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ABSTRACT

Ultrasound-assisted extraction (UAE) of galactomannan from the endosperm of ripe carob seeds
(LBG.S3) was investigated through response surface methodology (RSM). The optimized UAE
conditions were an extraction time of 40 minutes, a temperature of 45°C, and a solid-liquid ratio
of 1:50 g/mL. Under these settings, the experimental yield of galactomannan was 47.53 + 2.55%,
which is closely aligning with the expected value of 49.78 £+ 3.15%. The yield of galactomannan
extracted from unripe carob seeds (LBG.S2) under the same optimal conditions was significantly
higher 56.73 £ 2.76% (p < 0.05) than the yield of LBG.S3. The infrared spectroscopy (FT-IR) char-
acterization revealed the existence of various functional groups in the spectrum of galactomannan
extracted from unripe seeds, not found in LBG.S3. The galactomannan from ripe carob seeds
exhibited superior functional properties, including solubility, emulsion and stability capacity, water
and oil holding capacity, and viscosity, compared to LBG.S2. In vitro, tests demonstrated notable
anti-inflammatory activity for both LBG.S2 and LBG.S3, as observed through the inhibition of
bovine serum albumin (BSA) protein denaturation by heat and the membrane stabilization test.
Carob galactomannan is a potential source of bioactive polysaccharides with anti-inflammatory
and functional properties that can be used in the food and pharmaceutical industries.
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Introduction The pulp represents 90% of the carob pod and is the
most frequently used component,’® serving as the pri-
mary raw material for the production of various pro-
ducts, mainly as cocoa substitute.'”! The seeds constitute
the remaining 10% and consist of the husk (30-33%),
the endosperm (42-46%), and the germ (23-25%).1%]

For a long time, carob seeds have been mainly consid-

The carob tree, scientifically known as “Ceratonia siliqua
L,” is an evergreen species found in the Mediterranean
and semiarid regions. It belongs to the Leguminosae
family, also known as Fabaceae.!! This tree is predomi-
nantly found in countries such as Portugal, Spain, Italy,

Greece, Turkey, Morocco, Algeria, and Tunisia.** The
carob pods have been used for centuries by the popula-
tions of the Mediterranean region for the feeding of
humans and animals but also they have discovered their
therapeutic properties as anti-diarrhea and constipation
due to their content of bioactive substances.!®! In recent
years, their commercial significance has risen signifi-
cantly, as they are now extensively utilized as raw materi-
als in different industries, including food, cosmetics, and
pharmaceuticals.”’

ered as food waste. Nowadays, there has been particular
attention toward the recovery of the carob seeds as
possible sources of functional compounds with health
properties.m] The main emphasis is on extracting gum
from seeds, known under the name of Locust Bean Gum
(LBG) or carob bean gum is a water-soluble and neutral
polysaccharide called galactomannan, isolated from the
endosperm of seeds.!'?) These seeds can contain as
much as 85% galactomannan content.">*! It has been
demonstrated that carob seeds are a valuable source not
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only of phenolic compounds and antioxidants, but also
of galactomannan with functional properties that could
improve the nutritional value of foods in which are
incorporated."*) Since the 20th century, galactoman-
nans have become industrial products used as a food
additive (E410), and in various industries for their many
useful properties like thickener, stabilizer, and gelling
agent.'"”! Chemically, galactomannans are linear
polysaccharides,!'® consisting of B-(I-4)-mannose
chain sustained by a single D-galactopyranosyl linked
via a- (I-6) bonds as a side branch. The main chain does
not possess a uniform distribution of these side
branches. The degree of substitution by galactose
depends on the origin of galactomannans and the
extraction conditions.!"”!

Carob fruits go through three stages of maturation:
the unripe stage (green pods), the semi-ripe stage
(green-yellow pods), and the ripe stage (brown
pods).!"®) The last two stages of maturation are of parti-
cular interest for investigation. Ripe carob seeds are
well-known for their abundance of galactomannans.”!
However, various studies have shown that the unripe
stage of carob, particularly the pulp, possesses signifi-
cantly higher levels of bioactive compounds and biolo-
gical activities compared to the mature stage.'*?!
While many polysaccharides derived from natural
sources are known for their antioxidant,”?! anti-
inflammatory,”®?! analgesic,’”*! immunomodulatory!**!
activities, the biological activities of galactomannan
have been poorly studied.*>*°!

The extraction and purification of biomolecules from
plants as potential sources of functional compounds
with therapeutic effects have become a subject of sig-
nificant interest.””! The ultrasound-assisted extraction
technique (UAE) is gaining popularity as an environ-
mentally friendly process, utilizing solvents that are
generally recognized as safe and reducing processing
times. Additionally, it enhances the quality of the bioac-
tive product by yielding higher recovery rates compared
to conventional extractions while preserving the
extracts’ target activities.!”®! Furthermore, UAE it can
be reduced temperatures with a shorter processing
times, leading to energy conservation.!*”! Ultrasound
consists of mechanical sound waves generated by mole-
cular movements that oscillate within a transmitting
medium."*” The ultrasonic waves create a rapid series
of compressions and expansions close to the surface of
the solid material. This phenomenon, resembling the
repetitive squeezing and releasing of a sponge, is appro-
priately referred to as the “sponge effect.” As a result,
tiny channels develop within the material, allowing the
solvent to efficiently permeate the solid substance.
These channels establish a preferred pathway that

facilitates the transfer of dissolved substances from the
solid material into the solvent phase.!*' >

The main goal of this research is the optimization of
extraction conditions of galactomannan extracted from
carob seeds endosperm using an ultrasound-assisted
extraction technique. Once the optimum extraction
parameters were honed, a comparative analysis was
conducted between the galactomannan obtained from
the endosperm of ripe carob seeds and the galactoman-
nan obtained from the endosperm of unripe carob seeds
under the same optimal conditions. The study explored
the functional properties and the investigated in vitro
the anti-inflammatory activities of the galactomannan
extracted from both ripe and unripe carob seeds. The
ultimate aim is to propose a suitable application of this
product in various industrial areas.

Materials and methods
Samples

The harvest of carob pods was at the unripe stage in
April (the second stage S2 of maturation, because at the
first stage of ripening, the seeds are not distinct and we
cannot differentiate their different parts: peel, endo-
sperm and embryo) and at the ripe stage (S3) in
August,!"® from trees cultivated in the region of M’sila
(latitude: N35 ° 44’23, longitude: E04 ° 33’01 ”;
Altitude: 539.00m Algeria). The samples of carob
seeds were removed from the pulp and stored in tightly
closed glass jars at a temperature of 4°C in dry and dark
environment for the next step.

