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Abstract: This study extracted the mucilage from Corchorus olitorius L. to observe its chemical and
functional properties and suggest its possible applications in various fields. Corchorus olitorius L.
mucilage was isolated by hot water extraction. FT-IR and HPAEC-PAD were used to describe the
chemical composition, and the functional properties and antioxidant activities of the mucilage were
also examined. The mucilage was mainly composed of uronic acid (34.24%, w/w). The solubility was
79.48 £ 1.08% at 65 °C, the swelling index was 29.01 & 2.54% at 25 °C, and the water-holding capacity
and oil-binding capacity were 28.66 + 1.48 and 8.423 + 0.23 g/g, respectively. The mucilage viscosity
increased from 4.38 to 154.97 cP in a concentration-dependent manner. Increasing the concentration
decreased the emulsion activity and increased the emulsion stability, most likely because of the
corresponding increase in surface tension and viscosity. Results from antioxidant assays confirmed
that the in-vitro radical scavenging activity of the mucilage increased with concentration. This study
shows that C. olitorius L. can be utilized as a new hydrocolloid source, with potential applications in
fields ranging from foods to cosmetics and pharmaceuticals.

Keywords: Corchorus olitorius L.; mucilage; functional property; viscosity; emulsifying; antioxidant
activity

1. Introduction

Hydrocolloids are applied in various fields, such as biomedicine, bioengineering, and
food technology. A hydrocolloid can be defined as a water-soluble polymer that affects
viscosity and gelation [1]. Food hydrocolloids can be produced from a wide range of
sources, such as plants, animals, synthetic chemicals, microorganisms, and seaweeds. In
recent years, there has been a lot of research on the biopolymers extracted from by-products
in the food industry using novel techniques [2,3]. Polysaccharide hydrocolloids are a highly
active industrial domain because of their steadily increasing demand in various fields [4].

Corchorus olitorius is a green-yellow plant of the Tiliaceae family that grows natu-
rally along the Mediterranean coast of Egypt in tropical and subtropical regions [5]. The
plant is also known as molokhia, Egyptian spinach, mallow, Nalta jute, or Tossa jute [6].
Corchorus olitorius is widely used in Asia and Africa as a culinary and medicinal herb [6]. It
is consumed in various forms with soup or meat in many African countries as the miner-
als, such as calcium and magnesium, and vitamins may contribute to preventing various
adult diseases, and it contains a large amount of dietary fiber [7]. Although there are
some debates regarding its nutritional value, C. olitorius is often cited as having a relatively
high protein content, with all 10 essential amino acids [8]. In addition, the plant contains
(-carotene, lutein, and phenolic substances, such as caffeoylquinic acid and quercetin,
suggesting that it may provide antioxidant effects [9]. Moreover, it is well known that
C. olitorius contains mucilage [10].

Mucilage is a water-soluble biopolymer with a high water-holding capacity (WHC) [11].
Structurally, it is a highly branched polysaccharide with various sugar and uronic acid
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molecules. Generally, it can be extracted from most plant seeds or leaves, such as Pereskia ac-
uleata Miller, chia seed, and Cereus triangularis cladodes [12-14]. In particular, plant-derived
mucilage has recently attracted much attention due to its distinctive physicochemical prop-
erties, and health and functional attributes. The utilization of mucilage is highly dependent
on its unique functional properties and bioactive role [15]. The emulsifying [16], rheological
properties [17], and strong suspending ability of mucilage are due to its ability to form
colloidal liquid systems and hydrogels [18]. The viscosity of the gel can affect the texture of
food. Therefore, mucilage can be used as a food additive, such as thickener, tablet binder,
emulsifier, and emulsion stabilizer, in the manufacture of jelly, bakery, beverage, and ice
cream [16,19], as a film-forming agent [20] and as a gelling agent [21].

To the best of our knowledge, the study of mucilage extracted from C. olitorius is
still insufficient. Therefore, in this study, to explore its potential applications in various
fields, the physicochemical (moisture/ash content, pH, zeta-potential and carbohydrate
composition) and functional properties (solubility, swelling index, water-holding capac-
ity, oil-binding capacity, viscosity, surface tension, emulsifying properties) of mucilage
extracted from C. olitorius were investigated, and antioxidant activities of mucilage were
also evaluated.

