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Abstract

Background: In the present study, the effects of NaCl and CaCl, (0-200 mM) on the rheological properties of
Lepidium perfoliatum seed gum (LPSG) as a novel potential source of hydrocolloid were investigated. Sugar composi-
tion and FTIR analysis were measured to supply more structural information.

Results: The results illustrated that LPSG had small amounts of uronic acids (6.65%) and it is likely an arabinoxylan-
type polysaccharide (it has 44.66% and 31.99% xylose and arabinose, respectively). The FTIR spectra also revealed that
LPSG behaved like a typical polyelectrolyte due to the presence of carboxyl and hydroxyl groups. It was observed
that the gum solutions exhibited viscoelastic properties in the presence of NaCl and CaCl, salts. The tan & values

for all samples were less than 1 but greater than 0.1, exposing the weak gel-like behavior at different ion types and
ionic strengths. With increasing salts concentrations, the limiting values of strain mostly increased due to the inter-
chain interactions (from 1.46 to 4.61 and from 0.99 to 2.13 for NaCl and CaCl,, respectively). Therefore, the addition
of salts increased the stiffness of mucilage solutions in the concentrated regime. The results of frequency sweep
tests revealed that storage and loss moduli were increased with increasing ion concentration. This effect was more
pronounced for LPSG solutions containing Ca*™. Among various models, the model of Higiro1 showed a higher
efficiency to evaluate the intrinsic viscosity of LPSG for all co-solutes (R? > 0.98). With increasing the concentration of
salts, the intrinsic viscosity of LPSG decreased. Calcium ions had a more diminution effect on intrinsic viscosity than
sodium ions.

Conclusions: Trying to adjust the salt concentration could modify the rheological properties of food products.
Because food contains a variety of additives, further research should look into the rheological properties of LPSG at
different pHs, as well as the presence of other salts and sugars often employed in the food industry. LPSG has the
potential to be used in biomedical, pharmaceutical, food industries, tissue engineering, and cosmetic applications
due to its biocompatibility, rheological properties, and antioxidant activities.
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Background

Seed gums are plant-derived polysaccharides that are
utilized in the food industry as thickening, stabilizing,
gelling, and emulsifying agents [1, 2]. The rheological
characteristics of hydrocolloids are extremely important
because of the structural and textural properties of food
products [3, 4].

Lepidium perfoliatum seed gum (LPSG) is a potential
novel food thickening agent and an efficient food emul-
sion additive [5]. Recent studies demonstrated that LPSG
can be applied as an alternative food hydrocolloid. LPSG
has a lot of promise as a food thickener and stabilizer
[6-8]. Steady shear flow behavior indicated that LPSG
has high yield stress, consistency coefficient, and strong
shear-thinning properties [6]. In our previous research,
the dependence of rheological properties of LPSG on
heating/cooling rate, temperature, and concentration was
reported. The rheological behavior of LPSG indicated a
weak gel behavior [9]. This gum can immobilize a large

number of water molecules, increasing viscosity, stabiliz-
ing product consistency, and changing texture [10]. Due
to the beneficial properties of LPSG, further study and
use in the food industry should be considered.

Food formulations on an industrial scale typically
include the inclusion of additives such as salt, which uses
low molecular weight salts such as sodium chloride and
calcium chloride to suppress microbial growth, improve
sensory properties, and increase food shelf life [11]. The
electrostatic force has a significant impact on the con-
figuration of ionic polysaccharides and certain phys-
icochemical characteristics such as viscosity. Since the
cations affect the balance between repulsive and attrac-
tive forces between the molecules, there is a high gel
strength or viscosity at specific concentrations of each
cation and polymer [12]. Therefore, understanding the
rheological behavior of hydrocolloids in the presence
of salts is important. Several studies demonstrated that
the effects of salt on the rheological properties of hydr-
ocolloids varied depending on the salt types and their
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concentration [12—16]. As a result, the influence of salts
on hydrocolloid characteristics should be investigated
under various conditions. The impacts of ion types and
their concentrations on rheological behavior are impor-
tant not only to specify whether the hydrocolloid behaves
as a polyelectrolyte but also to determine functional rhe-
ological attributes. Because of the ionic nature of LPSG,
additions of cations will affect the rheological properties
of LPSG.

Despite the high potential of salts for hydrocolloid
performance, no extensive studies on LPSG have been
reported. Thus, the goals of this study were to study the
rheological properties of LPSG in the presence of differ-
ent concentrations of some common salts in foods (i.e.,
NaCl and CaCl,) in dilute and concentrated regions. In
addition, we investigated the monosaccharide composi-
tion, FTIR functional groups, and antioxidant properties
of LPSG to assess its potential applications in food and
medicine.

