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A B S T R A C T   

Dextrans (DXs) are a group of natural polysaccharides with different branching patterns. Previous studies 
examining the effects of DXs on plant protein gels have only focused on α-(1 → 3)-branched DXs. Here, we 
compared the effects of α-(1 → 3)-branched DX L12 with those of two α-(1 → 2)-branched DXs on the properties 
of glucono-δ-lactone-induced faba bean protein isolate (FPI) gels. DX L12 showed stronger effects in decreasing 
gel hardness and enhancing gel viscoelasticity than the other two DXs. Moreover, DX L12 decreased the water- 
holding capacity of FPI gels, whereas the other DXs enhanced it. Microstructural analysis revealed that DX 
addition promoted phase separation during gel formation. However, FPI/L12 gels exhibited greater phase sep-
aration than the other two gels and contained larger void spaces. These differences could be attributed to the 
varying water adsorption and self-association properties of the DXs. These findings could guide the application of 
DX in the tailored preparation of plant protein gels.   

Introduction 

The incorporation of plant proteins into food formulations for 
developing enriched food products has attracted growing interest in 
recent years. Faba bean, which has a protein content of approximately 
29 % and a balanced amino acid profile, has the potential to serve as a 
good plant-derived protein source (Rahate et al., 2021). However, the 
utilization of this protein source remains limited, mainly due to the 
textural defects caused by its addition to foods. Several processing 
techniques have been developed to enhance the applicability of faba 
bean-derived ingredients (Augustin & Cole, 2022; Martineau-Côté et al., 
2022). For example, fermentation with exopolysaccharide-producing 
lactic acid bacteria (LAB) can improve the properties of faba bean pro-
tein and flour, thereby increasing the sensory attributes of faba bean 
protein-enriched bread and pasta (Rizzello et al., 2019; Xu et al., 2017). 

Protein gelation is essential for structure generation in a wide range 
of foods. Faba bean protein isolate (FPI) can form gels after heat treat-
ment (Johansson et al., 2022), and gelation can also be induced by acid 
or salt after preheating-induced FPI denaturation. Acid-induced gelation 
can occur at lower protein concentrations and temperatures than heat- 

induced gelation (Zheng et al., 2019). Food acidification and subse-
quent protein gelation can often be achieved by culturing LAB and 
adding glucono-δ-lactone (GDL). The latter approach has been employed 
extensively to prepare plant protein gels as it allows easy modulation of 
the gelation process. Furthermore, GDL-induced gels are often used as a 
simplified model to study protein gelation during LAB fermentation 
(Pang et al., 2019). 

The incorporation of polysaccharides has been demonstrated to 
improve the properties of GDL-induced plant protein gels (Monteiro 
et al., 2013). Dille et al. found that faba bean protein concentrate mixed 
with λ-carrageenan formed GDL-induced gels with acceptable mechan-
ical properties. Moreover, in these gels, syneresis was found to decrease 
with increasing λ-carrageenan concentrations (Dille et al., 2022). 
Meanwhile, Lan et al. demonstrated that the addition of soybean soluble 
polysaccharides can have a profound impact on the gel properties and 
microstructure of GDL-induced soybean protein isolate gels (Lan et al., 
2019). 

Dextrans (DXs) are neutral non-gelling polysaccharides produced by 
LAB and are often employed as food thickeners and texture modifiers 
(Dong et al., 2022). DXs consist of D-glucose units linked by continuous 
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α-(1 → 6) linkages along with varied proportions of α-(1 → 2), α-(1 → 3), 
or α-(1 → 4) branch linkages. Typical DXs mainly contain α-(1 → 6) 
linkages and a low percentage of α-(1 → 3) branch linkages (Chen et al., 
2019). Heat-induced FPI gels formed after the addition of two typical 
α-(1 → 3) branched DXs were examined in a previous study, and the 
findings showed that DXs can stabilize the protein network in these gels 
(Xu et al., 2018). However, the characteristics of FPI gels formed after 
the addition of DX with other branching patterns remain to be explored. 

