastic flow be-
havior of the liquid gel obtained from fresh Aloe vera gel, which turn
into less viscous, exhibiting Newtonian flow properties, when it is de-
graded [23,41–43].

On the other hand, pectic substances, accounting for ∼25% of WSP,
were the second polymer more abundant in WSP fractions from Aloe
vera juices. Interestingly, pectins were strongly affected for thermo-
sonication. Thus, while pectins accounted for ∼150mg/g WSP in the
reference juice and, from ∼100 to ∼150mg/g WSP, in thermally

Table 2
Carbohydrate composition of AIRs from Aloe vera juices: reference, thermally processed and thermosonicated (0.213W·mL−1) samples.

Sample Yielda Carbohydrates (mg/g AIR) Total

Rha Fuc Ara Xyl Man Gal Glcb Glcc UA

Reference 167 1.6± 0.0 0.7± 0.0 4.0±0.1 6.7± 0.5 244.7± 7.2 9.2±0.2 69.3± 3.1 68.1± 0.6 189.5 ± 14.6 525.7

Thermal processing

T (°C) t (min)

75 15 115 4.4 ± 0.6 0.8 ± 0.0 5.3 ± 0.4 5.8 ± 0.7 142.7 ± 9.1 17.2 ± 2.9 69.9 ± 0.3 56.9 ± 1.3 142.4 ± 19.0 388.5
50 9 189 1.8 ± 0.0 0.9 ± 0.0 3.8 ± 0.0 8.9 ± 0.2 198.5 ± 9.2 9.2 ± 0.1 75.6 ± 0.9 69.6 ± 8.8 183.8 ± 4.1 482.5
25 9 229 1.8 ± 0.0 1.0 ± 0.0 4.2 ± 0.1 9.7 ± 0.2 220.1 ± 16.3 10.3 ± 0.3 78.1 ± 0.7 56.9 ± 3.1 173.2 ± 7.4 498.4

Thermosonication

T (°C) t (min)

50 3 136 1.5 ± 0.1 0.7 ± 0.0 3.8 ± 0.1 7.9 ± 0.5 196.4 ± 3.8 8.6 ± 0.5 79.2 ± 0.1 68.7 ± 1.3 202.5 ± 6.0 500.7
50 6 144 2.5 ± 0.1 1.7 ± 0.3 4.1 ± 0.2 14.4 ± 1.1 119.5 ± 11.2 11.0 ± 0.5 104.0 ± 4.0 73.6 ± 4.5 404.6 ± 17.3 661.8
50 9 130 2.4 ± 0.2 1.4 ± 0.2 4.6 ± 0.2 12.9 ± 1.1 142.1 ± 6.8 10.5 ± 0.2 107.0 ± 9.0 78.5 ± 0.5 370.0 ± 6.7 651.0
25 3 127 2.8 ± 0.2 1.2 ± 0.1 4.7 ± 0.3 11.3 ± 1.4 176.9 ± 9.8 12.3 ± 0.8 93.2 ± 11.2 74.8 ± 4.6 250.0 ± 4.7 552.3
25 6 160 3.8 ± 0.4 1.8 ± 0.2 4.7 ± 0.2 15.2 ± 0.2 152.7 ± 16.6 13.0 ± 1.1 118.7 ± 2.6 82.5 ± 1.3 366.2 ± 26.3 676.1
25 9 133 1.7 ± 0.2 0.7 ± 0.1 5.0 ± 0.1 7.5 ± 0.1 187.3 ± 14.1 11.2 ± 0.4 68.9 ± 3.4 60.4 ± 3.4 133.7 ± 5.5 415.9

a mg AIR/100 g Aloe vera juice.
b Glucose determined using the Saeman hydrolysis conditions [21].
c Glucose determined using 1M sulphuric acid.

Table 3
Carbohydrate composition of water-soluble polysaccharides (WSP) from Aloe vera juices: reference, thermally processed and thermosonicated (0.213W·mL−1)
samples.