Materials and methods

Materials

Lepidium perfoliatum seeds were purchased in Mash-
had, Iran, at a medicinal plant market. Authentication of
the plant was performed at the Research Center for Plant
Sciences of the Ferdowsi University of Mashhad under
the supervision of the institute’s expert plant taxono-
mist. The cleaned seeds were sealed in plastic bags and
stored in a dry, cold place. Mucilage extraction was car-
ried out using the procedure described by Koocheki et al.
[5]. Briefly, L. perfoliatum seeds were soaked in distilled
water at a water/seed ratio of 30:1 at 48 °C and pH of 8,
for 1.5 h while stirring. The husks were extracted from
the seed coats of L. perfoliatum seeds by mechanically
milling the outer layer of seeds in a 27 cm basket centri-
fuge lined with a 1 mm mesh. The seeds were separated,
and the dispersion was milled and sieved through a mesh
18 sifter after being dried overnight at 45 °C in a conven-
tional oven. All chemicals used were of analytical grade.

Monosaccharide composition analysis

According to Wood et al. the monosaccharide compo-
sition of LPSG was estimated using HPAEC-PAD [17].
After hydrolyzing LPSG in H,SO, (1 N, 2 h, 100 °C),
samples were diluted, filtered, and injected onto a Car-
boPac PA1 column (4 mm x 250 mm; Dionex, Sunny-
vale, CA). Detection was conducted with a gold electrode
using a pulsed amperometry detector. The monosaccha-
rides were isolated as the post-column eluent by gradi-
ent elution from 100 mM NaOH to 300 mM NaOH with
600 mM NaOH. Monosaccharide standards included
glucose, galactose, rhamnose, xylose, mannose, and ara-
binose. The instrument was operated and Dionex Al 450

Page 3 of 14

software was used to process the data. Using galacturonic
acid as a standard, the meta-hydroxydiphenyl approach
was used to measure the content of uronic acid [18].

FTIR

FTIR spectrometer Paragon 1000 (Perkin Elmer, Akron,
OH, USA) was used in the measurements. FTIR spectra
were recorded within a range of 4000-400 cm ™ with a

resolution of 4 cm™.

Dilute solution attributes

Intrinsic viscosity measurement

The volume of solvents (de-ionized water) applied to the
stock solution (0.05 g/dL) was varied to produce dilute
LPSG solutions. The viscosity of LPSG solutions in
the presence of NaCl and CaCl, (0, 10, 20, 50, 100, and
200 mM) was determined using a size 75 Ubbelohde cap-
illary viscometer (Cannon Instruments Co., Germany;
K=0.01875 mm?s 2) immersed in a thermostatic water
bath (Fan-Azma-Gostar, Tehran, Iran). All measurements
were taken at least three times, with the average results
recorded. The following formulas were used to compute
the relative viscosity (77,) and specific viscosity (7,):

771—i (1)
T o

n ZL_nO:nl—l 2
sp 10 re ()

where 7 is the dynamic viscosity of LPSG solution and #,
is the de-ionized water’s dynamic viscosity.

The [y] was determined experimentally by measuring
viscosity at quite low concentrations. Using the Huggins
(Eq. 3) and Kraemer (Eq. 4) models, measurements were
taken at various concentrations and extrapolated to infi-
nite dilution [19, 20]:

B2 — [+ kulnC 3)
]' re
2 = [+ ke Inl*C (4)

The Huggins constant, the Kraemer constant, and the
concentration are all denoted by the letters &, kx, and C,
respectively.

The slope of 7, or 7, vs. concentration can also be
used to measure [#]. Equations 5, 6, 7, and 8 have been
established to calculate the [#]:

Tanglertpaibul and Rao [21]:

Nrel = 1+ []C (5)
Higiro et al. [22]:
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Nret = €€ (6)
_ 1

Nrel = 1_ [n]c (7)

Fedors [23]:
1 _ 1 1

i — _

) (m@) _ 1 C [nCuax (8)

where C denotes the polymer concentration (g/dL) and
Cnax denotes a factor showing the Fedors concentration
limit.