The aim of this study was to characterize the impact of DXs with 
different branching patterns on the properties of GDL-induced FPI gels. 
In addition to a typical α-(1 → 3) branched DX, two α-(1 → 2) branched 
DXs were prepared and mixed with FPI at a fixed concentration of 2 %. 
The physical properties and microstructures of the gels formed after 
GDL-induced gelation were examined. Furthermore, protein interaction 
force analysis and Fourier-transform infrared (FTIR) spectroscopy were 
conducted to better understand the mechanism underlying the effects of 
DXs. To the best of our knowledge, this is the first study to report the 
effects of different DXs on the properties of acid-induced FPI gels. 

Materials and methods 

Materials 

The Yundou 1183 variety of dried faba bean (Vicia faba L.) was 
procured from the Food Crops Research Institute, Yunnan Academy of 
Agricultural Sciences. The three LAB strains used in this study (Leuco-
nostoc citreum L12, L. citreum B12, and L. citreum G26) were preserved in 
the Food Microbial Culture Collection, Yunnan Academy of Agricultural 
Sciences. Chemicals of analytical grade were purchased from Sinopharm 
Chemical Reagent Co. Ltd. (China). 

Faba bean protein isolate preparation 

FPI was prepared using an alkaline extraction method with 1 M 
NaOH (pH 9.5) (Makri et al., 2006). The protein content of freeze-dried 
FPI was determined using the Dumas method, and a conversion factor of 
6.25 was employed to convert nitrogen content into protein content 
(Serrano et al., 2013). 

HYPERLINK “SPS:id::Sec1” Crude dextran preparation 

Crude DXs were isolated from three L. citreum fermentation cultures. 
L. citreum strains were activated via static incubation in MRS liquid 
medium at 37 ◦C for two generations. The seed solution was inoculated 
into modified MRS broth (1 mL/100 mL) with sucrose (100 mg/mL) as 
the only carbon source and incubated for 48 h at 30 ◦C. Subsequently, 
the culture was centrifuged at 7000 × g and 4 ◦C for 10 min, and the 
supernatant was treated with trichloroacetic acid (final concentration of 
50 mg/mL). The protein was then removed by stirring for 2 h and 
centrifuging at 7000 × g and 4 ◦C for 10 min. The supernatant obtained 
was precipitated using a triple volume of ethanol for 12 h and the 
mixture was centrifuged at 7000 × g for 10 min. The pellet was dialyzed 
against water using a biological semipermeable membrane (14 kDa 
molecular weight cut-off) and then freeze-dried. The weight-average 
molar mass (Mw) of DX was assessed using high-performance size- 
exclusion chromatography (Rid-20A, Shimatsu, Japan) (Maina et al., 
2014). The composition of glycosidic linkages was characterized using 
Proton nuclear magnetic resonance spectroscopy (1H NMR) (800 MHz, 
25 ◦C, D2O) (AVANCE III HD-800 MHz, Bruker, Switzerland) (Heperkan 
et al., 2020). Finally, the intrinsic viscosity of DX was determined using a 
capillary viscometer at 25 ◦C (Monteiro et al., 2013). 

Preparation of GDL-induced FPI/DX gels 

To determine the optimal formulation parameters for the FPI gel, 
different final FPI concentrations (60, 80, 100, 120 mg/mL) and GDL 

concentrations (5, 10, 20 mg/mL) were tested, and selection was based 
on visual examination (Brito-Oliveira et al., 2017). A minimum FPI 
concentration of 80 mg/mL in the presence of 10 mg/mL GDL provided 
adequate gel stability and was thus chosen for subsequent experiments. 
Then, in order to select the fixed DX concentration for the preparation of 
FPI/DX gels, different concentrations of DX from L. citreum B12 were 
tested (2.5, 5, 10, and 20 mg/mL). Eventually, a final DX concentration 
of 20 mg/mL was selected. 