2. Materials and Methods
2.1. Materials

Corchorus olitorius leaves produced in Egypt were purchased from Dusonae Yackcho in
Seoul, Korea, in a form that was powdered after drying and grinding the leaves without any
treatment. Chemical reagents, including acetone, ethanol, methanol, arabic gum, xanthan
gum, sodium dodecyl sulfate (SDS), and sodium carbonate, were purchased from Samchun
(Seoul, Korea). Gallic acid, 2,2-diphenyl-1-picrylhydrazyl (DPPH), Folin-Ciocalteu’s phenol
reagent, L-ascorbic acid, a-tocopherol, and 2,2"-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS) were obtained from Sigma-Aldrich (St. Louis, MO, USA). All chemical
reagents were of analytical grade.

2.2. Extraction of Mucilage

The mucilage in the C. olitorius leaves was extracted according to Jung et al. [22] with
some modifications. The C. olitorius leaf powder was soaked in 20 volumes of distilled water
and stirred at 50 °C for 2 h. The liquid extract was separated using a multi-layer muslin
cloth bag. After the liquid extract was centrifuged at 2700 rpm for 20 min, the supernatant
was collected. Ethyl alcohol was added to the supernatant up to a final concentration of
55% to precipitate the mucilage. Then, acetone was added to the precipitated mucilage in a
quantity of two-times the volume of mucilage, and the mucilage was washed by shaking
and centrifuging (2700 rpm, for 15 min) repeatedly to remove the chlorophyll. After that,
the precipitated mucilage was dried at 40 °C for 2 h and then collected and ground using
a blender. The mucilage extracted from C. olitorius L. was collected, and the yield was
calculated according to Equation (1).

, o weight of dried mucilage
Yield (%) = gweight of leaves £ 100 @)

2.3. Characterization of Mucilage
2.3.1. The Moisture Content and Ash Content

According to the Association of Official Analytical Chemists’ (AOAC) method 925.10 [23],
the moisture content was calculated. Ash content was calculated following the AOAC method
923.03 [23].

2.3.2. pH Determination

Mucilage solution was prepared at 0.25% (w/v), and the pH value was measured.
The pH meter (ORION STAR A214, Thermo Fisher Scientific, Ward Hill, MA, USA) was
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calibrated using standard solutions of known pH (4, 7, and 10). Triplicate measurements of
pH were recorded.

2.3.3. Determination of Zeta Potential

The zeta potential of 0.1% (w/v) mucilage solution was measured in disposable, folded
capillary cells (DTS 1070) using a zetasizer (Nano Series, Nano-ZS90, Malvern Instruments,
Worcestershire, UK).

2.3.4. Molecular Weight Distribution

The molecular weight of mucilage was analyzed using a gel permeation chromatogra-
phy (GPC) system (HLC-8420GPC, Tosoh corporation, Tokyo, Japan) equipped with a re-
fractive index detector. Chromatographic separation was achieved on TSK gel G2500PWxI-
GMPWxI Columns (7.8 mm ID x 300 mm, Tosoh corporation) in combination with a PWxI
guard column. The mobile phase was 0.1 M sodium nitrate solution at a flow rate of
1.0 mL/min. The molecular weight was calculated as the relative molecular weight using
pullulan polysaccharide (Agilent Technologies, Inc., Santa Clara, CA, USA) as standards
for calibration.

2.4. Analysis of Carbohydrate Composition
2.4.1. Determination of Monosaccharides Composition

Two milligrams of the sample was hydrolyzed in 1 mL of 2 M trifluoroacetic acid at
121 °C for 2 h. A high-performance anion-exchange chromatography—pulsed ampero-
metric detection (HPAEC-PAD) system (Thermo Fisher Scientific, Sunnyvale, CA, USA)
equipped with a CarboPac™ PA1 column (4 x 250 mm; Thermo Fisher Scientific) was used
to determine the monosaccharide content. Monosaccharide standards (galacturonic acid,
glucuronic acid, rhamnose, galactose, arabinose, glucose, xylose, fucose, and mannose)
were purchased from Sigma-Aldrich. The mobile phase was 18 mM NaOH for the neutral
sugars and 150 mM NaOH for uronic acids. The flow rate of the mobile phase was kept
constant at 1 mL/min, and the column was maintained at 35 °C.

2.4.2. Fourier Transform-Infrared (FT-IR) Spectroscopy

Functional groups of the mucilage were determined by FI-IR spectroscopy. The
Nicolet iS5 FT-IR spectrophotometer (Thermo Fisher Scientific) was equipped with an
iD5 ATR accessory featuring a diamond crystal cell. FT-IR spectra were recorded over a
wavelength range 3600-800 cm ! at a resolution of 2 cm ™!, with 16 scans per spectrum.