Molecular conformation

The b part of Eq. 9 could be used to calculate the biopoly-
mer conformation, which is the slope of a double loga-
rithmic plot of 77, vs. concentration [24]:

Nsp = aC? 9)

Determination of chain stiffness parameter

Using Eq. 10, salt tolerance (S) was calculated by plot-
ting the slope of [#] at various ionic strengths vs. the "%
(inverse square root of ionic strength) [15, 25]:
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1] = (Moo + SI7O° (10)

The [#] at infinity ionic strength is denoted by [#]. Chain
stiffness can be calculated using the S parameter.

Dynamic rheological measurements
Aqueous dispersions of LPSG were prepared at a con-
centration of 1% w/v in de-ionized water. Various con-
centrations of NaCl and CaCl, (0, 10, 20, 50, 100 and
200 mM) were added separately while stirring for 30 min.
At the end, 10 mL of dispersions were shaken for 24 h at
ambient temperature before being stored at 4 °C over-
night for use in oscillation experiments. Small amplitude
oscillatory shear was assessed using a Physica MCR301
controlled stress/strain rheometer (Anton Paar GmbH,
Graz, Austria). For the measurements, a parallel plate
device (¢: 50 mm, gap: 1.000 mm) was used. Excess mate-
rial was rubbed off with a spatula after each sample was
transferred to the rheometer plate at room temperature.
The samples were allowed to rest for 1 min at their initial
temperatures before measurements. The data were evalu-
ated using Rheoplus/32, version V3.40 (Anton Paar, MCR
301 Physica, VA, USA). At least one duplicate of each
measurement was made.

The LVR must be defined before detailed dynamic
measurements can be taken to analyze the sample’s
microstructure. The LVR for LPSG samples was cal-

culated by taking amplitude sweep measurements
200
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1 5 - xylose
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50— 3 -Galactose
B B L WS . 6 - Mannose
m
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Fig. 1 High-performance anion-exchange chromatograph of LPSG
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(0.01-100%) at a constant frequency (1 Hz) and tempera-
ture (25 °C).

To assess the viscoelastic nature of LPSG in the pres-
ence of salts, frequency sweep tests at a constant strain
in the LVR were performed. A strain of 0.5% was used in
this test to disturb network formation as little as possible.
The mechanical spectra were described by the storage
(G’) and loss (G”) modulus values as a function of fre-
quency in the 0.1-100 Hz range. The G’ is a measure of
the sample’s elastic component, and the G” is a measure
of the sample’s viscous component.

Antioxidant activities

DPPH radical scavenging activity (DPPH-RSA)

A modified procedure described by Ma et al. was used
to evaluate the radical scavenging activity of DPPH
[26]. In brief, 2 mL of LPSG dispersions (0.5-5 mg/
mL) were mixed with 2 mL of freshly prepared DPPH
in ethanol (0.15 mol/L). The mixture was thoroughly
shaken before being set aside for 30 min at room tem-
perature in the dark. The absorbance was determined
at 517 nm. The following formula was used to estimate
the DPPH radical scavenging activity:

DPPH radical scavenging activity (%)
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Ferric ion reducing antioxidant power (FRAP)

The FRAP assay was determined using the method
defined by Ma et al. [26]. In brief, 1.0 mL of LPSG
dispersion (0.5-5 mg/mL) was mixed with 1.0 mL of
phosphate buffer solution (0.2 M; pH =6.6) and 1.0 mL
of 1% (w/v) potassium ferricyanide solution and incu-
bated at 50 °C for 20 min.

Statistical analysis

For all statistical analyses, SPSS, version 16.0 (SPSS
Inc., Chicago, IL, USA). was used. One-way ANOVA
and Duncan’s multiple range test were performed to
acknowledge any significant difference among rheo-
logical parameters. Differences in means were found
statistically meaningful at the 95% (p<0.05) confi-
dence standard.

Results and discussion

Sugar compositions

Polysaccharide extracted from LPSG was mainly made
up of rhamnose (3.4040.21), galactose (12.77£0.01),
arabinose (31.99 £ 0.48), glucose (7.1540.33), and xylose
(44.66 £0.37), which differed from most other mucilage
of seeds and indicates that it is most likely an arabinox-

= [1 — (AX — AXO/AX)] x 100 1 ylan-type polysaccharide (Fig. 1). LPSG includes trace
quantities of cellulose because Lepidium perfoliatum
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Fig. 2 FTIR spectra of LPSG
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Table 1 Intrinsic viscosity values determined by six models for LPSG solutions at various concentrations of NaCl and CaCl,