The FPI/DX mixed gels were prepared as described in our previous 
study, with slight modifications (Tang et al., 2023). Briefly, an FPI/DX 
mixture was obtained by dissolving FPI and DX powders in deionized 
water to achieve a final concentration of 80 mg/mL and 20 mg/mL, 
respectively. The FPI/DX solution was heated at 80 ◦C for 30 min, and 
then, the GDL solution was immediately added. After cooling, the 
mixture was incubated at 4 ◦C overnight to obtain the FPI/DX mixed gel. 
A portion of the FPI/DX gel samples was vacuum lyophilized for sub-
sequent analysis. Notably, under the experimental conditions, the 
mixture of FPI (80 mg/mL) and DX (20 mg/mL) could not form a gel in 
the absence of GDL addition. 

Gel hardness analysis 

Gel hardness was measured using a texture analyzer (TMS-Touch, 
FTC, USA) equipped with a cylindrical probe (P/0.5R). The measure-
ment was conducted at a constant speed of 2.0 mm/s using a trigger 
point load of 0.045 N and a compression depth of 4 mm. Hardness was 
defined as the peak force during the first compression cycle. 

Water-holding capacity (WHC) analysis 

Fresh gel samples (10 g) were centrifuged at 7000 × g and 25 ◦C for 
10 min. WHC was expressed as the ratio of gel weight after decanting to 
that before centrifugation. 

Dynamic rheological analysis 

The frequency sweeps of the FPI/DX gels were measured using a 
HAAKE rotation rheometer (MARS40, Thermo Fisher, USA) and a pp50 
plate (1-mm gap) at 25 ◦C. The storage modulus (G’) and loss modulus 
(G“) of the FPI gels were determined as a function of frequency (f) using 
the following parameters: strain, 1 %, within the linear viscoelastic re-
gion; and frequency range, 1–100 rad/s. 

Confocal laser scanning microscopy (CLSM) analysis 

The FPI/DX mixture was stained with 0.01 mg/mL Rhodamine B 
prior to heat treatment. After GDL addition as described in section 2.3, a 
small volume of the mixture was placed on a microscope glass slide and 
kept at 4 ◦C for 24 h to allow gel formation. CLSM was performed (Leica 
TCS SP8, Germany) using an excitation wavelength of 514 nm and an 
emission wavelength range of 551–655 nm, at 400 × magnification. 

Analysis of chemical interaction 

Various solvents were employed to assess protein solubility in order 
to elucidate the chemical interactions governing gel formation (Gómez- 
Guillén et al., 1997). Freeze-dried gels were dissolved in the following 
solvents at a concentration of 20 mg/mL: 0.05 mol/L NaCl (LA), 0.6 
mol/L NaCl (LB), 0.6 mol/L NaCl + 1.5 mol/L urea (LC), 0.6 mol/L NaCl 
+ 8 mol/L urea (LD), and 0.6 mol/L NaCl + 8 mol/L urea + 0.5 mol/L 2- 
mercaptoethanol (LE). The mixtures were vortexed for 1 h at 5 ◦C and 
then centrifuged at 7000 × g for 15 min. The protein concentration of 
the supernatant — expressed as g soluble protein/L of solution — was 
determined using the Bradford method. The driving molecular forces, i. 
e. ionic bonds, hydrogen bonds, hydrophobic interactions, and disulfide 
bonds, were estimated based on the differences in protein solubility 
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between LA and LB, LB and LC, LC and LD, and LD and LE, respectively. 

Determination of free sulfhydryl group (SH-) content 

The free sulfhydryl group content of FPI/DX gels was analyzed using 
Ellman’s reagent (DTNB) (Beveridge et al., 1974). Briefly, 30 mg of the 
freeze-dried sample was suspended in 10.0 mL Tris-glycine buffer (pH 
8.0), followed by the addition of 0.1 mL of 4 mg/mL DTNB. The mixture 
was incubated in the dark under constant stirring for 1 h and then 
centrifuged at 7000 × g for 10 min. The absorbance of the supernatant at 
412 nm (A412) was determined against a reagent blank using a micro-
plate reader (Multiskan GO, Thermo Scientific, USA). SH- content was 
measured as follows: 

SH − (μmol / g) = 73.53 × A412 × D/C (1)  

where D stands for the dilution coefficient and C (mg/mL) for the protein 
concentration in the tested sample. 