2.5. Functional Properties
2.5.1. Solubility

Solubility was performed according to the method described by Alizadeh Behbahani
et al. [24] with some modifications. Solutions of the mucilage (1.0%, w/v) were prepared in
water and solvents (hexane and methanol) at different temperatures (25, 45, and 65 °C). The
solutions were stirred at 300 rpm for 30 min and then centrifuged in a high-speed centrifuge
(MF80, Hanil Science Ind., Seoul, Korea) for 30 min at 3000 rpm. Supernatants were collected
and oven-dried at 100 °C for 12 h. The solubility was calculated according to Equation (2).

Dry weight

SOlublllty (0/0) - m X 100 (2)

2.5.2. Swelling Index

Swelling power was assessed following the method described by Keshani-Dokht et al. [25]
with a slight modification. Solutions of the mucilage (1.0%, w/v) prepared at different tem-
peratures (25, 45, and 65 °C) were centrifuged using a high-speed centrifuge (MF80, Hanil
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Water — holding capacity (g water/g dry sample weight) =

Oil absorption (g oil/g dry sample weight) =

Science Ind.) for 30 min at 3000 rpm. The precipitated substance was then weighed. The
swelling index was calculated by Equation (3).

o o weight after centrifuge
Swelling index (%) = sample weight x (100 — solubility) x 100 @)

2.5.3. Water-Holding Capacity (WHC) and Oil-Binding Capacity (OBC)

WHC and OBC were measured by methods modified from Thanatcha and Pranee [26].
For WHC, the mucilage was prepared at 1.0% (w/v) in distilled water, stirred for 30 min,
and then centrifuged for 30 min at 3000 rpm in a high-speed centrifuge (MF80, Hanil
Science Ind.). The supernatant was removed. The wet samples were weighed and WHC
was calculated by Equation (4).

weight of wet sample — weight of dry sample
weight of dry sample

4)

To measure OBC, the mucilage was prepared at 1.0% (w/v) in corn oil and mixed by
vortex for 1 min. After keeping at room temperature for 30 min, the mixture was centrifuged
for 30 min at 3000 rpm, and then the supernatant was removed. The oil-absorbed sample
weight was recorded, and the OBC was calculated by Equation (5).

oil absorbed sample weight — weight of dry sample
weight of dry sample

©)

2.5.4. Viscosity

Viscosity was assessed by a method modified from Assi et al. [27]. Suspensions of
various concentrations of the mucilage (0.05, 0.10, 0.15, 0.2, 0.5, 0.8, 1.0%, w/v), arabic gum
(0.2,05,0.8,1.0, 5.0, 10, 20%, w/v), and xanthan gum (0.05, 0.10, 0.15%, w/v) were stirred
at room temperature for 6 h. Afterward, viscosity (cP) was evaluated using a viscometer
(Brookfield DV-2T, Toronto, Canada) at a speed of 37 rpm.

2.5.5. Surface Tension

Surface tension was determined according to the method described by Gebresamuel
and Gebre-Mariam [28] with slight modifications. Mucilage solutions were prepared
(0.01, 0.05, 0.2, 1.0%, w/v) and stirred at 80 °C for 1 h. The sample was placed in a vessel,
and the tensiometer (Sigma 703D, KSV Instruments Ltd., Helsinki, Finland) recorded the
surface tension by the du Notiy ring method.

2.5.6. Emulsifying Activity Index (EAI) and Emulsifying Stability Index (ESI)

To determine the emulsifying property, stock solutions of mucilage and xanthan were
prepared at 2.0% (w/v) by dispersing the powders separately in distilled water and then
stirred continuously at 25 °C for 6 h. Both stock solutions were diluted to 0.2, 0.4, 0.6, 0.8,
1.0, and 1.5% (w/v).

EAI and ESI were calculated following the method modified by Hay et al. [29]. The
solutions (0.2-1.5%, w/v) were centrifuged for 30 min at 3000 rpm using a high-speed
centrifuge (MF80, Hanil Science Ind.). After removing the supernatant, the remaining
solution was homogenized with 1 mL of corn oil in a conical tube using an HG-15D
homogenizer (Daihan Scientific, Seoul, Korea) at 15,000 rpm for 3 min. Immediately after
homogenization, to prevent any flocculation or adherence to the sides of the cuvette, a 40 puL
aliquot of the homogenized solution was added to 4 mL of 0.1% SDS, and the absorbance
was measured at 500 nm using a UV spectrometer (UV-1800, Shimadzu, Kyoto, Japan). The
EAI was calculated by Equation (6).