Cosolute Salt Huggins (Eq. 3) Kraemer (Eq. 4) Tang. and Rao Higiro 1 (Eq. 6) Higiro 2 (Eq. 7) Fedors (Eq. 8)
Conc. (Eq. 5)
m) (n] R [n] R ] R [n] R In] R In] R?
Water 0 5444+013 096 685+008 077 1573+£019 097 929+013° 099 7394015 093 727+£018 099
10 4914007 091 5794011 073 13164017 097 7.89+007° 099 7104017 096 691+0.16 0.89
20 4694009 089 552+0.10 074 12914013 097 765+0.11° 099 697+011 090 6724010 082
Nacl 50 4194010 083 4394009 069 12304014 098 7554008 098 684+£008 089 641+£014 092
100 349+0.11 078 388+007 078 11.88+0.10 096 7.29+0.11¢ 098 6.76£0.10 091 6.08+011 0.88
200 - - - - - - - - - - - -
10 4854011 087 501+£0.16 079 13654010 096 745+0.12 099 7144014 094 673£016 090
20 4604009 071 447+0.10 083 1323+009 098 7.29+0.10¢ 099 6.76£0.13 09 659+0.10 0.89
Cadl, 50 416+014 087 423+013 091 1298+003 098 693+£006° 099 661+£010 089 6244+009 093
100 - - - - - - - - - - - -
200 - - - - - - - - - - - -

Means labeled with the same letter are not significantly different (P < 0.05)

seeds are scraped and LPSG extracted from the seed
wall. As a result, the cellulose cell wall, starch, and stor-
age carbohydrate of the seed may provide part of the
glucose found in gum. Plant cell walls are mostly made
up of arabinoxylans [27, 28] and are very important for
human nutrition as readily fermentable substrates for gut
microbiota [29]. LPSG has a similar composition to flax-
seed mucilage, which is made up of a mixture of neutral
arabinoxylans and highly acidic rhamnose-containing
polymers [30] and to that of Plantago ovata seed muci-
lage, which is also an arabinoxylan polysaccharide [31].
Aspinall stated that the cress seed mucilage also contains
a xylopyranoarabinofuranan in addition to cellulose [32].

LPSG has 6.65% uronic acids in its structure, indicat-
ing its polyelectrolyte nature with a relatively low value
of acidic polysaccharides. This value was higher than
Alyssum homolocarpum seed gum [4] and was lower
than those reported for seed gums such as sage seed gum
(SSG) (28.2-32.2%), flaxseed gum (21.0-25.1%), psyllium
gum (15.9%), Krasch seed gum (15.8%), and cress seed
gum (15%) [33-37].

FTIR

The FTIR technique was used to investigate the chemi-
cal structure of LPSG (Fig. 2). The stretching modes of
C-H bonds of methyl groups (-CH,) were aligned with
the 2800-3000 cm™! wavenumber range, and the broad-
band at 3383 cm™! was derived from the presence of OH
groups (hydroxyl stretching vibration of the polysaccha-
ride). The free hydroxyl groups stretching bonds that
actually occur in samples in the vapor phase as well as
the bound O-H bands of carboxylic acid are two aspects
that are indicated by the O—H stretching vibrations [37].
The C—H stretching vibration band was responsible for

the peak at 2913.16 cm™! [38]; these include the stretch-
ing and bending vibrations of CH, CH, and CH,, both
symmetric and asymmetric, as well as occasional dou-
bles overlapping with O—-H [37]. The asymmetrical single
bond —COO stretching vibration is responsible for the
peak at 1620 cm™!, whereas the symmetrical single bond
—COO stretching vibration is responsible for the band
at 1417 cm™!. These —~COO anti-symmetric and sym-
metric stretching bands of carboxylate may be related
to uronic acids [4, 37]. As a result, the LPS G’ s FT-IR
spectra revealed the existence of carboxyl groups, which
could act as ion-binding sites. These bands have a signifi-
cant impact on the capacity to gel properly by interacting
with water. Similar spectra were also observed for some
food hydrocolloids such as guar gum and basil seed gum,
which can bind with ions and form a gel due to the pres-
ence of these functional groups [40, 41].

