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ARTICLE INFO ABSTRACT
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Segregative phase separation of natural polymers has drawn significant research interest because of its diverse
applications in the food industry. However, there is limited research on how molecular weight (Mw) influences
segregative phase separation. This study aims to investigate the impact of Mw on segregative phase separation-

FraCtionaﬁ_on induced molecular fractionation in mixed gum Arabic/Xanthan (GA/XG) solutions. The analysis focused on a
Gum Arabic . . . . . L
Xanthan single type of gum Arabic (referred to as EM10), with the molecular weights of both solid and liquid xanthan gum

(XG) samples being altered through 60Coy irradiation. These modified samples were evaluated using gel
permeation chromatography combined with multi-angle laser light scattering (GPC-MALLS). The results
demonstrated that the fractionation process of GA increased the content of the arabinogalactan-protein complex
(AGP), increasing from an initial 29 % to a final 40 % within the GA/XG system (fixed with a mixture of 8 %
EM10/0.8 % XG). When analyzing phase separation-induced molecular fractionation as a function of Mw, an
increase in Mw (3.6 x 10°-1.9 x 10°) was associated with a corresponding rise in the degree of phase separation-
induced fractionation. This was attributed to the irradiation-mediated breakage of XG chains. This study deeply
analyzed the effect of Mw on the phase separation behavior and molecular fractionation mechanism of the GA/
XG system. The results showed that when the Mw of XG was 3.6 x 10° (XG4) as a minimum, the AGP content was
29 % when mixed with GA, and when the Mw of XG was 1.9 x 10° (Control XG) as a maximum, the AGP content
was 40 % when mixed with GA. The increase of Mw optimised the emulsion stabilisation property of GA
significantly, which provided great practical value for its industrial applications.

1. Introduction

Phase separation is a common characteristic of aqueous biopolymer
preparations. When a pair of biopolymers separates in a specific liquid
phase, it can be classified as either segregative or associative phase
separation [1,2]. The associative phase of the separation process in-
volves the use of two suitable solvents, enabling the enrichment of the
target biopolymers in one of the resulting phases, while the other phase
predominantly contains the corresponding solvent [3,4]. This strategy is
commonly used when preparing biopolymer mixtures with opposite
charges. However, segregative phase separation is a phenomenon typi-
cally observed between mutually incompatible macromolecules, leading
to the enrichment of specific molecules in each of the liquid phases [5].

* Corresponding authors.

Due to the opposing mechanisms involved in associative and segregative
phase separations, most studies on mixed systems have focused exclu-
sively on one of these forms under specific experimental conditions. As a
result, it is often incorrectly assumed that these two types of phase
separation cannot co-exist. However, Haug et al. demonstrated various
phase separations in k-carrageenan and fish gelatin systems by lowering
the temperature. They observed the presence of emulsion-like composite
condensed structures within the bicontinuous phase at low temperatures
and low ionic strengths, providing evidence for the co-existence of
associative and segregative phase separations [6]. Phase separation has
been widely applied in industrial processes, including protein separation
and purification [7], microencapsulation [8], improving emulsion sta-
bility [9], developing microstructures for food products, and various
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biomedical applications [10].

Gum Arabic (GA) is a natural gum derived from the hardened sap of
acacia trees, composed of a complex mixture of glycoproteins and
polysaccharides. It is commonly used in the food industry as a stabilizing
agent [11]. GA is composed of three main fractions: the arabinogalactan-
protein complex (AGP), arabinogalactan (AG), and glycoprotein (GP).
The AGP fraction, which contains approximately 10 % protein, can have
a molecular weight reaching several million Daltons and is known to
play a significant role in emulsification [12].

The anionic polyelectrolyte xanthan gum (XG) has a high molar mass
and is composed of a mixture of sodium, potassium, and calcium salts.
Structurally, its backbone is formed by $-(1 — 4)-p-glucopyranosyl units,
with a trisaccharide side chain attached to the C-3 position of every
other unit. This side chain consists of one D-glucuronosyl unit between
two D-mannosyl units, giving XG a pentameric structure. Functionally,
XG is a biopolymer produced as a byproduct of microbial fermentation
of starch-rich raw materials and is widely used in industrial applications
as a suspension agent or thickener [13,14].