Reagents

All reagents; Ethanol, Acetone, Sodium dihydrogen
phosphate dihydrate (NaH,PO,. 2H,0), Sodium
hydrogen phosphate (Na,HPO,), Sodium chloride
(NaCl), 2-Amino-2-hydroxymethyl-propane-1,3-diol
(Tris), and Bovine Serum Albumin (BSA) were pur-
chased from SIGMA-ALDRICH and they were analyti-
cal grade.

Extraction procedure

The extraction procedure was conducted in two main
steps:

Step 1: Extraction of the raw galactomannan
(Endosperm). The seed components were separated fol-
lowing to the procedures presented by Dakia et al.,[10]
which involves boiling water pretreatment by immer-
sing carob seeds (100 g) for an hour at 100°C in 800 mL
of hot, boiling water. Throughout this pretreatment



procedure, the seeds experience swelling while main-
taining the integrity of the seed coat. Subsequently, the
seeds are taken out of the water, washed, and the seed
coat is manually separated from the endosperm. After
being separated from the endosperms, the endosperm is
dried at 40°C in an oven until its weight is constant. The
endosperms are further processed by grinding using
Moulinex (The genuine Type LM241025) and sieved
with a 0.125 mm sieve to obtain raw LBG.

Step 2: optimization of UAE conditions and purifi-
cation of galactomannan. The dry powder of raw carob
gum (locust bean gum) underwent extraction with dis-
tilled water in an ultrasonic bath (JPSELECTA, sa AC
220 V/240 V.50/60 Hz) with modified extraction condi-
tions (time, temperature, and solid to liquid ratio). The
resulting solution and solid phase were separated
through centrifugation (SIGMA model 3-16L
Germany) at 8000 g for 10 minutes. The residues were
obtained and subjected to extraction by exhaustion (N
=3). To purify the LBG, we followed the method
described by Bouzouita et al.[13] with slight modifica-
tion; the LBG extract was precipitated overnight at 4°C
with an excess volume of 95% ethanol. The white
fibrous precipitate was recovered through centrifuga-
tion (8000 g, 10 min) and washed twice with 95% etha-
nol and acetone. The resulting sediments were collected
and lyophilized to reach a constant weight, and the
precipitate was subsequently ground into a fine powder.
The galactomannan yield (GY (%)) was calculated by
the following formula (Equationl):

Galactomannan Yield(%) = (M/M,) x 100 (1)

Where M is weight of the crude extract of water-soluble
polysaccharides, and M, the weight of dry plant matter
(endosperm).[34]

Experimental design

The impact of ultrasonic-assisted extraction (UAE) para-
meters on the extraction yield of galactomannan from
ripe carob seed endosperm was investigated using both
full factorial design (FFD) and central composite design
(CCD). The FFD was employed to identify the primary
extraction  parameters  significantly  affecting
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galactomannan yield. In contrast, the CCD, utilizing
response surface methodology, was used for optimiza-
tion. Four UAE extraction parameters were considered,
including three continuous factors (x; : Time, x;:
Temperature, x3 : solvent to solid ratio) and one qualita-
tive factor (x4 : extraction by exhaustion). The range and
center point values for these extraction parameters are
shown in Table 1. FFD consisted of 19 experimental runs
to screen the effect of the four UAE extraction parameters
on galactomannan yield (Table 2). Based on the results
obtained from FFD, CCD with 17 experimental runs was
designed to optimize the galactomannan yield, focusing
on the selected parametersx; : Time, x, : Temperature,
X3 : solvent to solid ratio. The galactomannan yield of was
considered as the response, and all results were presented
as mean * SD with triplicates in both Tables 2 and 3. The
variables were encoded according to their levels (Table 1)
based on their levels (low (-1), median (0), and high
levels (+1)), as per equation 2:

X = (X —Xo)/ > X 2

Where X are independent variables at i and 0 levels.
According to the polynomial equation (Equation 3),
the experimental data were fitted:

3
galactomannan yield(%) = Ay + ZA,-xi
i=1

2 3
+ Z Z Ainin +e (3)

i=1 j=1+1

The galactomannan yield showed a correlation with the
three independent variables, as represented by
the second-order polynomial equation (Equation 4):

3 3
galactomannan yield(%) = Ay + Z Aix; + Z Aiix;
i=1 i=1

2 3
+Z Z Ainin +e

i=1 j=1+1
4)

Where A, is constant, andA;,A;; and Ay are coefficients
estimated by the model. x;, x%,xixj are levels of the

Table 1. Coded and real values of inputs variables used for full factorial and central composite design.

Coded levels
Factors (Independent variables) -a -1 0 +1 +a
X1 : Time (min) 5.69 10 25 40 4430
X, : Temperature (°C) 13.53 20 425 65 71.46
X3 : solvent to solid ratio (g/mL) 28.46 50 125 200 221.53
X4 @ Extraction by exhaustion(N = 3) Yes No

(0) represents the center point, (+1, —1) represents the maximum and minimum points, and (-q, Q) represents the axial points.
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Table 2. Full factorial design (FFD) used for screening the galactomannan yield from the ripe carob seeds.

Independent variables

Runs X1 X, X3 Xy Experimental LBG yield (%) Predicted LBG yield (%)
1 -1 -1 -1 No 5.26 + 1.68 5.65
2 -1 -1 -1 Yes 11.33+0.42 9.39
3 -1 -1 +1 No 48+1.40 5.65
4 -1 -1 +1 Yes 8.86 +£0.70 9.39
5 -1 +1 -1 No 14.66 = 0.70 12.93
6 -1 +1 -1 Yes 35+1.44 30.71
7 -1 +1 +1 No 12.33+1.40 12.93
8 -1 +1 +1 Yes 25.46 +1.01 30.71
9 +1 -1 -1 No 47+1.25 4.51
10 +1 -1 -1 Yes 15.2+0.60 15.95
11 +1 -1 +1 No 5.46 +£0.42 451
12 +1 -1 +1 Yes 15.73+1.80 15.95
13 +1 +1 -1 No 19.8+0.92 19.62
14 +1 +1 -1 Yes 49.2+2.80 45.10
15 +1 +1 +1 No 18.2+0.21 19.62
16 +1 +1 +1 Yes 424 +0.35 4510
17 0 0 0 No 10.8+0.90 10.68
18 0 0 0 No 10.8+0.20 10.68
19 0 0 0 Yes 24.46 +1.67 25.29

Table 3. Central composite design used for optimization the galactomannan yield from the ripe carob seeds.