Sample Yielda Carbohydrates (mg/g WSP) Total

Rha Fuc Ara Xyl Man Gal Glc UA

Reference 73.5 2.1 ± 0.0 0.0 ± 0.0 4.0 ± 0.1 2.8 ± 0.2 294.2 ± 3.9 8.8 ± 0.1 41.3 ± 0.9 143.6 ± 6.4 496.7

Thermal processing

T (°C) t (min)

75 15 75.5 3.8 ± 0.5 0.0 ± 0.0 5.2 ± 1.5 4.4 ± 0.8 219.2 ± 13.5 15.3 ± 4.0 46.8 ± 12.7 129.5 ± 13.0 424.3
50 9 69.7 2.1 ± 0.4 0.5 ± 0.1 3.3 ± 0.1 3.2 ± 0.2 233.0 ± 19.9 7.1 ± 0.8 34.7 ± 1.8 106.0 ± 6.9 389.8
25 9 65.7 2.1 ± 0.2 0.0 ± 0.0 3.6 ± 0.8 2.7 ± 0.3 284.6 ± 39.7 8.3 ± 1.2 32.4 ± 5.6 74.2 ± 17.7 407.8

Thermosonication

T (°C) t (min)

50 3 81.8 2.0 ± 0.1 0.0 ± 0.0 3.5 ± 0.1 3.3 ± 0.4 232.6 ± 18.0 7.2 ± 0.5 41.8 ± 3.3 87.4 ± 9.9 377.9
50 6 60.0 2.2 ± 0.1 0.0 ± 0.0 3.6 ± 0.4 3.1 ± 0.3 238.2 ± 31.2 9.3 ± 1.1 36.6 ± 4.8 51.7 ± 1.0 344.6
50 9 61.0 2.0 ± 0.0 0.4 ± 0.0 3.9 ± 0.2 2.9 ± 0.0 237.3 ± 10.9 8.6 ± 0.2 35.4 ± 0.4 65.8 ± 3.3 356.3
25 3 71.6 2.2 ± 0.1 0.0 ± 0.0 4.8 ± 0.2 4.0 ± 0.3 305.9 ± 23.4 11.2 ± 0.7 51.6 ± 3.6 88.7 ± 11.8 468.5
25 6 57.4 2.7 ± 0.0 0.0 ± 0.0 3.2 ± 1.5 2.4 ± 1.2 261.2 ± 0.0 8.4 ± 3.9 28.6 ± 12.5 75.8 ± 11.3 382.3
25 9 77.2 2.4 ± 0.1 0.0 ± 0.0 5.1 ± 0.1 3.4 ± 0.1 240.7 ± 2.0 11.5 ± 0.0 46.5 ± 0.2 86.4 ± 8.6 396.1

a gWSP/100 g AIR.
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processed samples, in the case of thermosonicated juices, pectin content
varied from ∼60 to ∼95mg/g WSP.

3.3.2. Water insoluble polysaccharides (WIP) from Aloe vera juices
The results of the analysis of WIP are summarized in Table 4. As it

can be seen, WIP represented around 26% of the AIR material in fresh
Aloe vera juice, while in processed samples WIP content ranged from
18% to 43%, being the highest value observed for thermosonicated
samples (p < 0.05). Further, the carbohydrate analysis revealed that
WIP were mainly comprised of cell wall polymers, being pectic sub-
stances the predominant type of polysaccharides, followed for minor
amounts of cellulose and hemicellulosic polysaccharides.

Pectins represented to around 43% of WIP in the fresh Aloe vera
juice, whereas in processed samples, the content of pectins ranged from
∼34% to ∼67%. Thermosonicated Aloe vera juices exhibited the
highest pectin contents whereas samples thermally processed samples
exhibited lower pectins content (p < 0.05). Pectic substances in all
Aloe vera juices, fresh and processed, were mainly comprised by

homogalacturonans, as inferred from the fact that galacturonic acid
represented almost 90% of pectin related monomers. Also, the occur-
rence of relatively small amounts of galactose (8%), arabinose (1%) and
rhamnose (1%) was indicative of the presence of small amounts of
rhamnogalacturonans (RG-I).