Fourier-transform infrared spectroscopy 

FTIR was used to analyze the functional groups in gel samples (Mu 
et al., 2020). Briefly, a small amount of freeze-dried sample was added to 
KBr and ground in an agate mortar. The mixture was then pressed into 
thin and transparent sheets using a tablet press, and the sheets were 
examined using an FTIR spectrometer (Nicolet iS50, Thermo Electron 
Corporation, USA) over a scanning wavelength range of 4000–400 
cm− 1. 

Data analysis 

All experiments were performed in triplicate. Data were presented as 
the mean ± standard deviation (SD). SPSS 22.0 (IBM Inc., USA) was 
applied for analysis of variance (ANOVA). Differences among groups 
were considered significant at P < 0.05 based on the least significant 
difference (LSD) test. Origin 8.5 (Origin Lab Inc., USA) was used to plot 
all graphs. 

Result and discussiwon 

Characterization of crude DXs 

The characteristics of crude DXs derived from the exopoly-
saccharides of three different L. citreum strains are shown in Table 1 and 
Fig. 1. The DXs had similar weight-average molecular weights, ranging 
from 106 to 107 g/mol. Based on the chemical shifts and intensities of 
anomeric proton signals, the DXs were mainly found to contain α-(1 → 6) 
glycosidic linkages and varied percentages of α-(1 → 3) or α-(1 → 2) 
linkages (Table 1). DX L12 had a typical α-(1 → 3)-branched structure, 
whereas DX B12 and DX G26 were α-(1 → 2)-branched and showed 
varied degrees of branching. Typically, in these types of α-(1 → 3)- 
branched DXs, the branches can be single glucosyl units or consist of one 
or more α-(1 → 6)-linked glucosyl residues (Maina et al., 2011; Xu et al., 

2018). However, single-unit-branches were previously found to be 
characteristic of such α-(1 → 2)-branched DXs (Yang et al., 2015). 

The intrinsic viscosity of a polysaccharide is a measure of the hy-
drodynamic volume of individual molecules in a solution and indicates 
their stretching state and conformation (Li et al., 2016). Polysaccharides 
with higher intrinsic viscosity generally interact well with the solvent, 
while those with lower intrinsic viscosity tend to exhibit tight confor-
mations when dissolved (Spotti et al., 2019). As shown in Table 1, DX 
L12 had the lowest intrinsic viscosity, likely due to the presence of 
elongated branches, which resulted in a relatively tight conformation. 
The other two DXs with (1 → 2)-linked single-unit branches probably 
formed a comb-like shape, exhibited a more open conformation, and had 
a higher intrinsic viscosity. Thus, DXs with different macromolecular 
properties were employed to investigate the impact of DX supplemen-
tation on the properties of FPI gels. 

Preparation of GDL-induced FPI gels 

The freeze-dried FPI samples prepared in this study had a protein 
content of 83.75 g/100 g, which was acceptable for subsequent exper-
iments. To prepare acid-induced gels, the FPI solution was pre-heated to 
cause protein denaturation and consequently allow the formation of 
soluble aggregates. While some gels were prepared with DX addition, 
others were not. The acidifying agent GDL was then added to the system 
to induce gel formation. In order to avoid heat-induced gel formation, 

Table 1 
Producer microorganisms, weight-average molar mass (Mw), intrinsic viscosity, and glucopyranosyl unit composition of the crude dextran samples.  