Independent variables

Experimental LBG

Runs X1 X, X3 yield (%) Predicted LBG yield (%)
1 -a 0 0 14.06 = 1.01 15.69
2 -1 -1 -1 11.4+£0.40 11.99
3 -1 -1 +1 18.6 £0.40 16.81
4 -1 +1 -1 28.4+0.53 27.05
5 -1 +1 +1 31.2+£0.72 31.62
6 0 -a 0 12.66 +0.58 12,94
7 0 0 -a 23.8+0.26 23.38
8 0 0 0 22.16+0.58 21.66
9 0 0 0 21.66 £0.76 21.66
10 0 0 0 21.33+1.04 21.66
11 0 0 +a 23.6+0.53 2414
12 0 +aq 0 42.83 +1.04 42.68
13 +1 -1 -1 18.86 +0.83 18.39
14 +1 -1 +1 13.733£1.22 15.02
15 +1 +1 -1 48.05 +0.67 49.78
16 +1 +1 +1 46.8 £0.23 46.15
17 +q 0 0 30.66 = 0.58 29.16

extraction parameters, which represent the linear, quad-
ratic, and cross-product effects respectively, e is the error.

To perform the screening design and RSM experimen-
tal design, JMP® software (Version 13) was utilized. The
software was also employed to create 3D graphical mod-
els for variable responses and predict optimal values for
galactomannan yields. Each measurement was performed
three times (n =3), and the findings were presented as
means and corresponding standard deviations.

Functional properties

Solubility kinetics

The method recommended by Dakia et al.l'®! was
used to study the solubility kinetics of galactoman-
nan at both 25°C and 80°C. At 25°C (ambient tem-
perature) for 0.5, 1, 2, and 3 hours with stirring,

purified LBG powder from LBG.S2 and LBG.S3 was
prepared with a concentration of 0.1% (w/w) by dry
weight. Other preparations were also made with the
same concentration but were heated up for 5, 10, 30,
and 60 minutes at 80°C. The appropriate solution
was extracted after the allotted time had passed,
and then centrifuged (6000 g, 30 minutes, and 20°C)
to remove any insoluble material. Based on the total
solids dried in an oven for 24 hours at 105°C, the
retrieved supernatant and the final polymer concen-
trations were calculated according to (Equation 5).

Solubility(%) = (Supernatant concentration/Initial preparation
concentration) X 100 (5)

Emulsion properties
The two galactomannan samples (LBG.S2 and LBG.S3)
were subjected to an analysis of the emulsion stability



(ES) and emulsion capacity (EC). the technique
described by Wang et al.®*! was used. At room tem-
perature, three milliliters (3 mL) of sunflower oil were
added to ten milliliters (10 mL) of LBG solutions at
a concentration of 1% (w/v). A vortex was used to
homogenize the mixture for 1 minute, and it was then
centrifuged at 1000 g for 10 minutes.

The calculation of the EC was performed using the
following equation (Equation 6):

Emulsion volume

EC(%) = Total volume x 100 ©

The emulsion was heated for 30 minutes at 80°C, cooled
to room temperature, and then centrifuged at 1000 g for
10 minutes to determine the ES. The following equation
(Equation 7) was applied to calculate the ES:

Final emulsion volume

E = 1
S(%) Total volume x 100 @

Water holding capacity (WHC) and oil holding
capacity (OHC)

To determine these parameters, we adopted the method
recommended by Niknam et al..*® Initially, 0.4 g of
purified LBG powder (LBG.S2 and LBG.S3) was pre-
cisely measured. The samples were then gradually added
40 mL of either sunflower oil or distilled water. The
solutions were shaken intermittently every five minutes
for about an hour at room temperature. The solutions
were centrifuged at 3000 g for 30 minutes after the spe-
cified time had passed. The residue was weighed to
determine the WHC and OHC, which represent, respec-
tively, the percentage of water or oil retained per gram
of the sample.

Viscosity

The viscosity of galactomannan (LBG.S2 and LBG.S3)
was assessed using a Falling Ball Viscometer
C (Thermo Scientific® HAAKE™) following the meth-
odology outlined by Bostanudin et al.*”! Distilled
water was used to dissolve the samples at
a concentration of 0.1%. The viscometer’s constant
was 0.007mPa-s-cm®/g.s, and the glass ball (boron
silica glass) had a density of 2.2 g/cm”’, while the liquid
had a density of 0.1g/cm®. To assess viscosity,
a polysaccharide solution of around 45cm’ was
poured into the measuring tube, filling it up to 20
mm below the rim. Subsequently, the ball was gently
added to the solution and allowed to fall. After that, it
was noted how long it took for the ball to pass
through the sample solution. The dynamic viscosity
n (in mPa-s) of galactomannan was calculated using
Equation 8:
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n=K(pl —p2) xt (8)

Where p1 represents the density of the ball in g/cm?; p2
the density of the liquid in g/cm’; ¢ the falling time of the
ball in the liquid (measured in seconds); K the Ball
constant in mPa s cm’/g s.

Fourier-transform infrared spectroscopy (FT-IR)
analysis

Purified galactomannan (LBG.S2 and LBG.S3) was ana-
lyzed for major structural groups using a JASCO FT/IR-
4200 infrared spectrometer with ATR PRO450-S mode.
Spectra were scanned in the range of 7800 to 350 cm™.

Anti-inflammatory activity

Inhibition of bovine serum albumin protein
denaturation

According to Lekouaghet, Boutefnouche the bovine
serum albumin (BSA) protein denaturation test was
applied to assess the in vitro anti-inflammatory activity
of galactomannan (LBG.S2 and LBG.S3). The extract
was mixed with 0.5 mL of BSA solution (0.2%) prepared
in Tris buffer (pH 6.6) for each concentration of the
extract (50, 100, 200, 400, 600, 800, and 1000 g/mL). The
samples were then incubated for 15 minutes at 37°C in
the oven, then for 5 minutes at 72°C in a water bath.
After the tubes had cooled, the turbidity (amount of
protein precipitation) was assessed at 660 nm with
a spectrophotometer, and Equation 9 was used to deter-
mine the percentage inhibition of protein denaturation:

t,[38]

% inhibition
= (Abs of the control — Abs of the treated sample)/Abs of the control
x 100

(€)

The control sample corresponds to 100% of the dena-
tured proteins.