Dilute solution properties

Since the biopolymer chains separate in dilute solutions,
the [#] is proportional to the size and conformation of
the macromolecular chains in a given solvent [42, 43].
Therefore, [#] determination gives detailed insights into
the molecular characteristics of a biopolymer [44]. The
[#] of LPSG solutions at different NaCl and CaCl, con-
centrations were calculated using six models (Table 1).
The Higiro 1 equation, which calculates the [#] via meas-
uring the slope of natural logarithm of 7,,; vs. concentra-
tion plot, had a higher coefficient of determination than
other equations which calculate the [#] through measur-
ing the intercept of plots. A similar result was observed
by Sherahi for Descurainia sophia seed gum in the pres-
ence of NaCl and CaCl, [45].
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Table 2 Some molecular parameters of LPSG solutions in the presence of NaCl and CaCl,

Solvent Water Nacl CaCl,

10 20 50 100 200 10 20 50 100 200
b value 0.96 1.10 1.19 1.28 1.31 - 1.14 1.21 1.33 - -
Berry number 027-110  031-094  0.22-091 041-0.89  028-080 - 0.33-099 040-1.04 041-099 - -
Master curve slope  0.68 0.70 0.73 0.86 092 - 0.96 1.07 1.09 - -

The [#] of LPSG was observed to be 9.29 dL/g in de-
ionized water (25 °C). This value was lower than those
reported for Plantago major seed mucilage (14.24 dL/g)
(2], Alyssum homolocarpum seed gum (18.33 dL/g)
[4], Balangu seed gum (BSG) (72.3 dL/g) [46], SSG
(24.32 dL/g) [47], and Tragacanthin (19.60 dL/g) [48].
However, the [5] of LPSG was greater than the values of
basil seed gum (8.38 dL/g) [49], and Mucuna flagellipes
seed gum (7.90 dL/g) [50]. Considering that the [#] is
related to the molecular properties including molecular
shape, molecular weight, chain conformation, and volu-
minosity of polysaccharide molecules [51], the difference
in hydrocolloid structure and the rheological behavior
is entirely different from one hydrocolloid solution to
another [4].

The intrinsic viscosities appeared to have a decreas-
ing trend as the ionic strength increased (Table 1). In
the case of sodium ions, an increase in the ionic strength
from 0 to 100 mM caused an abrupt drop in the [#] of
LPSG from 9.2940.18 to 7.29 £ 0.27 dL/g. Increasing the
ionic strength of LPSG solutions containing calcium ions

to 50 mM, decreased the [#] of LPSG to 6.93+0.38 dL/g
(Table 1). These findings show that divalent salts had
more ability to reduce the [#] of LPSG solution than
monovalent salts [6, 15]. However, increasing the ionic
strength to 100 mM for Ca*>* and 200 mM for Na™ caused
the LPSG solution to precipitate completely. This decline
may be attributed to the shielding effect of charges on the
macromolecular chains [52]. Probably, this effect would
become predominant by increasing the ionic strength of
the solution; therefore, the aggregation between molecu-
lar species and a diminution in [7] would be observed.
When the concentration of the monovalent and diva-
lent cations was increased, similar findings were obtained
for SSG [53], BSG [46], Descurainia sophia seed gum
[45], Prunus armeniaca gum [13], k-carrageenan [54],
and locust bean [42]. The impact of calcium ions on [#]
was more considerable than that induced by sodium ions,
meaning that monovalent salt was less efficient in reduc-
ing molecular dimensions than divalent salt. This is pre-
sumably because of the molecular cross-linking between
LPSG and Ca*" and the occurrence of some aggregation,

8
v=008x+7.11
R*=093
7.6 A
o y=0.09x+6.55
= 2.1 R?=0.94
6.8 A
W MNa+
®CaZ+
6.4 I I I I
2.5 4.5 65 8.5 105
Fig. 3 Dependence of [n] on I7%° for LPSG solutions. Values represent the means of measurements in three replicates
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which resulted in a higher amount of molecular contrac-
tion [55].

Molecular conformation

The most predominant polysaccharide conformation in
the dilute domain is the random coil structure in which
the molecules oscillate sequentially via Brownian motion
[56]. The single polysaccharide coils move freely in a
dilute solution, because they are far enough apart and
have little effect on each other [57]. A double logarith-
mic plot of specific viscosity vs. concentration is used to
evaluate the coil overlap factor and the dilute Newtonian
domain [58].

The slopes of the master curves in the dilute domain
and concentrated regime are usually about 1.4 and 3.3,
respectively [58]. The power equation slope (b), berry
number (C/7]), and master curve’s slope of LPSG solu-
tions at tested conditions were shown (Table 2). The
slopes of master curves were in the range of 0.68-0.92,
and 0.68—1.09 when NaCl and CaCl, were added to LPSG
solutions, respectively. Hence, it can be observed that all
LPSG solutions were in the dilute region without molec-
ular entanglements and coil overlapping at all cosolute
concentrations. Furthermore, the Berry number was
within the range of 0.22-1.10 at all tested conditions, dis-
playing once again that no molecular entanglements and
coil overlaps occurred (Table 2). When the Berry number
exceeds unity, the molecular entanglement and coil-over-
lapping start to occur in the concentrated domain [4].