2T x Agxdilutionfactor
EAI (m?/¢g) =
(m*/g) C x @ x 10,000 ©
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where T = 2.303; Ay = absorbance measured immediately after homogenization; dilution
factor = 100; C = mass of emulsifier /volume (g/mL) of aqueous phase prior to emulsion
formation; ® is the oil volume fraction of the emulsion.

ESI was evaluated by a method similar to the EAl method. After 6 h, an additional 40 pL
aliquot was treated as described above for EAL The ESI was calculated using Equation (7).

At

where At = 6 h; AA is the change in the absorbance measured at 0 h (Ag) and 6 h (Agp).

2.6. Antioxidants Activity
2.6.1. Determination of Total Phenol Content

The total phenol content was analyzed using the procedure proposed by Adetuyi
and Dada [30]. The mucilage solution (1 mg/mL) was mixed with 2.5 mL of 10% Folin-
Ciocalteu’s phenol reagent (v/v) and neutralized by 2.0 mL of 7.5% sodium carbonate.
The mixture was incubated at 45 °C for 40 min, and then the absorbance was measured
at 765 nm using a UV spectrometer (UV-1800, Shimadzu). The total phenol content was
expressed as milligrams of gallic acid equivalents (mg GAE) per gram of dried mucilage.

2.6.2. DPPH Free Radical Scavenging Assay

The assay by Adetuyi and Dada [30] was implemented. Firstly, 1 mL of the mucilage
solution at 1 mg/mL was mixed with 4 mL of 0.1 mM DPPH methanolic solution. The
tubes were shaken and kept in the dark for 20 min at room temperature. Then, the optical
density (OD) of the mixture was measured at 517 nm using a UV spectrometer (UV-1800,
Shimadzu). Controls were prepared in the same way, except that the sample was replaced
with a reference compound (ascorbic acid and x-tocopherol). Free radical scavenging
activity was calculated using Equation (8).

Radical scavenging activity (%) = control ?olr)ltr;l i;gl ple OD x 100 8)

2.6.3. ABTS** Scavenging Assay

The ABTS* radical scavenging activity of mucilage was determined according to the
method described by Bayar et al. [31] with some modification. To produce ABTS®*, an equal
amount of 7 mM ABTS stock solution was mixed with 2.45 mM potassium persulfate solution.
The mixture was allowed to stand in a dark place at 0 °C for 12-16 h. The ABTS** solution
was then diluted by ethanol until the absorbance was 0.700 £ 0.20 at 734 nm. For the test,
0.2 mL of the mucilage solution (1 mg/mL) was mixed with 1.8 mL of the ABTS®** solution.
After the mixture was kept for 10 min in a dark place, the absorbance was measured at 734 nm.
A mixture of 0.2 mL ethanol and 1.8 mL of ABTS®* solution was used as a control. Ascorbic
acid (water-soluble) and «-tocopherol (fat-soluble) were used as reference compounds. The
ABTS** scavenging activity was calculated by Equation (8) above.

2.7. Statistical Analysis

All tests were carried out in three replicates and the results were expressed as mean = standard
deviation (SD). Data were analyzed by one-way analysis of variance (ANOVA) using the SPSS 25.0
statistical software program (IBM Corp., Armonk, NY, USA). Deviations were considered significant
atp <0.05.

3. Results and Discussion
3.1. Characterization of Mucilage Extracted from Corchorus olitorius L.
Extraction Yield, pH, Proximate Analysis, and Zeta Potential
Table 1 shows the extraction yield, molecular weight, pH value, moisture, ash, zeta
potential, and total phenol content of the mucilage extracted from C. olitorius L. The mu-
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cilage was precipitated by ethanol, and acetone was used to further remove the chlorophyll,
which presented as a brown compound.

Table 1. Results of yield, pH, and chemical composition of the mucilage extracted from the
Corchorus olitorius L.

Parameters Mucilage
Yield (%) 10.52 £ 0.39
Molecular weight (Da) 1.9 x 10°
pH 5.60 £ 0.01
Moisture content (%) 9.04 £0.38
Ash content (%) 11.69 + 0.02
Zeta potential (mV) —44.03 £ 253

Total phenol content

(mg GAE/g of dried mucilage) 30.19£0.23

Results are shown as mean with standard deviation from triplicate.