Natural polymers, including pectins and other marine-derived
polysaccharides (such as chitin/chitosan, alginates, and carrageenans),
predominantly undergo chain scission when exposed to irradiation,
leading to significant decreases in their molecular weight [15]. This
process is often accompanied by the formation of oxidation products and
a reduction in crystallinity. The degradation of these polysaccharides
enhances their suitability for various applications, including the pro-
duction of healthcare products, cosmetic ingredients, plant growth
promoters, and viscosity modifiers in the food and textile industries
[16]. Although both enzymatic degradation and chemical modification
can reduce the molecular weight of macromolecules, the rate and extent
of reduction are difficult to control; therefore, irradiation was selected
for XG degradation [17]. In degrading polymers, rapid recombination at
the ends of broken chain is sterically hindered. Hence, because of
disproportionation, polymer radicals are stabilized with the formation
of two stable end groups resulting in reduced chain length, lower mo-
lecular weight polymers. While macromolecular structure plays a major
role in determining the irradiation induced reactions, large differences
in the extent of chain scission can also result from variations in pro-
cessing conditions or post-irradiation conditions (temperature, dose
rate, the presence of oxygen/water, etc.) [18,19]. GA and XG are simi-
larly charged natural macromolecules commonly used in the food in-
dustry. Since both can undergo segregative phase separation after
mixing, they were selected for investigation in this study.

While many studies have documented the effects of pH, temperature,
and ionic strength on phase separation, there has been limited research
on the impact of molecular weight (Mw) in this context [12,20]. In their
study on the influence of polymer Mw on the phase separation of
polyvinyl chloride (PVC) films, Khoryani et al. observed that lower
molecular weight PVC polymers delayed delamination, while higher
molecular weights favored delamination [21]. However, there is a lack
of research on the influence of molecular weight on segregative phase
separation in the field of food colloids. The relative Mw values are
closely associated with the morphological, kinetic, and thermodynamic
properties of polymer blends [22]. In this study, XG samples with
different Mw were mixed with GA to obtain GA samples with varying
AGP contents. This approach developed a reliable strategy for increasing
the GA-derived AGP content, providing favorable influencing factors
and valuable references for the potential application of segregative
phase separation in the food industry.

2. Experimental section
2.1. Materials
EM10 analytical reagent powder (AR, 99 %, LOT 101008) was ob-

tained from San Ei Gen F.F-I, Inc. (Japan). EM10 is an enhanced form of
GA produced through the polymerization of AG and GP components
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Table 1
XG samples prepared for irradiation.
Sample Weight (g) State Solvent Irradiation Irradiation
no. weight dose (kGy) time (h)
(€3]
XG1 25.00 + 0.06 Solid NA 25.00 2.50
XG2 50.00 + 0.03 5% 47.50 + 25.00 2.50
aqueous 0.07
XG3 50.00 + 0.05 4% 48.00 + 25.00 2.50
aqueous 0.03
XG4 50.00 + 0.08 3% 48.50 + 25.00 2.50

aqueous 0.05

Note: NA, not available.

under specific temperature and humidity conditions, resulting in a high
proportion of the AGP fraction [23]. Its average Mw was 4.07 x 10° g/
mol and with a polydispersity index (Mw/Mj) of 8.0. Mw measurements
were conducted using a GPC-MALLS system, as previously reported
[24]. XG yellow powder (AR, 99.5 %, LOT 1394) was purchased from
Jungbunzlauer (Austria). The Mw of XG was 1.94 x 10° g/mol and with
Mw/M;, of 2.3, as determined by gel electrophoresis, following the
method described in a prior report [25]. Analytical-grade materials from
Fisher Scientific and Sigma-Aldrich (UK) were used in all other
instances.

2.2. Irradiation-mediated XG degradation

XG was irradiated under an air pressure of 101.325 kPa in the solid
state or various aqueous solutions. For solid-state irradiation, powdered
samples were sealed in air-filled plastic tubes and irradiated using a
6OCoy source (50-k curies, 10 kGy/h, Isotron, Swindon, UK) to a dose of
25 kGy and an irradiation time of 2 h 30 min. For aqueous state irra-
diation, XG samples were configured with distilled water at a concen-
tration of 3-5 %, air saturated, and irradiated at 25 kGy for 2 h 30 min
[26]. Three replicate measurements were conducted for both solid and
liquid irradiations. Further details regarding these samples are provided
in Table 1.