Some researchers have stated that in the dilute domain,
the slope of the power-law model (b value) greater than
unity is associated with an entanglement [58] or random
coil conformation [56], while the lower ones are associ-
ated with rod-like conformation [4]. The b values of LPSG
solutions changed from 1.10 to 1.31 and from 1.14 to 1.33
in the presence of NaCl and CaCl,, respectively (Table 2).

Table 3 Strain sweep parameters of LPSG solutions in the
presence of NaCl and CaCl, (strain %: 0.5; frequency: 1 Hz; 25 °C)

Cosolute  Salt G'r(Pa)  G"g(Pa) y (%) Tanédyg
Conc.
(mM)
NaCl 20 229406°  643£05% 146 0.28
50 201402°  5974+02° 460 0.29
100 2064+04°  610£01° 461 0.28
200 2764065 715403 145 0.25
CaCl, 20 4614049 101£01° 099 0.22
50 239403 60402 099 0.25
100 2364+02°  59402° 146 0.25
200 214402° 56402 213 0.26

Means labeled with the same letter are not significantly different (P <0.05)
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It represented that the molecular conformation of LPSG
is probably a random coil in the presence of these cations
[37, 59]. This may be due to the shielding effect of charges
on polyelectrolyte chains [45]. Moreover, the b value
increased when ions concentration increased, which
expressed that they were able to promote the random coil
conformation in LPSG solutions. Hence, the molecular
conformation of LPSG was still a random coil in the pres-
ence of these cation salts. Similar results were obtained
for cress seed gum [59], BSG [46] and Descurainia sophia
seed gum [45]. In comparison to these findings, Lai and
Chiang indicated that the b value for hsian-tsao leaf gum
varied from 0.78 to 0.8 in the dilute regime, concluding
that the molecular conformation was more rod-like than
random coil [60].

Estimation of the chain stiffness parameters

Based on Eq. 10, a plot of [5] vs. I'*°> was outlined to
determine the stiffness parameter (S) and [y] for LPSG
solutions at infinite ionic strength ([7],,) of Ca®>* and Na™
ions (Fig. 3). It is clear that there was a linear trend for
both ions studied (R?>0.93), consistent with the relation-
ship described by Smidsred and Haug [25]. In this regard,
[#]~ was found to be 7.11 dL/g and 6.55 dL/g for LPSG
solutions in the presence of sodium and calcium ions,
respectively.

The chain stiffness values for LPSG in NaCl and CaCl,
solutions were 0.08 and 0.09, respectively. The value of
chain stiffness factor for LPSG in the presence of Na*t
was lower than that reported for tragacanthin (0.6) [48],
BSG (0.346) [46], and SSG (0.381) [53]. In addition, in
the CaCl, solution, this parameter was lower than that
for BSG (0.507) [46] and SSG (0.821) [53], which shows
that LPSG had a rather flexible conformation. The higher
values of the stiffness parameter for divalent ions indicate
that more interactions in LPSG chains were made.

Dynamic rheological measurements

Strain sweep measurements

The experimental results regarding the effect of ionic
strength on the limiting values of storage and loss mod-
uli, strain (y;), and tan & of LPSG solutions are sum-
marized in Table 3. The strain at which storage modulus
decreased sharply is defined as the critical strain. The
critical strain is reflected to the maximum deformability
that the hydrocolloid could sustain without structural
collapse [61]. In addition, most solid foods have LVR in
the range of 0.1-2% [62].

The G’ of LPSG solution remained constant at the
strain of about 1% at low CaCl, concentrations. With
increasing divalent cation concentration, the y; increased
to more than 2% (Table 3). This shows that increasing
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the CaCl, concentration increased the resistance to elas-
tic deformation (yield strain) in the LPSG solution. This
may be due to the interchain interactions and therefore
an increase in the stiffness of mucilage solutions in the
concentrated domain in the presence of divalent ions [6].