The yield of mucilage extracted from C. olitorius L. was 10.24% of the dry weight, a value
higher than that reported in the literature for C. olitorius L. (8.05%) [22]. The molecular weight
(Mw) of mucilage was determined to be 1.9 x 10° Da. The Mw is comparable to mucilage
extracted from flaxseed (1.5 x 10° Da) [32] and Abelmoschus esculentus L. (2.1 x 10° Da) [33],
but higher than those reported by Jung et al. for C. oliforius L. (40 to 500 kDa) [22]. It is
suggested that the difference in yield and molecular weight is a consequence of variations in
the extraction, purification method, growing regions, varieties of raw materials, and analytical
methods [34].

The pH value was slightly acidic due to the presence of uronic acid. The pH values are
comparable to those reported by Contreras-Padilla et al. [35] for O. ficus-indica (5.5-6) but
higher than those found by Monrroy et al. (4.8-5.0) [36]. The solution needs to be slightly
acidic for optimal emulsion activity [36,37]. Fanyi et al. described that the mucilage had
good emulsifying activity when the mucilage was slightly acidic or basic [38].

The moisture content was 9.04%, which was similar to the results of other studies
that indicated 7.63% [39] and 10.5% [40]. The ash content was 11.69%. This was similar to
some other studies that reported 15.58% [17] and 16.00% [41]. Furthermore, it was found
that mucilage extracted from leaves was higher than from seeds; this was confirmed by
comparing data from some other studies that reported 0.70% [42] and 5.60% [41].

The zeta potential was —44.03 mV, indicating that the mucilage solution had an overall
negative charge. Kaewmanee et al. [43] reported that mucilage extracted from seven Italian
cultivars of flax were from —9.25 to —19.8 mV.

3.2. Carbohydrate Composition Analysis
3.2.1. Monosaccharides Composition

Table 2 shows the monosaccharide composition of the mucilage extracted from
C. olitorius L. As shown in Figure 1, HPAEC-PAD chromatograms indicated that the
monosaccharide composition qualitatively consists of six neutral sugars (thamnose, xylose,
galactose, glucose, arabinose, and fucose) and two uronic acids (glucuronic acid and galac-
turonic acid). Quantitatively, the major component in the mucilage structure was uronic
acids, which accounted for about 34.3% of the total sugars, followed by rhamnose, galactose,
arabinose, glucose, xylose, and fucose. This showed that the monosaccharide composition
of mucilage extracted from leaves was similar to that published in other studies [17,44,45].
Hung and Lai [17] demonstrated that mucilage of basella alba has 4.38% of uronica acid, and
arabinose (36.21%) and galactose (38.78%) were the main monosaccahrides, accounting for
a comparative large proportion. In addition, Zeng and Lai [44] reported that uronic acid
(17.1-21.3%) and glucose (24.4-36.0%) are the predominant monosaccharides in mucilage
isolated from asplenium australasicum.
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Table 2. Monosaccharide composition of the mucilage extracted from the Corchorus olitorius L.

Monosaccharide Composition (%)
Rhamnose 238+ 1.7
Galacturonic acid 188 +1.1
Glucuronic acid 155+1.1
Galactose 14.0 £0.9
Arabinose 10.8 £ 0.6
Glucose 78+03
Xylose 73+05
Fucose 21+0.1
Results are shown as mean with standard deviation from triplicate.
(A)
ECD 1
500 e
400
300
o |
E
Q
o ]
£ 200
0
100—_ Galacturonic acid
Glueuronic acid
min
) Y e O S . a0
2.00 375 5.00 6.25 750 8.75 10.00
Retention Time [min]
(B)
ECD 1
800 e
625
500-
[
i
o
2 375
m
6 -
250
Galactose
] Rhamnose Xylose
1257 Fucose
1 u Arabinose al \\
ucose
S Y AN F o
-30 T T T T T T T T o
20 40 6.0 80 100 120 140 16.0 18.0 200
Retention Time [min]

Figure 1. HPAEC-PAD chromatograms of the mucilage extracted from the Corchorus olitorius L. (A) uronic
acid and (B) neutral sugars.