2.3. Preparation of stock solutions

EM10 (40 wt%) and control XG (1 wt%) stock solutions were pre-
pared using distilled water containing 0.005 wt% NaN3 (as a preserva-
tive) to dissolve the corresponding powdered compounds. Similarly, the
irradiated XG1 sample was prepared as XG1 (1 wt%) solution and the
irradiated XG2, XG3, XG4 were diluted using distilled water containing
0.005 wt% NaN3 to form the final XG2, XG3, XG4 (1 wt%) solutions. The
solutions were stirred on a roller (LICHEN, China) for 24 h at 25 + 1 °C
to ensure full hydration, followed by storage at 4 °C. Solution concen-
trations are recorded as weight percentages unless otherwise stated.

2.4. Preparation of EM10/XG mixed aqueous solution

The effect of Mw on phase separation was investigated by preparing
10 g of an 8 % EM10/0.8 % XG aqueous solution (selected as the
appropriate concentration for the separation region in the EM10/XG
phase diagram) in centrifuge tubes. The solution was made using EM10
and XG stock solutions with different Mw values, and 0.03 g of 0.05 %
direct red dye 23 was added to each tube.

2.5. Gel permeation chromatography-multiangle laser light scattering
(GPC-MALLS)

The molecular characteristics of GA and the composition of the lower
and upper phases after bulk phase separation at 25 °C were analyzed
using a GPC-MALLS system [27]. This analysis was performed with a
Superose6 10/300GL column (GE Healthcare, USA), an Agilent 1100
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Table 2

The molecular parameters of control and irradiated XG samples.
Sample Processing Radiation dose (kGy) Concentration (%) Mw (10° g/mol) Polydispersity (Mw/M,) R (nm)
Control XG No irradiation 0.00 NA 19.41 + 0.40° 1.37 £ 0.15" 119.37 + 7.05%
XG1 SSI 25.00 NA 14.63 + 0.26° 2.83 + 0.25% 111.00 + 5.97%
XG2 ASI 25.00 5.00 8.51 + 0.35° 1.20 + 0.20° 88.10 + 7.10°
XG3 ASI 25.00 4.00 5.55 =+ 0.30¢ 1.30 + 0.20" 69.53 + 5.32¢
XG4 ASI 25.00 3.00 3.62 + 0.30¢ 1.23 + 0.15" 56.53 + 4.47¢

Note: Data represent the means + standard deviation of triplicates for each measurement. Mw, weight average molecular weight; Mn, number average molecular
weight; Rg, radius of gyration; NA, not available; SSI, solid-state irradiation; ASI, aqueous-state irradiation. Different lowercase letters in the same column indicate

significant differences between means (P < 0.05).

series UV detector (Agilent Technologies, UK) set to 214 nm, a DAWN
EOS multiangle light scattering detector (Wyatt Technology Corpora-
tion, USA) operating at 690 nm, and an Optilab refractometer (Wyatt
Technology Corporation, UK). The eluent for these analyses was a 0.2
pm-filtered aqueous NaCl (0.2 mol/L) solution containing 0.005 %
NaN3. A KNAUER HPLC pump K-501 (Kinesis, UK) was used to maintain
a flow rate of 0.4 mL/min. A 1 mL sample, with a concentration of 2 mg/
mL, was injected into the GPC-MALLS system after dilution and filtration
through a 0.45 pm Nylon filter. The measurements were performed in
triplicate. Data collection and analysis were conducted using Astra
4.90.08 software (Wyatt Technology Corporation, USA).

2.6. Rheological analyses

A rheometer (AR 500, TA Instruments, UK) equipped with a parallel
plate system (4 cm diameter) was used to assess rheological parameters,
with a gap of 2000 pm. Samples were placed on the rheometer plate at
the desired temperature, and any excess material was removed using a
plastic spatula. Measurements were conducted at 25 °C using approxi-
mately 3 g of sample. Steady shear stress and shear rate data were
collected over a shear rate range of 0.01-100 s T at 25°C [28,29].

2.7. Statistical analysis

Each experiment was performed in triplicate. Data were analyzed
using one-way analysis of variance (ANOVA), and results are presented
as the mean + standard deviation (SD). Statistical analysis was carried
out using SPSS software (IBM Corp., Armonk, NY, USA), and results
were considered statistically significant at P < 0.05.

3. Results and discussion
3.1. XG molecular parameter analyses

The molecular characteristics of XG were analyzed using the GPC-
MALLS system, as described above, to assess changes in Mw due to
®0Co, irradiation and as a function of XG solution concentration. Mw
values and other measurements for both control and irradiated XG
samples are presented in Table 2.