On the other hand, the degree of esterification (DE) of pectins was
estimated as previously described Minjares-Fuentes et al. [17]. Thus,
around 31% of the galacturonic acid units from the reference Aloe vera
juice were esterified. The samples thermally processed at mild tem-
perature (25 and 50 °C) for 9min exhibited a similar DE (∼30%)
whereas the DE determined for the sample processed at 75 °C for 15min
was of 41%. On the contrary, thermosonication promoted a slight re-
duction of DE, varying from 24 to 27% (Fig. 3). These results suggest
that thermosonication might promote the degradation of pectic sub-
stances by the loss of the methyl groups from homogalacturonan chains,
instead of the β-elimination process as occurs in thermal processing.

Xyloglucans were the main type of hemicelluloses present in the
WIP fractions for all juices, accounting for 3–4% of total poly-
saccharides. Interestingly, cellulose represented ∼1% or less of WIP in
all Aloe vera juice samples. The low amounts of these polysaccharides
could be attributed to the filtration process during the preparation of
Aloe vera juice since most of the CWP are often removed during the
filtration step [44].

3.4. Effect of thermosonication on Lactobacillus plantarum

In Aloe industry, the presence of Lactobacillus in raw materials, in
particular in mucilaginous material, represents a serious problem since
they are responsible for the degradation of Aloe polysaccharides in
fresh juices. Therefore, the effect of thermosonication on the L. plan-
tarum in Aloe vera juice was also tested. The results of the logarithmic
reduction of the L. plantarum are showed in Fig. 4. As it can be ob-
served, the thermally processed sample at 75 °C for 15min and the
thermosonication carried out at 50 °C showed inactivation of L. plan-
tarum whereas the samples processed at 25 °C, either thermally pro-
cessed or thermosonicated, were unable to inactive the L. plantarum
(see Fig. 4). Interestingly, the inactivation of L. plantarum observed in
the thermosonicated samples at 50 °C increased as time increased, from
3 to 9min. It is important to highlight that thermosonication performed
at 50 °C for 9min was able to reduce around 75% the population of
Lactobacillus. Previous studies have demonstrated that the inactivation
efficiency of thermosonication on several microorganisms, E. coli and L.
bulgaricus, increases as temperature and application time increases
[45,46].

4. Conclusions

The effect of thermosonication on the functional properties and
carbohydrate composition of the main polysaccharides from Aloe vera
juice was investigated. Aloe vera juice was mainly comprised by the
bioactive acemannan polymer (> 60%), and pectic substances, in par-
ticular homogalacturonans with a low DE. Interestingly, thermo-
sonication promoted minor structural changes of these polysaccharides
than thermal processing. In particular, acetylated mannose from ace-
mannan was better preserved during thermosonication than in thermal
processing. However, pectins underwent a slight reduction of DE as a
consequence of thermosonication.

The changes occurred in these polysaccharides by thermosonication
had high influence in the functional properties. In particular, thermo-
sonication improved Sw and FAC whereas WRC remained similar as in
thermal processing. Noteworthy, thermosonication carried out at 50 °C
for 6min seems to be a better option for Aloe vera processing than
thermal procedures since Sw and FAC properties exhibited the highest
values. In addition, thermosonication could be an alternative to

Fig. 2. FTIR spectra of the WSP from Aloe vera juices: reference, thermally
processed (T) and thermosonicated (TS; 0.213W·mL−1) samples.
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pasteurization process since thermosonication might be able to inactive
the fermentative bacteria, such L. plantarum. Interestingly, the ther-
mosonication, carried out either 50 °C or 25 °C, promoted similar color
changes of Aloe vera juice as those observed during the pasteurization
procedure (75 °C, 15min). Further studies about the optimization of the
different parameters involved in thermosonication process as well as
the effects of this procedure on the beneficial properties of Aloe vera are
required.