Membrane stabilization test

The hemolysis or membrane stabilization activity
induced by the hypotonic solution was determined
using the method outlined by Shinde et al..”*”’

Erythrocyte suspension. A healthy human participant
who had abstained from taking nonsteroidal anti-
inflammatory medicines for two weeks before to the
trial provided the blood that was used in the experiment.
After that, the blood was put in a heparinized tube and
washed three times in a 0.9% saline solution. An iso-
tonic buffer solution (pH 7.4) containing 1 L of distilled
water, 0.26 g of NaH2PO4, 1.15 g of Na2HPO4, and 9¢g
of NaCl (10 mM sodium phosphate buffer) was used to
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reconstitute the measured volume of saline solution into
a 40% (v/v) suspension.

Hemolysis induced by hypotonic solution. The isotonic
buffer solution was prepared by combining 154 mM
NaCl with 10 mM sodium phosphate buffer at pH 7.4.
The experiments were conducted in triplicate. The
hypotonic solution, containing galactomannan prepara-
tions (LBG.S2 and LBG.S3) at concentrations of 50, 100,
200, 400, 600, 800, and 1000 g/mL, was mixed with
a stock suspension of 30 puL erythrocytes. As a control,
the hypotonic-buffered solution was mixed with 30 uL
of erythrocyte suspension. Following a 10-minute incu-
bation at standard room temperature, the mixtures were
centrifuged at 1300 g for 3 minutes. The absorbance of
the supernatant was determined at 540 nm. The percen-
tage inhibition of hemolysis was calculated using
Equation10:

%inhibition of hemolysis = (Absofcontrol — Absoftest)/
Absofcontrol x 100 (10)

Statistical analysis

The data was analyzed using Graph Pad Prism Software
(Version 8), which were then presented as mean SD. For
the statistical analysis, one-way or two-way ANOVA
was applied, with a significance level of p <0.05. Each
analysis was carried out three times.

Results and discussion
Preliminary study

Fitting the FFD model

The FFD model for galactomannan yield was evalu-
ated by applying the analysis of variance (ANOVA),
lack of fit (LOF), R-squared (R?), adjusted R-squared
(Ridj), and coefficient of variation (CV %). The
obtained results showed a good fit with an R’ value
of 0.98, indicating that 98% of the data fit the
adjusted regression model. The CV value was
12.42% (Table 4), which further supports the accu-
racy of the model. Moreover, the higher adjusted
R-square (Ridj =0.97) indicated that 97% of the var-

iation in galactomannan yield can be explained by
the UAE extraction parameters that significantly
affected the response. The ANOVA results
(Table 4) showed that the mean response values are
significantly different. (greater F-value, with p<
0.05), and the lack of fit was not significant
(F-value was lower, and p > 0.05), indicating a good
relationship between the experimental and predicted

values of the responses. Thus, the FFD model
demonstrated high accuracy and effectively
accounted for a significant portion of the response
variations.

Effect of the process variables on galactomannan
yield (GY)

In this study, a four-factor, two-level FFD was employed
to screen the major extraction parameters that affect
galactomannan yields. The extraction time, extraction
temperature, solid-liquid ratio, and extraction by
exhaustion (N = 3) were the independent variables con-
sidered in the ultrasonic-assisted extraction (UAE) of
polysaccharides from carob seed endosperm. By con-
trasting the estimated coefficients, a polynomial equa-
tion was established to evaluate the impact of the factors
(independent variables). The regression model for
galactomannan yield (GY%) is illustrated by equation
(Equation 11).

GY(%) = 17.98 + 3.31x; + 9.10x, — 1.36x3 — 7.30x4
— 3.51x,x41.92 — 3.51x1x4 + €

(11)

Based on the results from Tables 2 and 4, and
Equation 11, it was observed that the extraction time
(x1) had a positive linear impact on the galactomannan
yield. This suggests that the duration of extraction influ-
ences the efficiency and selectivity of the extraction
process. The extended extraction time allows the raw
LBG to be in contact with the release medium, facilitat-
ing the dissolution of galactomannan from the dried
material and its subsequent diffusion into the liquid.
Consequently, a longer extraction time positively affects
the polysaccharide yield. This finding is consistent with
previous studies that have reported that prolonged
extraction periods enhance the release of
polysaccharides.[*0~*!

Table 4. Results of regression coefficients analysis of the pre-
dicted polynomial model FFD.

UAE settings  Estimated coefficient  P-value
Estimated parameters Intercept 17.98 <0.0001°
X2 9.10 <0.0001°
Xq[—1] -7.30 <0.0001°
X1 3.31 <0.0001°
X3 -1.36 0.0293?
XaXg[—1] -3.51 <0.0001°
X2Xq 1.95 0.0043?
X4[—11x; -1.92 0.0048°

Regression results R? 0.98

R2 0.97

RMSE 2.18

CV (%) 12.42

ANOVA (Model) p <0.0001°
Lack of fit /

(a) Highly significant, (b) significant, (p > 0.05) not significant.



Moreover, the extraction temperature (x,) also
had a significant positive linear effect on the poly-
saccharide yield, as shown in Tables 2 and 4. This
effect was noted within the temperature scale of 20
to 65°C. The obtained result can be attributed to two
main physical processes in ultrasound-assisted
extraction (UAE): acoustic cavitation and diffusion
through cell walls.** The extraction temperature
plays a significant role in enhancing both of these
phenomena, leading to an increase in polysaccharide
yield with higher temperatures. However, it is worth
noting that excessively high temperatures can have
adverse effects on the extraction process. At such
elevated temperatures, the surface tension decreases,
and the vapor pressure within microbubbles
increases, causing the ultrasonic wave to be
dampened.'**! Furthermore, elevated temperatures
result in reduced viscosity and density of the
extracts, facilitating deeper penetration of the solvent
into the sample matrix.!**! As the solvent penetrates
more deeply, its exposure area expands, leading to
greater extraction efficiency. Overall, the optimal
extraction temperature should be carefully consid-
ered to balance the positive effects on extraction
efficiency with the potential negative impact of ultra-
sonic wave damping at extremely high temperatures.