The y, was at its highest level in the presence of
100 mM NaCl. However, at higher concentrations
of monovalent salt (200 mM), the y; decreased. This

decrease might be attributed to the progressive suppres-
sion of intermolecular charge-charge repulsion and con-
sequent contraction of the polysaccharide molecules [14].
A similar reduction was reported by Sherahi et al. for
Descurainia sophia seed gum [45]. It has been reported
that the affinity of LPSG for cations is proportional to the
charge/ion radius ratios and small ions with high charge
have a stronger affinity for chain binding sites [6, 63, 64].
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Table 4 The viscoelastic parameters of LPSG solutions in the
presence of different concentrations of NaCl and CaCl, as
quantified by frequency sweep tests (frequency: 1 Hz; strain %:

0.5;25°C)

Cosolute Salt Conc. G’ (Pa) G” (Pa) Tan é
(mM)
NaCl 20 2154+10° 57408 0.26
50 224409 64+09% 0.28
100 283+06° 7.7+0.7° 0.27
200 39.0414° 109+0.1° 0.28
Cadl, 20 37.7418° 7.7+05° 0.21
50 4274114 10.6+£0.2° 0.25
100 602419¢ 10.7 £0.6° 0.18
200 588422° 1434099 0.24

Means labeled with the same letter are not significantly different (P <0.05)

An increase in the divalent salt concentration reduced
viscoelastic modulus, as expected for such polyelectro-
lytes. According to Medina-Torres et al., since the hydro-
colloid is a negatively charged polyelectrolyte molecule,
the addition of positive ions decreases the repulsion
forces and causes the molecules to expand, resulting in
a decrease in the viscoelastic modulus [65]. The G’ and
G” reductions were more dependent on the Ca’" ion
rather than Na' concentration. These results suggest
that LPSG is a negatively charged polyelectrolyte mol-
ecule. The values of storage and loss modulus decreased
with the addition of divalent salt, indicating that the
structural strength (G’;yg) of the system was reduced.
Turkoz et al. [66] and Rezagholi et al. [67] found a similar
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phenomenon for quince seed mucilage and xanthan gum,
respectively.

The tan § is a beneficial parameter for determining a
sample’s viscoelasticity at a given frequency [68]. Tan &
values lower than 1 mean that the sample is predomi-
nantly elastic [3]. As shown in Table 3, the tan § values
for LPSG in the presence of mono and divalent salts were
smaller than unity (0.22-0.29), indicating that the solu-
tions were more elastic than viscous. Tan § in the numer-
ical range of 0.2-0.3 is reported for amorphous polymers

[3].

Frequency sweep measurements

As LPSG behaves as a polyelectrolyte, the rheological
properties are affected by the addition of salts. The value
of the storage modulus was always higher than the loss
modulus and no crossover point occurred, representing
typical weak gel-like behavior (Fig. 4). Therefore, LPSG
solutions behaved more like an elastic material, meaning
that the deformation will mostly be elastic and recover-
able. As shown in Table 4, the tan § values of the sam-
ples in the presence of different concentrations of cations
were lower than 1, indicating that the solutions were
more elastic than viscous.

As shown in Fig. 4, the rheological characteristics of
LPSG were influenced by the addition of mono- and diva-
lent salts due to ionic nature of the biopolymer [6]. These
parameters changed more severely with the addition of
calcium ions rather than sodium ions. The less frequency
dependency and greater increase in the elastic modulus
with the addition of CaCl, demonstrate the occurrence of

70 1
60 —B8— DPPH-RSA (%)
—O— Reducing Power (OD700) 0.8 §
~ 50 2
S S
< 40 06 5
Zz s
o £
E 30 0.4 e
A o=
/2 20 =
02 3
10 a
0 0
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5
Concentration (mg/ml)
Fig. 5 Evaluation of the antioxidant activity of LPSG: A DPPH-RSA; B Reducing power. Values represent the means of measurements in three
replicates. Vertical bars represent standard errors
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a change in the network structure of LPSG from concen-
trated solutions to elastic gels [60, 61].

The G’ and G” of LPSG in the presence of CaCl,
slightly increased with the addition of salts to 200 mM.
The presence of ions may promote interactions between
chains and thus an increase in the viscosity [64]. It
seems that Ca’>" could modify the network structure of
LPSG through cross-linking with carboxyl groups. Simi-
lar observations have been reported by Lin et al. [12]
for mulberry leaf hydrocolloids. Rodriguez-Hernandez
et al. stated that the stronger carboxylate—cation?"—car-
boxylate interactions evolve a higher capacity of adjacent
helices cross-linking when divalent ions are involved [14].
Similar results to these promoted interchain interactions
and increased junction zones were reported for E. contor-
tisiliquum gum [64].