Acknowledgements

The authors would like to acknowledge the financial support of the
National Institute of Research and Agro-Food Technology (INIA) and
co-financed with ERDF funds (RTA2015-00060-C04-03). R. Minjares-
Fuentes would also like to acknowledge to PRODEP for the financial
support of the program “Apoyo a la Incorporacion de NPTC (UJED-PTC-
125)”.

Table 4
Carbohydrate composition of water insoluble polysaccharides (WIP) from Aloe vera juices: reference, thermally processed and thermosonicated (0.213W·mL−1)
samples.

Sample Yielda Carbohydrates (mg/g WIP) Total

Rha Fuc Ara Xyl Man Gal Glcb Glcc UA

Reference 26.5 4.0 ± 0.7 2.2 ± 0.6 5.0 ± 0.4 20.7 ± 6.8 131.2 ± 32.5 13.9 ± 1.5 207.3 ± 51.2 203.6 ± 50.3 250.3 ± 27.8 634.5

Thermal processing

T (°C) t (min)

75 15 24.5 6.0 ± 0.0 2.3 ± 0.0 4.6 ± 0.0 18.9 ± 0.0 59.0 ± 1.1 18.1 ± 0.0 191.1 ± 23.5 155.7 ± 19.1 117.2 ± 14.8 417.3
50 9 30.3 4.8 ± 0.5 2.1 ± 0.2 4.5 ± 0.6 20.0 ± 2.3 91.8 ± 9.9 12.6 ± 1.1 164.7 ± 18.4 151.7 ± 16.9 482.2 ± 9.0 782.7
25 9 34.3 5.4 ± 0.5 2.7 ± 0.5 5.1 ± 0.5 23.9 ± 4.1 86.1 ± 4.6 15.8 ± 2.1 202.0 ± 35.7 147.1 ± 26.0 471.4 ± 22.5 812.5

Thermosonication

T (°C) t (min)

50 3 18.2 5.4 ± 0.2 2.7 ± 0.1 5.2 ± 0.3 26.2 ± 1.4 59.0 ± 0.8 15.1 ± 0.3 213.0 ± 9.8 184.9 ± 8.5 607.1 ± 6.9 933.7
50 6 40.0 6.4 ± 0.1 3.2 ± 0.0 5.5 ± 0.1 29.5 ± 0.5 58.2 ± 3.4 17.3 ± 0.1 239.6 ± 6.8 169.6 ± 4.8 621.4 ± 45.9 981.1
50 9 39.0 6.5 ± 0.3 3.7 ± 0.2 5.7 ± 0.4 30.3 ± 1.3 61.0 ± 11.2 16.9 ± 1.5 243.6 ± 10.2 178.7 ± 7.5 621.2 ± 1.8 988.8
25 3 28.4 6.2 ± 0.4 2.4 ± 0.2 5.5 ± 0.4 21.9 ± 1.2 102.9 ± 13.9 17.4 ± 0.9 189.1 ± 9.6 151.8 ± 7.7 576.8 ± 6.2 922.2
25 6 42.6 7.8 ± 0.4 3.3 ± 0.3 5.8 ± 0.4 28.8 ± 2.7 81.5 ± 12.4 19.3 ± 0.4 241.2 ± 19.9 167.7 ± 1.8 570.2 ± 33.1 957.9
25 9 22.8 4.6 ± 0.0 1.8 ± 0.1 4.7 ± 0.2 15.6 ± 1.7 98.9 ± 1.7 14.0 ± 0.5 150.7 ± 15.8 132.2 ± 3.8 366.4 ± 10.9 656.6

a mg WIP/100 g AIR.
b Glucose determined using the Saeman hydrolysis conditions [21].
c Glucose determined using 1M sulphuric acid.

Fig 3. Degree of esterification of pectins from Aloe vera juices: reference,
thermally processed (T) and thermosonicated (TS; 0.213W·mL−1) samples.

Fig 4. Presence of L. plantarum in Aloe vera juices: reference, thermally pro-
cessed (T) and thermosonicated (TS; 0.213W·mL−1) samples.
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