DX samples Producer microorganisms Mw (g/mol) Intrinsic viscosity (cm3/g) Constituent glucopyranosyl unit Distribution (%) 

L12 L. citreum L12 3.86 × 106 6.14 →6)-α-D-Glcp-(1 → 6)-(A) 87.79 
→3,6)-α-D-Glcp-(1 → 6)-(D) 12.21 

B12 L. citreum B12 4.78 × 106 36.15 →6)-α-D-Glcp-(1 → 6)-(A) 34.39 
α-D-Glcp-(1 → 2)-(B) 33.57 
→2,6)-α-D-Glcp-(1 → 6)-(C) 32.04 

G26 L. citreum G26 4.98 × 106 23.33 →6)-α-D-Glcp-(1 → 6)-(A) 68.56 
α-D-Glcp-(1 → 2)- (B) 15.50 
→2,6)-α-D-Glcp-(1 → 6)-(C) 15.94 

(A)–(D) represent different types of glucopyranosyl units identified based on the anomeric proton signals in Fig. 1. 

Fig. 1. 1H NMR spectra of the DX isolates from the three Leuconostoc strains, 
namely, L. citreum L12, L. citreum B12, and L. citreum G26. Anomeric protons are 
labeled A–D in the increasing order of chemical shifts. 

H. Tang et al.                                                                                                                                                                                                                                    



Food Chemistry: X 21 (2024) 101184

4

the minimum FPI concentration was first optimized in the presence of 
GDL. Visual examination revealed that self-supporting gels could only be 
formed when the concentrations of FPI and GDL were at least 80 mg/mL 
and 10 mg/mL, respectively. Below these critical thresholds, viscous 
dispersions or non-supported gels were obtained. Subsequently, optimal 
concentrations of DX were also screened for the preparation of mixed 
gels. The gel with the highest DX concentration (20 mg/mL) showed the 
highest WHC and rigidity based on the viscoelastic modulus G’ after 
storage for 48 h. This was in line with our previous observation for a 
typical α-(1 → 3)-branched DX, where the highest level of supplemen-
tation (20 mg/mL) enabled the generation of a mixed FPI gel with 
desirable traits (Tang et al., 2023). Therefore, a DX concentration of 20 
mg/mL was chosen to investigate the effects of DXs with different 
branching features on FPI gels. Mende et al. evaluated the impact of 
5–30 g/kg DX on acid-induced milk gels and also found that an increase 
in DX concentration increases gel stiffness and stability (Mende et al., 
2013). 

Impact of DX supplementation on the physical properties of FPI gels 

Hardness and WHC 
Gel hardness is an important indicator of gel quality. In this study, 

DX addition was found to decrease the hardness of mixed gels (FPI gels 
vs. FPI/DX gels) (Table 2). Similarly, Ullah et al. demonstrated that 
adding dietary fiber could reduce tofu gel hardness by producing a more 
heterogeneous and unstable network structure (Ullah et al., 2019). 
Johansson et al. observed that fiber and starch granules can act as filler 
particles in mixed FPI gels and produce heterogeneity in the protein 
matrix, thereby reducing gel hardness (Johansson et al., 2022). 

WHC is another important gel quality parameter, and it signifies the 
gel’s capacity to immobilize water through capillary force. Moreover, 
WHC is also associated with the gel’s matrix structure (Mende et al., 
2020), and a low WHC generally indicates low textural stability (Zheng 
et al., 2019). As shown in Table 2, the addition of DXs with different 
macromolecular properties had different effects on the WHC of FPI gels. 
Notably, the WHC decreased when DX L12 was added. Pang et al. found 
that the addition of locust bean gum (0.1 %) causes a considerable 
reduction in the WHC of soymilk gels, and this change was attributed to 
depletion flocculation phenomena (Pang et al., 2020). Interestingly, the 
WHC increased from 61.23 g/100 g to 72.33 g/100 g when DX G26 was 
added. A similar trend was also observed for samples treated with DX 
B12. Zhao et al. revealed that the incorporation of starch in acid-induced 
soy protein gels could increase the WHC. They speculated that the 
presence of starch facilitates the uptake of water and the formation of a 
denser gel structure owing to the filling effect of starch, leading to 
enhanced water retention in the gel (Zhao et al., 2023). 