The impact of the solid-liquid ratio (x3) on poly-
saccharide yield was found to be positive at a ratio of
1:50 g/mL. However, with further increases in the
ratio, the effect became notably negative in linear
terms. A higher solid-liquid ratio led to a more sig-
nificant concentration difference between the inter-
ior plant cells and the external solvent, which in turn
facilitated faster diffusion of polysaccharides.**!
However, an excessively high solid-liquid ratio led
to an increased diffusion distance within the internal
tissues, leading to a slower increase in extraction
efficiency as the ratio increased.!*”!

Regarding the fourth factor (x,), conducting the
extraction by exhaustion three times proved to be
highly effective, resulting in a significant increase in
the extraction yield (53.57%). This finding aligns
with previous scientific findings that support the
notion that repeating the extraction cycle enhances
polysaccharide yield.'**™*¥] However, it should be
noted that the method of exhaustion and repeating
extraction cycles may involve using a large volume
of solvent and increasing the sample processing
time, which could potentially lead to sample
degradation.*"!
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Fitting the CCD model

The CCD model fitting results for galactomannan
yields (Table 5) are crucial to evaluate the precision
of the model in predicting optimal variations and
establishing correlations between the selected para-
meters of EAU and extraction yield. To assess the
reliability and accuracy of the CCD model, an ana-
lysis of variance (ANOVA) was conducted. The
galactomannan yields obtained from all experiments
with predicted values are presented in Table 3. The
determination coefficient (R?) and adjusted R-square
(Rﬁdj) for galactomannan yields were found to be
0.98 and 0.97, respectively, indicating a strong cor-
relation between actual and predicted values of
galactomannan yields. The lack of fit value was
assessed to determine the adequacy of the model
and was found to be non-significant (p >0.05), sug-
gesting that the model adequately fits the experimen-
tal data (Table 3). Furthermore, the coefficient of
variance (CV %) was lower than 15%, indicating
the adequacy of the CCD model. A second-order
polynomial equation (Equationl2) was derived
through multiple regression analysis on the experi-
mental data to establish the relationship between GY
(%) and the test variables.

GY(%) = 21.66 + 5.23x; + 11.55%; + 0.29x3 + 0.46x;
+3.71x; + 1.26x3 + 4.08x;X; — 2.04x;X3
— 0.06X2X3 —|— e

(12)

Table 5. Results of regression coefficients analysis of the pre-
dicted quadratic polynomial model CCD.

Estimated
UAE settings coefficient P-value
Estimated Intercept 21.66 <.0.0001°
paramaters X1 523 <.0.0001°
X2 11.55 <.0.0001°
X3 0.29 0.5381°
X1X2 4.08 0.0001?
X1X3 -2.04 0.00712
XaX3 —0.06 0.9091°
X 0.46 0.4910°
x% 3.71 0.0006%
X 1.266 0.0865°
Regression results R? 0.992077
Ry 0.981891
RMSE 1.542932
CV (%) 6.05
ANOVA (Model) p <0.0001
Lack of fit 0.0520

(a) Highly significant, (b) significant, (p > 0.05) not significant.
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Optimization of galactomannan extraction
conditions

In this research, a three-factor at three-levels Central
Composite Design (CCD) was employed to examine the
impact of extraction process variables, namely extrac-
tion time, extraction temperature, and solid-liquid ratio,
on the ultrasonic-assisted extraction (UAE) yield of
galactomannan from carob seeds endosperm. The
CCD model allowed the construction of three-
dimensional response surface plots (Figure 1) to visua-
lize the main and interactive effects of these indepen-
dent variables on galactomannan yield (GY%).

In Figure 1la, the response surface plot demonstrates
the mutual interaction between extraction time and
temperature on galactomannan extraction yield while
keeping the solid-liquid ratio constant at its central
level. The two variables were altered within their experi-
mental ranges for this analysis.

The 3-D plot demonstrates that as the extraction time
increases from 5 to 45 minutes and the extraction tem-
perature rises from 10 to 70°C, the galactomannan
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extraction yield also increases. Notably, the combined
effect of extraction time and temperature (x;x,) on the
yield is positive and significant (p < 0.0001), which is
further supported by the regression model coefficients
presented in Table 5. Among the factors, extraction
temperature exerts the most influential positive linear
effect (p <0.0001) on GY (%).

In Figure 1b, the impact of two variables, extraction
time and solid-liquid ratio, was investigated while keep-
ing the temperature constant, on the galactomannan
yield (GY %). The 3-D plot reveals that the galactoman-
nan extraction yield increases noticeably as both extrac-
tion time and solid-liquid ratio increase from 1:50 to
1:200 g/mL. However, beyond the solid-liquid ratio of
1:50 g/mL, the galactomannan extraction yield starts to
decrease slowly. The interaction effect between extrac-
tion time and the solid-liquid ratio (x;x;) on the yield is
found to be significant (p <0.05) in a negative way,
while the solid-liquid ratio shows a non-significant lin-
ear effect (p>0.05) in a positive way on the yield, as
indicated in Table 5.

Figure 1. 3D-surface plots CCD using polynomial equations: (a) interactive effect of time and temperature on the extraction of
polysaccharides, (b) interactive effect of time and solvent to solid ratio on the extraction of polysaccharides, (c) interactive effect of
temperature and solid to solvent ratio on the extraction of polysaccharides.



Furthermore, according to the results presented in
Table 5 and Figure 1c, when examining the interac-
tion effect of temperature and solid-liquid ratio (x,
x3) while keeping the extraction time fixed at its
central value, the percentage of galactomannan yield
was not significantly affected (p >0.05) in a negative
way. However, the extraction temperature exhibited
a significant linear effect (p <0.05) in a positive way
on the yield.

Validation of the model

To assess the accuracy of the CCD model equations and
validate the optimal extraction conditions (¢ =40 min,
T =65°C, solid-liquid ratio 1:50 g/mL, extraction by
exhaustion (N =3)), the model predicted a maximum
response of (49.78 £3.15%). To ensure that this value
aligns well with practical results, a new experimental
verification was conducted under the same optimal con-
ditions, yielding an average value of (47.53 +2.55%).
The close agreement between the predicted and experi-
mental values confirms the validity of the RSM model.