Generally, the leaf mucilage is largely composed of uronic acid and galactose, with
relatively low amounts of xylose and fucose [46], and galactose and rhamnose are poorly
represented in the monosaccharide composition of the seed mucilage [47]. However,
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various factors can influence the monosaccharide composition of plant-derived mucilage,
such as the plant material, extraction conditions, cultivation environment conditions, or
other compounds originating in the cellular wall or incomplete purification methods [39,45].

3.2.2. Infrared Spectroscopy Analysis (FT-IR)

FT-IR spectroscopy was used to identify the functional groups present in mucilage
and confirm the occurrence of peak characteristics of polysaccharides. The FI-IR spectrum
for mucilage extracted from C. olitorius L. is shown in Figure 2. Hydroxyl (-OH) stretching
vibration was represented by the broad band at 3282.90 cm ™. It indicated the presence of
moisture in the sample due to the water-adsorption property in the polysaccharide [48].
The band at 2928.00 cm ! was associated with the asymmetric vibration of -C-H bonds in
methyl and methylene groups of monosaccharides [46,49]. The band at 1622.00 cm ™! could
be ascribed to the asymmetric stretching of the C=0 double bond in the carboxylic groups
(-C=07) [12,49], where the carboxyl groups interacted with some ionic bonds, affecting
the viscosity and gel-forming property of hydrocolloids [50]. The peak at 1418.09 cm !
was associated with the symmetrical deformation of the -C—H and carboxylate groups
(-COO™) of acid residues [51,52]. The C-N amide III band at 1242.73 cm ™! arose from the
acetyl groups of pectic residues [52]. In addition, it confirmed the presence of -OH phenol
groups (water-soluble pigments, phenolic acids, coumarin derivatives) [46]. The band at
1036.27 cm ™! represented C-O ring vibrations of the main carbohydrates and could be
associated with the presence of uronic acids [25].

100+
[}] -
g 90
g 2928.70

—C-H
£ 1418.09
= 3282.90 Tno
S 80- ~oH
c 1242.73
i c-N
ol 1622.20
° | ¢=0
N 70 1036.27
c-0
60

4000 3600 3200 2800 2400 2000 1600 1200 800
Wavenumber (cm™')

Figure 2. FT-IR spectrum of mucilage extracted from Corchorus olitorius L.

3.3. Functional Properties
3.3.1. Solubility

The solubility of mucilage evaluated at different temperatures in distilled water and at
25 °C in different solvents is reported in Table 3. As the temperature increased, the solubility
of mucilage in distilled water increased significantly. Moreover, solubility was low in
hexane and methanol compared to distilled water at different temperatures. There was
no significant difference in the solubility between hexane and methanol. In other studies,
researchers also confirmed that the mucilage was insoluble in the organic solvents [53,54].
This showed that mucilage extracted from C. olitorius L. possessed high polarity. Mucilage
is an exopolysaccharide. It presents multiple -OH groups and hydrogen bonding, thereby
inducing strong interaction between polysaccharide molecules and a strong affinity for
water molecules [55]. According to Table 3, the mucilage extracted from C. olitorius L. had
a similar solubility to the mucilage extracted from flaxseed (24.52-69.15% at 20-80 °C) [15].
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Table 3. Solubility of the mucilage from Corchorus olitorius L.

Solvent Temperature (°C) Solubility (%)
25 46.03 +0.79 <A
Distilled water 45 58.58 &+ 1.83P
65 79.48 +1.082
25 0.134+0.038
Hexane 45 0.26 + 0.01 2B
65 0.31 4+ 0.03 2B
25 0.3540.06 B
Methanol 45 0.77 +0.03 bB
65 1.34 4 0.02 2B

Results are shown as mean with standard deviation. One-way analysis of variance (ANOVA) was carried
out and means comparisons were executed by Duncan’s multiple range tests. Different superscripts (a,b,c)
indicate significant differences (p < 0.05) among mucilage solution at different temperatures. Different
superscripts (A,B) indicate significant differences (p < 0.05) among mucilage solution in different solvents at
different temperatures (25, 45, 65 °C).

3.3.2. Swelling Index, WHC, and OBC

Examination of the swelling index at different temperatures revealed comparable
indexes at 25 and 45 °C (29.01 + 2.54 and 25.94 + 2.62), but a significant decrease at
65 °C (19.51 £ 2.72). A high degree of swelling activity may lead to excessive hydration,
reducing the interaction between mucoadhesive polymers due to low bioadhesiveness [56].
According to previous research, the swelling factor increased with the increase in pH and
time [57,58].