Dynamic rheological analysis 
The frequency dependence of mixed gels is presented in Fig. 2(A, B). 

Both the G′ and G″ values of the gels increased with increasing frequency, 
with G’ being higher than G’’ across the frequency range. The addition 
of DXs, especially DX L12, increased gel rigidity (versus FPI alone). 
Similar behaviors have been reported for other protein/polysaccharide 
gels, such as those made from egg white protein and DX (Mu et al., 

2020), fiber and FPI (Johansson et al., 2022), and locust bean gum and 
soymilk (Pang et al., 2020). The viscoelastic properties of the mixed gels 
can be affected by the nature, conformation, and concentration of the 
polysaccharide, among other factors (Cortez-Trejo et al., 2021). 
Johansson et al. reported an increase in the G’ of FPI gel following the 
addition of starch/fiber. They postulated that this increase was due to 
the water adsorption and moisture stability endowed by starch and fiber, 
resulting in higher protein concentrations in the surrounding matrix for 
forming the network structure (Johansson et al., 2022). 

Impact of DX supplementation on gel microstructure 

The impact of DXs on the microstructure of FPI gels was assessed 
based on CLSM images, as shown in Fig. 3. During CLSM analysis, the 
proteins labeled with Rhodamine B exhibited red color, whereas water 
and DX appeared black. Following the addition of DXs, varying degrees 
of phase separation were detected. Proteins and neutral polysaccharides 
are typically thermodynamically incompatible in an aqueous mixture, 
and phase separation usually occurs as a result of the volume exclusion 
effect (Monteiro & Lopes-da-Silva, 2017). DX L12 created a more open 
matrix structure and induced more extensive phase separation than DX 

Table 2 
Effect of DXs isolated from different Leuconostoc strains on the hardness and 
WHC of FPI gels.  

Gel samples Hardness (N) WHC (g/100 g) 

FPI 0.21 ± 0.0046a 61.23 ± 1.26c 
FPI/L12 0.14 ± 0.0046c 55.18 ± 0.48d 
FPI/B12 0.18 ± 0.011b 66.07 ± 0.11b 
FPI/G26 0.18 ± 0.022b 72.33 ± 2.27a 

Values are represented as the mean ± SD (n = 3). Different superscripted letters 
in the same column represent significant differences (P < 0.05). 

Fig. 2. Storage modulus G’ (A) and loss modulus G “ (B) of FPI/DX gels in the 
frequency sweep test. 
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B12 and DX G26. One possible explanation is that DX L12, with its 
lowest intrinsic viscosity, may undergo self-association within each 
phase through its elongated chains, thus promoting phase separation. In 
DX B12 and DX G26, the distribution of single-unit branches along the 
main chain may hinder polymer self-association and cause a moderate 
degree of phase separation. The phase separation of the system and the 
water adsorption capacity of DX may jointly increase local protein 
concentrations for network establishment, consistent with the increase 
in the gel’s viscoelastic moduli. In line with these findings, Monteiro 
et al. found that among galactomannans of similar weight-average 
molecular weights, the intrinsic viscosity was inversely correlated 
with the degree of phase separation and the viscoelastic moduli of soy 
protein/galactomannan gels (Monteiro et al., 2013). Moreover, the 
addition of galactomannan at higher concentrations resulted in more 
prominent phase separation in soybean protein-based gels, contributing 
to a marked increase in the viscoelastic moduli (Monteiro & Lopes-da- 
Silva, 2017). In the present study, the large void spaces (i.e., pores) in 
the FPI/L12 gel could be responsible for its low WHC and hardness. 
Similar to the present study, in a study of GDL-induced tofu gels mixed 
with okara, the increase in G’ was also accompanied by decreased 
textural parameters (Lan et al., 2021). Textural properties are often 
governed by the inhomogeneity of the gel matrix. Meanwhile, small 
deformation properties are typically not as dependent on inhomogeneity 
and the presence of inactive fillers and are primarily governed by the 
continuous protein phase (Johansson et al., 2022). 