Comparison of extraction yields of galactomannan
from the endosperm of ripe (LBG.S3) and unripe
(LBG.S2) carob seeds

The extraction and purification of galactomannan from
unripe carob seeds (LBG.S2) under the same optimal
conditions as ripe carob seeds (LBG.S3) resulted in
a higher yield of LBG.S2 at 56.73 +2.76%, which was
significantly larger (p < 0.05) than the yield of LBG.S3
(47.53 £2.55%). This difference in yield can be

100-

80

at 25°C
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attributed to the stage of maturation during harvest.
Previous research by Liu et al.”®! demonstrated that
the Mannose/Galactose (M/G) ratio of galactomannan
in Gleditsia sinensis Lam fruits increased and then
decreased with fruit ripening. This suggests that during
primary biosynthesis, the galactomannan backbone is
initially fully substituted, and some galactosyl groups
are later removed by a-galactosidase in the endosperm.
These changes may explain the variation in extraction
yields between LBG.S2 and LBG.S3.

extracted by UAE exhibited higher yields compared
to galactomannans extracted by conventional method
(water bath extraction at 80°C), as reported by
Bouzouita et al.l'*! (26.7 to 33.2% from different carob
tree populations in Tunisia), as well as from other seeds
such as Parkinsonia aculeate (37.8%)°" and Trigonella
foenum-graecum (Fenugreek) Seeds (18.54%).1°°! The
differences in extraction yield values can be attributed
to various factors, including the extraction methods,
time, temperature, water-to-feedstock ratio, grating
step, and environmental conditions.!*?!

Functional properties

Solubility kinetics

The solubility kinetics of LBG.S2 and LBG.S3 were
examined at 25°C and 80°C (Figures 2 and 3). Initially,
both samples exhibited partial solubility at 25°C within
the first 30 minutes, followed by a proportional increase
over time. Significantly (p <0.05), LBG.S2 achieved
85.70 £ 0.34% solubility after two hours, while LBG.S3
reached 49.79 £ 0.66% at the same time. After three
hours, the solubility rates were 85.80 + 0.69% for LBG.

-~ LBGS3

-2 LBGS2

The % of solubility of galactomannan

0 1 1
30min 1h

Time (h)

2h

3h

Figure 2. The solubility kinetics at 25°C of galactomannan from the endosperm of the unripe stage (LBG.S2) and ripe stage (LBG.S3)

carob seeds.
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Figure 3. The solubility kinetics at 80°C of galactomannan (LBG) from the endosperm of the unripe stage (LBG.S2) and ripe stage (LBG.

S3) carob seeds.

S2 and 65.82 + 0.65% for LBG.S3. At 80°C, the solubility
of galactomannan was rapid, but a significant difference
(p < 0.05) persisted between LBG.S2 and LBG.S3. After
10 minutes, LBG.S2 exhibited a solubility rate of 81.63 +
0.16%, while LBG.S3 had a rate of 62.09 +0.83%.
Remarkably, the solubility rates at 10 minutes were
comparable to those achieved in three hours at 25°C.
The maximum solubility rates after one hour were
84.39 + 0.39% for LBG.S2 and 78.87 + 0.34% for LBG.S3.

Locust bean gum exhibits partial solubility in cold
water and requires heating to achieve its maximum
solubility."”! The variation in solubility between LBG.
S2 and LBG.S3 is attributed, as previously mentioned, to
the M/G ratio, which is a key factor influencing the
solubility of galactomannan polysaccharides. Higher
galactose substitution leads to increased solubility due
to the relatively hydrophobic nature of the mannose
chains and the more hydrophilic nature of the galactose
units.!”* The M/G ratio in unripe seeds is lower than
that of the ripe seeds due to the removal of galactosyl
groups from mannose chains by a-galactosidase in the
endosperm.®” Our findings align with the research of
Dakia, Blecker,'”! who observed that LBG exhibits par-
tial solubility in cold water (50% at 25°C/1h) and
requires heating to achieve its maximum solubility
(70-85% at 80°C/30 min). Furthermore, Sébastien,

Christophe® investigated the influence of extraction
temperature on LBG solubility. They observed a direct
correlation between the extraction temperature of galac-
tomannan and the temperature needed for its dissolu-
tion in water. This was achieved using a water bath
method at temperatures of 25°C and 80°C. Various
factors contribute to the solubility of galactomannan
powder, including the source of galactomannan, the
solvent used, the method of drying, the conditions of
processing, the immersion suitability, and the solute’s
structure. !

Emulsion properties

The incorporation of polysaccharide as a stabilizer in
“oil-in-water” emulsions enhances the textural prop-
erties and increases the viscosity of the aqueous
phase.l®® Based on the results obtained regarding
the emulsifying properties of LBG.S2 and LBG.S3 at
a concentration of 1% (w/v) (Table 6), both samples
exhibited remarkably high emulsifying capacity, with
values of 71.15 + 3.33% for LBG.S2 and 76.28 £ 1.10%
for LBG.S3, indicating strong emulsifying properties.
A significant difference between the two samples was
observed (p=0.031). However, upon subjecting the
emulsions of both LBG to heat treatment at 80°C

Table 6. Functional properties of galactomannan from ripe (LBG.S3) and unripe (LBG.S2) carob seeds (endosperm).

Water holding capacity Oil holding capacity

Functional properties Emulsion capacity ~ Emulsion stability (WHC) (OHQ) Viscosity n
Of galactomannan Yield (%) (%) (%) (g water/g sample) (g oil/g sample) (mPa-s)

LBG.S2 56.73 +£2.76 71.15+3.33 66.44 +0.38 9.43 +.90 6.73+.15 4.00 +.02
LBG.S3 4753 +2.55 76.28+1.10 66.79 +0.05 234+ .2 98+ .4 494 + 01

LBG.S2: galactomannan extracted from carob seeds harvested in the semi-ripe stage.

LBG.S3: galactomannan extracted from carob seeds harvested in the ripe stage.



for 30 minutes, the stability decreased to 66.44 +
0.38% for both samples, and a significant decrease
was noted (p<0.05) in both cases, particularly for
LBG.S3.

Our results outperform the emulsion capacity and
emulsion stability of LBG extracted by using water
bath at 80°C (for 1h) reported by Wu et al.,'®® which
were approximately 44% and 41%, respectively. This
difference can be attributed to variations in the extrac-
tion and purification methods, as well as the origin and
harvesting period of carob seeds. The disparity between
the two LBG samples is linked to the M/G ratio, as
molecules with higher M/G ratios can form intermole-
cular associations between non-substituted regions in
the mannan skeleton, while samples with lower M/G
ratios can form a more gel-like layer around the oil
droplets, thus improving the emulsion capacity and
stability.[”!