The WHC of mucilage was 28.66 £ 1.48 g/g and its OBC was 8.42 4 0.23 g/g. Mucilage
in contact with water forms a three-dimensional network; it facilitates the ability of the
mucilage to retain water and create a highly viscous solution. [36]. Moreover, the mucilage
is a dietary fiber with a complex polysaccharide structure and a high water-absorption
capacity and forms a gelatinous colloid by dissolving and dispersing in water [59]. There-
fore, this water-soluble mucilage could greatly affect the texture of products in which it
is incorporated [60]. Furthermore, in a previous study, Azubuike et al. [61] reported that
the C. olitorius mucilage could be stable at a high temperature up to 300 °C through ther-
mal anaysis by using differential scanning calorimetry. Due to its high water-absorption
capacity and thermal stability, mucilage can be applied to foods, cosmetics, and pharma-
ceuticals [14]. The OBC reflects the ability of the mucilage to adsorb oil particles and inhibit
the loss of flavor and oil from the food. According to our results, the mucilage extracted
from C. olitorius L. displayed a similar OBC to guar and xanthan gum (4-6 g o0il/g fiber)
and, thus, could be useful as a food ingredient for maintaining flavor and improving taste
in processed foods [42,62].

3.3.3. Viscosity

Figure 3 shows the viscosity of mucilage, xanthan gum, and arabic gum. Viscosity in-
creased dramatically with increased concentration of the samples, particularly for the mucilage
compared to arabic gum, which showed similar values to those described by Monrroy et al. [36].
They proposed that viscosity increased from 0 to 317.50 cP (Abelmoschus esculentus), 515.50
cP (Irvingia gabonensis), and 801.93 cP (Beilschmiedia mannii), with increasing concentration of
mucilage [27]. Figure 2 suggests that the mucilage solutions of 5.0 and 8.0 mg/mL have a similar
viscosity to xanthan solutions of 1.0 and 1.5 mg/mL. Arabic gum and xanthan gum are widely
applied alone or with other polysaccharides in many industries for a variety of purposes; in food
applications as thickeners, binders, and stabilizers to increase the viscosity of food and improve
the texture, and in non-food applications, such as synthetic perfumes and adhesives [63]. These
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results suggested a possibility of replacing food additives, such as xanthan gum and arabic gum,
with the mucilage extracted from C. olitorius L.

— 4
g
200- $ ) _
e -~ mucilage
i -= xanthan gum
150 : e}
s we 10 20 =k~ arabic gum
Concentration (mgimL)
100

Viscosity (cP)

50+

Concentration (mg/mL)

Figure 3. Viscosity of the mucilage from the Corchorus olitorius L., xanthan gum, and arabic gum at
different concentrations. The inset represents the viscosity of the arabic gum at concentration of 5, 8,
10, 100, and 200 mg/mL.

3.3.4. Surface Tension

Mucilage showed a concentration-dependent increase in the surface tension, from
53.79 + 0.53 mN/m (at 0 mg/mL) to 70.95 £ 0.73 mN/m (at 10 mg/mL), as shown in
Figure 4. Naveed et al. [64] demonstrated that an increase in surface tension of mucilage
concentrations above 1 mg/mL was probably an experimental artifact caused by the
viscosity due to large polymers. They proposed the drop weight method to quantify
surface tension rather than the du Notiy ring method, which does not consider the impact
of viscosity [65]. Some systems, such as xanthan and carrageenan, show an increase in
surface tension and interfacial tension with increasing concentration due to the gelation
and viscosity at high concentrations [66,67].

754
70
65+
60

55

Surface tension (mN/m)

2 4 6 8 10

Concentration (mg/mL)

Figure 4. Surface tension of mucilage extracted from Corchorus olitorius L.

3.3.5. EAl and ESI

The EAI of mucilage and xanthan gum decreased significantly with an increasing
concentration (Figure 5A). There was a significant difference between the EAI of mucilage
and xanthan gum up to 6 mg/mL, but no difference was found above 8 mg/mL. This was
speculated to be due to the increased viscosity (Figure 3) and surface tension (Figure 4)
with increasing concentration.
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Figure 5. (A) Emulsifying activity index and (B) emulsifying stability index. Bars showing different
labels (a—f) are significantly different (p < 0.05) in each sample at different concentrations. Bars labeled
with an asterisk (*) are significantly different (p < 0.05) between the mucilage solution and xanthan

gum solution at the same concentration.