Impact of DX supplementation on the intermolecular forces in FPI gels 

Chemical interactions and free sulfhydryl groups 
Fig. 4A shows the interaction forces among protein molecules and 

the free sulfhydryl content in FPI gels. The addition of DX L12 weakened 
the four interaction forces (P < 0.05), corroborating the observation of a 
highly porous structure in the FPI/L12 gel. Hydrogen bonds decreased 
significantly after DX addition (P < 0.05), suggesting a reduction in the 

role of hydrogen bonds in gel formation. The addition of DX B12 and DX 
G26 increased the strength of hydrophobic interactions, which was 
consistent with the more compact protein structures observed in the 
corresponding gels. The decrease in disulfide bonds and increase in free 
SH- content after DX addition could be ascribed to the DX-induced in-
hibition of disulfide bond formation during gelation. In a previous study, 
the inclusion of adlay starch was found to restrict the motion of protein 
chains by increasing the stickiness of the system, which may explain the 
interference of sulfhydryl-disulfide interchange (Li et al., 2019). 

FTIR analysis 
In the FTIR spectra of FPI gels (Fig. 4B), the absorption band in the 

3600–3100 cm− 1 band could be attributed to N–H and O–H stretching 
vibrations (He et al., 2021). The amide I band (1700–1600 cm− 1) was 
assigned to C––O stretching vibrations. Meanwhile, the spectral range 
between 800 and 1200 cm− 1 was identified as a fingerprint area for 
polysaccharides (Razi et al., 2018). Interestingly, the band in the spec-
tral range of 3600–3100 cm− 1 shifted towards a higher wavenumber 
after DX addition, indicating the increased strength of hydrogen bonds 
(Min et al., 2022). This finding contradicted the decrease in hydrogen 
bonds observed in the protein solubility assay. This difference can be 
explained by the fact that the FTIR spectrum represents the force be-
tween protein and DX molecules, while the solubility assay examines the 
forces involving only protein molecules (Cortez-Trejo et al., 2022). 
Notably, the peak of the FPI gel at 1537 cm− 1 shifted toward a higher 
wavenumber subsequent to DX addition. This was interpreted as evi-
dence for newly formed C–N covalent bonds (Mu et al., 2020) and thus 
indicated the occurrence of protein glycosylation in the presence of DX. 

Conclusion 

DX is a commonly used natural polysaccharide produced by LAB. The 
aim of this study was to examine, for the first time, the influences of DXs 
with different branching features on the textural, rheological, and 

Fig. 3. CLSM micrographs (scale bar, 50 μm) of FPI and FPI/DX gels.  
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microstructural properties of acid-induced FPI gels. In this study, the 
effects of DXs were found to be dependent on their branching patterns 
and intrinsic viscosities. Following DX addition, the hardness of all gels 
decreased and their viscoelasticity increased, and α-(1 → 3)-branched 
DX L12 had the most significant effect in this regard. As for gel WHC, 
contrasting effects were observed after DX addition, with DX L12 
decreasing the WHC and the other two DXs increasing this parameter. 
CLSM images of the gels revealed varying degrees of phase separation 
after the addition of DXs. The addition of DX L12 led to extensive phase 
separation and created a more porous gel network, whereas the addition 
of DX B12 and DX G26 led to moderate phase separation and more 
effective protein interaction for network formation. The effects of DXs 
on the gel properties of FPI gels seemed to depend on the degree of phase 
separation and the ability of the polysaccharide to interact with water 
and itself. Moreover, protein interaction force analysis and FTIR spec-
troscopy provided more insights into the mechanisms underlying the 
different effects of DXs on FPI gels. This study illustrates the potential of 
specific DXs in modulating the acid-induced gelation of FPI, which oc-
curs during the preparation of a wide range of food products. Future 
studies must explore the roles of specific DXs, produced ex situ and in situ 
by LAB, in modifying the properties of plant protein-based foods. 
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