Polysaccharides play a significant role in emulsions
by providing water retention and thickening
properties.”® Once a successful emulsion is formed,
its long-term stability relies on the polymer’s ability to
create a barrier at the interface, preventing droplets
from aggregating or merging*’! However, after subject-
ing the emulsions to higher temperature (80°C, 30 min),
this barrier around the oil droplets is disrupted, leading
to emulsion destabilization.>®!

Water holding capacity (WHC) and oil holding
capacity (OHC)

The water holding capacity (WHC) of galactomannan
refers to the ability of the substance to retain moisture
under specific conditions, and it is essential for deter-
mining storage parameters and evaluating its suitability
for use in food preparations.® The findings derived
from the effect analysis of LBG.S2 and LBG.S3 on the
water and oil holding capacity (WHC, OHC) (Table 6)
indicated a significant difference (p < 0.0001) between
the two stages of ripening for both WHC and OHC.
Additionally, there were differences in WHC and OHC
values within the same ripening stage.

The water holding capacity of LBG.S3 (23.4 £ 0.2 g of
water/g of sample) was found to be significantly higher
(p < 0.0001) than that of LBG.S2 (9.43 + 0.90 g of water/
g of sample). These values are superior to those the
reported by Niknam et al.*®! for the WHC of galacto-
mannan extracted from Fenugreek Seeds (215.05 +
0.879 g of water/100g of galactomannan) and the
WHC of guar galactomannan (241.2 g of water/100 g
of galactomannan).l® Galactomannan’s water holding
capacity (WHC) is affected by a number of variables,
including the presence of hydroxyl groups, the
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extraction process, the porosity of the material, and
the amount of protein in its structure.*®!

On the other hand, the oil holding capacity (OHC) is
an important characteristic of galactomannans, which
refers to their ability to retain 0il.*®! The OHC of LBG.
S3 was measured at 9.8 + 0.4 g of oil per gram of sample,
which was significantly higher (p < 0.0001) than that of
LBG.S2 (6.73 £ 0.15 g of oil per gram of sample). These
values were significantly higher than those that were
reported by Niknam et al.*®! for other galactomannans,
such as 60.2 +0.08 g of oil per 100 g of galactomannan,
and the values reported by Rashid, Hussain and
Ahmed'®"! for guar galactomannan (41.52 g of 0il/100
g of galactomannan). As reported by Thanatcha and
Pranee,? the ability of hydrocolloids to hold oil typi-
cally count on the existence of nonpolar groups that can
interact with and hold onto oil molecules. According to
by Niknam et al.,**) The OHC value is also influenced
by the structural and chemical characteristics of galac-
tomannans, particularly the distribution of hydrophobic
to hydrophilic groups within their structure.

Viscosity

The viscosity results of the two samples extracted using
optimal condition of UAE at a concentration of 0.1%
(Table 6) reveal that the LBG.S3 solution exhibits sig-
nificantly higher viscosity (p < 0.0001) compared to the
LBG.S2 solution. These findings are consistent with the
research conducted by Liu et al.,®®! which indicates that
the apparent viscosity of galactomannan extracted at
70°C for 3h in water bath and kept on a water bath
with mechanical stirring varies depending on the devel-
opmental stages of Gleditsia sinensis Lam. The viscosity
of galactomannan extracted from carob endosperm is
influenced by several factors, including molecular
weight, solubilization method, shear rate, and concen-
tration. Generally, the viscosity increases as the gum
concentration rises.!"”! The viscosity observed in galac-
tomannan dispersions arises from two primary factors.
Firstly, it is a result of the interpenetration of macro-
molecular chains, leading to nonspecific “physical”
recovery. Secondly, it is due to the existence of highly
specialized interactions between macromolecules,
resulting from intermolecular aggregation phenomena
(hyper-entanglements) as indicated by Sébastien
et al..>

Fourier-transform infrared spectroscopy (FT-IR)
analysis

FT-IR spectroscopy is commonly employed to identify
the functional groups present in different materials,
including galactomannans. Figure 4 reveal the FT-IR



12 (&) S.DJELLALETAL.

T(%)

3671

2935

——LBG.S2
— |BG.S3

T T T
4000 3500 3000 2500

T
2000

T T T
1500 1000 500

Wavenumber (Cm"1)

Figure 4. FT-IR spectrum of galactomannan extracted from the endosperm of ripe (LBG.S3) and unripe (LBG.S2) carob seeds.

spectra of galactomannan extracted from both ripe and
unripe carob seeds. according to the analysis of the
infrared spectra of galactomannan we notice that the
LBG.S2 is characterized by special absorption bands
which are not found in the spectrum of LBG.S3 such
as the absorption band at 3851 cm™' which has been
allotted to possible functional groups of Ge-ZnO
NPs.!%! The absorption band at 3671 cm™ showed
axial distortion of O - H, matching to intermolecular
hydrogen bonding and intramolecular.!®*! The broad
band at 3390 cm™"' was characteristic of the hydroxyl
group.!® The absorption band at 2935 cm™" was attrib-
uted to the stretching vibration (C-H) of the
C-H bond.!*® The absorption band at 2348 cm™" is
more related to the CH, stretching and swinging vibra-
tions of the polysaccharides.””) The 1401 cm™" band is
the bending vibration of COH groups and the antisym-
metric stretching band of C - O - C groups of
polysaccharides.®® The absorption band at 1240 cm™
corresponds to $=O of sulfate esters./®” The enhance-
ment of the peaks at 1650 cm™' may be owing to the
combination of amides and carbonyl groups with other
substituents.””) The band at 890 cm™" was attributed to
Bending C1-H.["!

Several peaks have disappeared with the galactoman-
nan (LBG.S3) extracted from the ripe carob seeds, LBG.
S3 indicates an O-H stretching absorption peak at wave-
length 3380 cm™"7?! The absorption band at 2911 cm™

is due to C — H stretching.”*! Peak absorption 2352
cm™ ! indicated P - O bending.!”*! The absorption bands
at 1639 cm™ " were assigned to the stretching vibration of
the C - O bond of the carboxyl group.”””! The absorp-
tion bands at 1039 were attributed to a C - C (galactan)
stretching ring.”") LBG.S2 and LBG.S3 possess distinct
chemical compositions, attributed to the presence of
functional groups in LBG.S2 that are absent in LBG.S3.
Our findings corroborate the prior study conducted by
Liu et al.,*"! demonstrating that the Mannose/Galactose
(M/G) ratio of galactomannan in Gleditsia sinensis Lam
fruits undergoes an initial increase followed by
a decrease during fruit ripening. This implies that in
the early stages of biosynthesis, the galactomannan
backbone is fully substituted, and subsequently, some
galactosyl groups are enzymatically removed by a-
galactosidase in the endosperm.