The Mw values for samples XG1-XG4 ranged from 1.46 x 10° Da to
0.36 x 10° Da, while non-irradiated control XG had a Mw of 1.94 x 10°
Da. Several studies have examined the effects of y-irradiation on the
viscosity and other properties of polysaccharides. For example, Kusama
et al. investigated the molar masses and molar mass distributions of
irradiated cellulose fibers using calibrated gel permeation chromatog-
raphy. Jumel et al. employed a GPC-MALLS method to investigate the
changes in Mw patterns of irradiated guar gum as a function of radiation
dose [30]. In this study, the irradiated XG samples showed a significant
reduction in Mw values compared to the control XG, with the extent of
reduction correlating with the radiation dose and the concentration of
the XG solution. In aqueous XG solutions, lower XG concentrations
generated more free radicals, resulting in lower Mw values. These
findings provide valuable insights for designing irradiation strategies to
achieve precise control over free radical generation in aqueous solutions
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Fig. 1. Steady shear viscosity of control and irradiated XG samples in water.
(All XG sample solutions had a final concentration of 1 %.)

Table 3
Steady shear viscosities of control and irradiated XG samples at 25 °C at fixed 10
s~! and 50 s~! shear rates.

XG samples Steady shear viscosity at 10 Steady shear viscosity at 50
st (Pa-s) st (Pa-s)
1 % XG control 1.41 0.88
1 % XG 25 kGy-SSI 0.82 0.36
1 % XG 25 kGy-ASI ~ 0.07 0.07
(5 %)
1 % XG 25 kGy-ASI  0.04 0.03
(4 %)
1 % XG 25 kGy-ASI 0.02 0.02
(3 %)
[31,32].

Shear viscosity values for control and irradiated XG preparations
were analyzed (Fig. 1), revealing significant changes in rheological
behavior associated with the XG state and concentration. Both control
XG and solid-state irradiated XG samples exhibited shear rate-dependent
viscosity, displaying flow curves characteristic of shear-thinning
behavior. XG samples irradiated in aqueous solutions showed reduced
viscosity dependence on shear rate due to the significant reduction in
Mw. The flow curves exhibited a viscosity plateau, indicating Newtonian
behavior, with shear viscosity decreasing as the aqueous solution con-
centrations decreased during irradiation [33,34]. Table 3 presents the
shear viscosities of the control and irradiated XG samples at 10 and 50
s! shear rates, revealing a more pronounced difference in viscosity
across the various XG samples. At these shear rates, both control and
solid-state irradiated XG exhibited relatively high viscosity, which
decreased as the concentration of the XG aqueous solution changed.
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control EM10/ EM10/ EM10/ EM10/
XG XG1 XG2 XG3 XG4

Fig. 2. Phase separation results for EM10/XG mixtures with different Mw
values at a fixed concentration ratio of 8 % EM10/0.8 % XG. EM10/controlXG,
EM10/XG1, EM10/XG2, EM10/XG3, and EM10/XG4 (from left to right) stained
with 0.05 % Direct Red dye 23. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

However, XG samples irradiated in aqueous solutions displayed signif-
icantly lower viscosity compared to the solid-state irradiated samples,
with shear viscosity decreasing as the XG concentration diminished
during the preparation process.

These analyses revealed reductions in Mw, shear viscosity, and Rg
values, demonstrating that the y-irradiation of aqueous XG solutions
leads to polymer degradation. This process is attributed to hydroxyl
radicals generated through water radiolysis, which randomly attack the
polymer chains, resulting in chain scission [35].

3.2. The impact of Mw on fractionation

Mixed solutions were prepared at final concentrations of 8 % EM10
and 0.8 % irradiated XG samples. These solutions were subjected to
centrifugation for 3 h at 1788.8 xg and 25 °C. The phase separation of
EM10 and the various irradiated XG solutions is illustrated in Fig. 2.

In the mixed EM10/XG system, XG was predominantly enriched in
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the upper phase, while EM10 was concentrated in the lower phase, as
confirmed through GPC-MALLS analysis. The figure illustrates a
decrease in XG Mw values from left to right. As the Mw of XG decreased,
the volume of the lower phase increased, and the boundary between the
bulk phases became progressively less distinct [36]. As illustrated in
Fig. 2, the volume fraction of the EM10-enriched phase increased from
32.5 % to 95 % as the XG Mw decreased. Further reductions in XG Mw to
0.55 x 10° Da and 0.36 x 10° Da (for XG3 and XG4, respectively)
resulted in homogeneous phases, making it challenging to differentiate
between the two phases. This behavior is attributed to the reduction in
Mw, which resulted in a transition from two-phase separation to phase
fusion [37,38].