G’, G”, and Tan § at the frequency of 1 Hz for sam-
ples containing mono and divalent salts are tabulated
in Table 4. The G’ and G” steadily increased with the
addition of mono and divalent salts. It is believed that
Na't jons may create indirect cross-linking with the
assistance of water [12]. By shielding the electrostatic
repulsion of the carboxylate groups, polyanion-ion™-
water-ionT-polyanion linkages between the adjacent
chains of other linkages could be evolved [64, 69]. As
mentioned before, the G’ of LPSG increased with the
addition of 20-200 mM CaCl,. In justifying this phe-
nomenon, the researchers stated that the formation of
stronger carboxylate—cation—carboxylate interactions
render a higher capacity of adjacent helices cross-link-
ing when divalent cations are involved [14]. As a result,
an increase in the storage modulus may be observed in
the presence of salts. Comparing the effect of NaCl and
CaCl, on G’ of LPSG solutions showed that calcium
ions had greater effects than sodium ions.

Antioxidant activity analysis
The DPPH-RSA is focused on the transfer of hydrogen
atoms. This assay has been frequently used to evaluate
the antioxidant activities of food materials, among oth-
ers [70]. A lower absorbance indicates a greater ability
to scavenge DPPH-free radicals [71]. The DPPH-RSA of
LPSG at concentrations ranging from 0.5 to 5.0 mg/mL
is shown in Fig. 5. The DPPH-RSA of LPSG increased
steadily, with the maximum DPPH-RSA at 5.0 mg/mL
being roughly 57.24%. The LPSG concentration that scav-
enges 50% of free radicals (IC50) was determined to be
4300 pg/mL. The DPPH-RSA of LPSG was higher than
Flixweed seeds mucilage [72] and Hsian-tsao Leaf gum
[73], gum mastic [74], and Plantago major seed mucilage
[2].

The Fe?™ concentration in samples is used in the FRAP-
assay to determine the existence of antioxidants and the
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potential reductive ability [75]. It was discovered that
LPSG can convert Fe** to Fe*™ (Fig. 5). The reducing abil-
ity of LPSG rose in direct proportion to the concentra-
tion of the sample. The FRAP values of LPSG increased
steadily from 0.06 to 0.51 mM/I by elevating the concen-
tration from 0.5-5 mg/mL. The obtained findings were
lower than those reported for fenugreek seed gum (0.25—
0.60 mM/1) [76] and polysaccharides derived from Hawk
tea (0.20-1.52 mM/1) [77], but similar to those reported
for Chuanxiong rhizome (0.01-0.70 mM/1) [78] and Plan-
tago major seed gum (0.12 to 0.37 mM/I) [79]. According
to the findings, LPSG was found to be an effective radical
scavenger.

Conclusion

The effects of NaCl and CaCl, salts on the dilute solu-
tion and dynamic rheological properties of LPSG solu-
tions were studied in this research to shed light on their
behavior in real systems. The results showed that LPSG is
an arabinoxylan-type polysaccharide. In addition, 44.66%
xylose, 31.99% arabinose, 12.77% galactose, 7.15% glu-
cose, and 3.40% rhamnose were found in HPAEC. Rheo-
logical measurements of LPSG in the dilute region in the
presence of NaCl and CaCl, revealed that increasing the
ion strength led to a decrease in the [#]. In other words,
the intrinsic viscosities tend to decrease as ionic strength
increases. The Higiro 1 equation was found to be the
most accurate model for predicting the [#] of LPSG
solutions at different ion types and ionic strengths. The
observed b values for LPSG solutions under the evalu-
ated conditions were in the 0.96-1.33 range, indicating
that the molecular conformation of LPSG is a most likely
random coil. Overall, it is possible to infer that adding
salt, regardless of the type of salt, significantly reduced
the solvent quality. At all ion concentrations, SAOS tests
of LPSG solutions revealed a weak gel-like behavior. The
tan § values showed that LPSG can form weak elastic gels
throughout the specified frequency range in the pres-
ence of both salts. The G’ and G” of LPSG solutions in
the presence of NaCl and CaCl, steadily increased with
the inclusion of salts. Calcium ions had greater effects on
the rheological parameters than sodium ions. According
to the findings of this study, the type and concentration
of salts affected the rheological properties of LPSG dis-
persions. Hence, trying to adjust the salt concentration
could modify the rheological properties of food products.
This is a significant challenge, particularly in the produc-
tion of food compositions with suitable sensory, func-
tional, and rheological features. Because food contains a
variety of additives, further research should look into the
rheological properties of LPSG at different pHs, as well
as the presence of other salts and sugars often employed
in the food industry. LPSG has the potential to be used in
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biomedical, pharmaceutical, food industries, tissue engi-
neering, and cosmetic applications due to its biocompat-
ibility, rheological properties, and antioxidant activities.
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