Anti-inflammatory activity

Inhibition of bovine serum albumin (BSA) protein
denaturation

Protein denaturation is widely recognized as
a contributing factor to inflammatory and arthritic
diseases.””®! Inflammatory processes are often linked
to pain and encompass various conditions, including
protein denaturation and membrane impairment.!””!
In the present work, the anti-inflammatory properties



of galactomannan extracted from carob seeds (LBG.
S2 and LBG.S3) were assessed using a bovine serum
albumin test. The effect of galactomannan on the
denaturation of the BSA is dose-dependent relation-
ship. In fact, the activity was increased with increas-
ing concentration of LBG.S2, and LBG.S3 (Figure 5).
The LBG.S3 has been shown to provide protection of
12.32+2.07% to 43.73+0.46% against BSA heat
denaturation at concentrations ranging from 50 pg/
mL to 1000 ug/mL respectively. In addition, the LBG.
S2 was found to provide protection of 9.93 £ 0.75% to
46.68 + 0.86% against BSA denaturation at the same
concentrations, respectively. According to the statis-
tical analysis, which shows that there is a highly sig-
nificant difference (p <0.0001) between most of the
different concentrations of LBG.S2 and LBG.S3,
which shows protection against thermal denaturation
of BSA.

Our findings are in accordance with the research
conducted by Ibanoglu!”® regarding the thermal
denaturation of BSA in the presence of hydrocolloids
like pectin, guar gum, and i-carrageenan. It was noted
that the increase in the enthalpy of BSA denaturation,
when hydrocolloids were present, could be attributed
to the protective effect on globular proteins. This
protection is achieved by obstructing the hydrophobic
binding sites of proteins through the bulky polysac-
charide component. According to Yang and
Zhang,'”?! polysaccharides derived from natural
sources exhibit a variety of biological activities that
are influenced by their chemical structures and chain
conformations.

60

% inhibition of denaturation of BSA protein
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The concentration of galactomannan (LBG.S2 and LBG.S3) (ug/ml)
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Membrane stabilization test

The utilization of erythrocyte membranes is highly sig-
nificant for in vitro studies of anti-inflammatory activ-
ity, as it helps to restrict the inflammatory response by
preventing the release of lysosomal constituents from
activated neutrophils. Additionally, the erythrocyte
membrane serves as an analogue to the lysosomal
membrane.®"!

The results of erythrocyte membrane stabilization
present in Figure 6 show that LBG exhibits a very
strong inhibition of hemolysis of red blood cells,
which is dose-dependent, in fact, the activity was
increased with increasing concentration of LBG.S2
and LBG.S3. Where the LBG.S3 has a very strong
inhibition of hemolysis of red blood cells at different
concentrations ranging from 50 to 1000 pg/ml where
the percentage of inhibition was from 13.33 +2.65%
to 86.23 £ 1.34% respectively. While LBG.S2 has inhi-
bition of 9.15+1.62 to 78.36 +3.51% at the same
concentrations, respectively. The statistical analysis
reveals a highly significant difference (p <0.0001)
between the results of nearly all the studied concen-
trations for both samples (LBG.S3 and LBG.S2),
likely attributed to the biosynthesis of galactoman-
nan during maturation, as indicated by Liu et al..*
When red blood cells are exposed to a hypotonic
solution, their permeability increases, allowing fluids
to enter and accumulate inside the cell, ultimately
leading to the rupture of its membrane. The damage
to the membrane of red blood cells renders them
more susceptible to secondary harm caused by lipid
peroxidation initiated by free radicals.!®"

mm LBG.S2
mm [BG.S3

Figure 5. The percentage of inhibition of denaturation of protein BSA by galactomannan (LBG) extracted from the semi-ripe stage

(LBG.S2) and ripe stage (LBG.S3) carob seeds.
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Figure 6. The percentage of inhibition of hemolysis of galactomannan from the endosperm of the unripe stage (LBG.S2) and ripe stage

(LBG.S3) carob seeds.

The precise mechanism by which membranes are
stabilized is still unknown, it’s possible that the extract
accomplishes this effect by changing the surface-to-
volume ratio of cells via mechanisms such as membrane
stretching, cell contraction, and interactions with mem-
brane proteins.**! Previous studies”>***! have also indi-
cated that when erythrocytes are exposed to a hypotonic
environment, their membrane may experience rupture
due to cell contraction, leading to osmotic loss of elec-
trolytes. The membrane stabilization process caused by
the hypotonic solution involves preventing the migra-
tion of these components from inside the cell to the
outside. Additionally, it has been observed that cellular
deformation and erythrocyte size are closely related to
their intracellular calcium content, as well as the stabi-
lization of skeletal proteins.’®*! Therefore, the polysac-
charides extracted from carob seeds may exhibit similar
effects to nonsteroidal anti-inflammatory drugs, which
are known to exert their beneficial effects through
mechanisms such as stabilizing lysosomal membranes
or inhibiting the release of lysosomal enzymes.!®*!

Conclusion

The characteristics of extracted polysaccharides are
greatly influenced by various extraction, purification,
and drying processes. A high yield of galactomannan
(47.53 +2.55%) was extracted under the optimal
extraction conditions. As a result, the obtained galac-
tomannan’s physicochemical and functional proper-
ties were significantly affected by the use of

ultrasound, proving that the extraction and purifica-
tion processes were successfully carried out. LBG.S2
exhibited a higher yield compared to LBG.S3. The FT-
IR analysis revealed the existence of certain functional
groups in unripe seeds, which disappeared in LBG.S3,
suggesting changes in galactomannan biosynthesis
during maturation. Both polysaccharides demon-
strated important functional properties, particularly
the galactomannan extracted from ripe carob seeds.
Moreover,  galactomannan  exhibited  anti-
inflammatory activity, as evidenced by its anti-
hemolytic and heat-induced protein denaturation
inhibition effects. These findings provide valuable
insights into the potential future applications of galac-
tomannan extracted from carob seeds as a natural
polysaccharide in the realms of the food, pharmaceu-
tical, and cosmetic sectors.
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