Typical GPC-MALLS profile refractive index (RI) signals measured
for the EM10-enriched phase from the different 8 % EM10 and 0.8 % XG
sample mixtures are shown in Fig. 3. The GPC-MALLS curves display two
distinct peaks: the first corresponds to the AGP peak, and the second
corresponds to the AG and GP peak [12,27]. A significant increase in the
AGP peak and a decrease in the AG and GP peak were evident in the
EM10-enriched phase when EM10 was mixed with control XG. As the XG
Mw decreased, the RI signal shape began to resemble that of control
EM10, with a reduction in the AGP peak and an increase in the AG and
GP peak. At a fixed concentration, the degree of EM10 fraction thus
declined as the XG Mw decreased [39].

The AGP content in the EM10-enriched phase for each preparation
was calculated using the GPC-MALLS software (Fig. 4). A clear decrease
in AGP content in this phase was observed with declining XG Mw,
decreasing from 40 % for control XG to 29 % for the XG sample with the
lowest Mw. This trend aligns with the observed color changes and GPC-
MALLS RI profiles. The Mw of XG appeared to influence the degree of
EM10 fractionation, with a higher tendency of AGP to enter the EM10-
enriched phase as the XG Mw increased. The AGP content in the EM10/
control XG group was significantly higher than in the other groups (P <
0.05). AGP levels in the EM10-enriched phase, using the lowest Mw of
XG, were similar to those for control EM10 (28.9 %) [40,41].

These results are further exemplified in Fig. 5, which shows the
molar mass distributions for the EM10-enriched phases measured via
GPC-MALLS. As the Mw of XG decreased from the control sample to
sample XG4, the high-Mw fractions approached those in the control
EM10 sample. This resulted in a reduction in the degree of AGP, AG, and
GP fractionation with decreasing XG Mw, due to the weaker tendency of
this system to separate into two phases. As such, a lower proportion of
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Fig. 3. GPC-MALLS RI profiles for control EM10 and various AGP-rich EM10 productions obtained from the indicated solutions.
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Fig. 5. Molar mass distributions of the EM10-enriched phase in mixtures of EM10 and XG with different Mw values.

AGP moved into the EM10-enriched phase as XG Mw decreased [41,42].
The Mw of the substances strongly influenced the effect of the phase
separation mixture on molecular fractionation at a fixed concentration
ratio. Therefore, to concentrate a functional component of one sub-
stance, increasing the Mw of the other can enhance fractionation [43].
Increasing the molecular weight of XG and mixing it with EM10 led to a
higher AGP content in the EM10-enriched phase. This enhancement
improved the emulsification properties of EM10, thereby increasing its
potential applicability in the food industry.

4. Conclusions

Segregative phase separation has gained widespread application in
the food industry, particularly in the design of functional foods and the
enhancement of food properties. EM10 was found to undergo segrega-
tive phase separation, resulting in significant molecular fractionation
and an increase in AGP content. This process was dependent on both the
starting concentration of the mixture and the Mw of XG. When EM10
was combined with XG of varying Mw values, the degree of fractionation
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decreased as Mw declined, attributed to irradiation-induced disruption
of XG polymer chains. Higher Mw was found to favor more effective
phase separation. These findings establish a foundation for selecting
other natural polymers to explore the effects of two-phase or multi-
phase segregative phase separation on their properties. This study also
offers valuable insights into evaluating the influence of various factors
on the molecular grading of isolated phase separation.

This study highlighted that the AGP content after mixing with GA
was 29 % when the Mw of XG was a minimum of 3.6 x 10° (XG4) and 40
% when the Mw of XG was a maximum of 1.9 x 10° (Control XG). This
enhancement improves the stability of GA emulsification and broadens
its potential applications in food products, assuming all other influ-
encing factors remain constant. This study only investigated the effect of
Mw on segregative phase separation. Future works will explore other
factors such as viscosity, mixing ratios, and macromolecular concen-
trations that influence segregative phase separation. In summary, the
findings in this work provide new insights into the impact of Mw on the
phase separation-induced fractionation of polydispersed GA/XG mix-
tures, along with an understanding of how irradiation methods
contribute to changes in polymer Mw.
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