Satisfactory emulsion activity is achieved by lowering the surface and interfacial
tension [68]. Another report showed that mucilage extraction by ethanol precipitation was
the most suitable method to obtain high-quality mucilage powder with optimal emulsion
properties compared to other methods [43]. Furthermore, it was suggested that the seed-
derived mucilage increased EAI and decreased ESI, concentration dependently, as the
surface tension decreased [42].

The results of the ESI evaluation of mucilage and xanthan gum revealed a significant
difference between the two polysaccharides at every concentration examined, but the ESI of
mucilage increased significantly with concentration (Figure 5B). Xanthan gum is classified
as a polysaccharide with no or limited surface activity and gels or modifies the viscosity
of the continuous aqueous phase to enhance the emulsion stability [69]. It is also used
as an emulsion stabilizer due to its shear-thinning properties [70]. These features closely
resembled those found in the mucilage in the current study, indicating that the mucilage ex-
tracted from C. olitorius L. and xanthan gum exhibited similar behaviors [10]. In addition, it
was reported that because of the protein material intrinsic to polysaccharide hydrocolloids,
the hydrocolloid primarily increased viscosity and acted to stabilize the emulsion [43]. This
could explain the high emulsion stability of mucilage extracted from C. olitorius L., which,
like xanthan gum, could be used as a stabilizer in food and pharmaceutical formulations.
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3.4. Antioxidants Activity

Antioxidant potential was evaluated by measuring the free radical scavenging activity
(DPPH and ABTS*®*). These assays are widely used to investigate the antioxidant capacity
of natural compounds [30,71]. In the DPPH assay, a lower absorbance indicates a higher
DPPH free radical scavenging potential [72]. The DPPH (Figure 6A) and ABTS** (Figure 6B)
antioxidant activity of mucilage were both lower compared to ascorbic acid (a water-soluble
vitamin) and «-tocopherol (a fat-soluble vitamin) up to 2.5 mg/mL. With the increase in
the concentration of mucilage, the antioxidant (DPPH and ABTS®*") activity increased
dramatically, whereas ascorbic acid and «-tocopherol showed no change in either assay
with increase in concentration. This phenomenon has already been observed in previous
studies on the antioxidant activity of mucilage [12,31]. In addition, Jiang et al. [2] reported
that LAB-derived EPSs could reduce the concentration of free radicals and acts as an
excellent electron donor. In this study, the ABTS®** radical scavenging activity supported
the DPPH free radical scavenging activity. The results obtained in this work also showed
a positive relationship between antioxidant activity and the phenol content (30.19 mg
GAE/g) of mucilage (Table 1), indicating that the phenolic groups were strongly involved
in the antioxidant capacity. These results demonstrated that mucilage could react effectively
as an antioxidant by terminating the free radical chain reaction to form stable products,
indicating that it could be an important natural antioxidant source [73].

(A) *% *% *% *%

l« | I«
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804 Ascorbic acid
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DPPH radical scavenging activity (%)
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Figure 6. (A) DPPH free radical scavenging activity and (B) ABTS®* scavenging activity. Values of
each bar with different labels (a—d) are significantly different (p < 0.05) in each sample at different
concentrations. Bars labeled with a single asterisk (*) are significantly different (p < 0.05) between
mucilage and ascorbic acid at the same concentration. Bars labeled with a double asterisk (**) are
significantly different (p < 0.05) between mucilage and a-tocopherol at the same concentration.
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4. Conclusions

Mucilage was extracted from C. olitorius L. by hot water extraction, with an average
yield of 10.52%. It contained 9.04% moisture and 11.69% ash on a dry mass basis. The main
monosaccharides were uronic acid, rhamnose, and galactose, and hydroxyl and carboxylic
groups were the main functional groups. Solubility, swelling index, WHC, and OBC
showed results that can contribute positively to food processing. In addition, its viscosity
was equivalent to xanthan gum at low concentrations. Increasing the mucilage solution
concentration decreased the emulsifying ability and increased the emulsifying stability due
to the surface tension and viscosity effects. It was confirmed that the in-vitro antioxidant
activity (DPPH and ABTS®*) of mucilage increased with concentration. Therefore, the
mucilage obtained from C. olitorius L. showed physicochemical characteristics, antioxidant
activity, and functional properties that allow it to compete with commercial hydrocolloids
in various fields.
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