Food Chemistry: X 27 (2025) 102372

ELSEVIER

Contents lists available at ScienceDirect
Food Chemistry: X ey

journal homepage: www.sciencedirect.com/journal/food-chemistry-x —=

Soy protein isolate-chitosan complex condensate: Phase behavior, structure

and functional properties

Xiongzhi Li*”, Chun Hu ™", Hailong Zhang *", Lijuan Han

Junbo He *"

a,b a,b,*
3

, Weinong Zhang

@ Key Laboratory for Deep Processing of Major Grain and Oil, Ministry of Education, Hubei Key Laboratory for Processing and Transformation of Agricultural Products,

Wuhan Polytechnic University, Wuhan 430023, China

Y School of Food Science and Engineering, Wuhan Polytechnic University, Wuhan 430023, China

ARTICLE INFO ABSTRACT

Keywords:

Soy protein isolate
Chitosan

Interaction mechanism
Spectroscopy
Structure

Functional properties

This study investigated the interaction mechanism between soy protein isolate (SPI) and chitosan (CS), and the
structure and functional properties of their complex. The results revealed hydrogen bonding and hydrophobic
interactions as the main driving forces for formation of soluble SPI/CS complex, while electrostatic interactions
as the primary force driving insoluble complex formation. Insoluble complex formation was promoted by an
appropriate increase in SPI/CS total concentration (> 0.24 %) and a decrease in NaCl concentration (< 60 mmol/
L). After adding CS, SPI decreased in solubility, emulsifying and foaming properties, followed by an increase with

pH raised from 3 to 9. CS addition could also change the tertiary structure of SPI and increase its relative
crystallinity, enabling a red shift of amino (—NHy) groups and a denser structure formation on SPI surface. These
results offer valuable insights into the use of SPI/CS complex in the food industry.

1. Introduction

Protein and polysaccharide are widely present natural biological
macromolecules, and they have been extensively applied in food, med-
icine and chemical fields due to their non-toxic, harmless and pollution-
free properties (Benichou, Aserin and Garti, 2002). Recent studies have
shown the great potential of protein and polysaccharide complexes in
developing innovative foods with enhanced nutritional and functional
properties (Gentile, 2020). These complexes can improve the texture,
flavor and shelf life of food products, making them more appealing to
consumers seeking healthier and more sustainable food (Gentile, 2020;
Lu, Qian, Wu, Lan and Zhang, 2024). Proteins and polysaccharides
primarily form complexes through two distinct mechanisms: (i) by
establishing a stable structure via covalent bonding and (ii) by forming
complex structures through non-covalent interactions, such as electro-
static forces, hydrophobic interactions and hydrogen bonds (Chobert,
Gaudin, Dalgalarrondo and Haertlé, 2006). Protein and polysaccharide
complexes not only can regulate the interface behavior of proteins by
their interactions, but also affect their functional properties, such as
foaming, emulsification and gelation (Zhang et al., 2019). For instance,

chitosan, tremella fuciformis polysaccharide and acterial cellulose have
been used to alter protein structure and enhance its solubility, emulsion
stability and rheological properties (Wang, Li, Yan, Huang and Dong,
2016; Zhang et al., 2019). However, different protein and poly-
saccharide complexes vary in their functional properties due to the
diverse and complex spatial structures of proteins.

Soy protein, the most important representative of legume protein, is
highly similar to animal proteins in amino acid profile, leading to
extensive use in the food industry (Yuan, Wan, Yang and Yin, 2014).
Compared to animal proteins, soy protein is rich in essential amino acids
and has the potential health benefits of preventing cardiovascular dis-
eases, cerebrovascular diseases, and breast and prostate cancers (Qin,
Wang and Luo, 2022). Additionally, soy protein is primarily composed
of four distinct fractions: 2S, 7S, 11S and 15S, with low-molecular-
weight globulin, cytochrome C, and trypsin inhibitors in the 2S frac-
tion, while p-conglycinin, a-amylase and lipoxygenase in the 7S fraction,
which can enhance the functional properties of soybean protein, such as
emulsification, foaming, gelation and water absorption capabilities (Li
et al., 2022 ; Zheng, Regenstein, Zhou and Wang, 2022). Despite these
advantageous properties, soy protein also exhibits poor performance in
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solubility, water retention and emulsification in certain applications,
such as acidic beverages, high-temperature cooking and dairy sub-
stitutes (Renkema and van Vliet, 2002).

Chitosan, a natural polysaccharide derived from chitin, exhibits good
biocompatibility, biodegradability and superior mechanical properties
(Xu, Tang, Yang, Wang and Zhou, 2020). This indicated that the com-
bination of soy protein with chitosan can leverage their synergistic ef-
fects to enhance multiple functional properties. For instance, soy
protein/chitosan complex has been reported to exhibit higher thermal
stability and better gel-like properties than soy protein alone (Yuan,
Wan, Yang and Yin, 2014). Additionally, the copolymers of soy protein
with chitosan have been found to outperform soy protein alone in
antioxidant properties (Wang, Li, Yan, Huang and Dong, 2016). How-
ever, the formation of soy protein/chitosan complexes is influenced by
many factors, such as pH, ionic strength, temperature and solution ratio,
because their variations can change the conditions of charge interactions
and intermolecular forces, leading to different phase behaviors and ul-
timately affecting the structure and functional properties of complexes.

Therefore, this study aimed to comprehensively elucidate the inter-
action mechanism between soy protein isolate and chitosan at varying
pH levels, as well as the effect mechanism of chitosan on the structure
and functional properties of soy protein isolate. To this end, the impact
of pH on the zeta-potential, particle size and turbidity of soy protein
isolate/chitosan complex was measured, followed by analyzing the in-
fluence of chitosan on the structure and functional properties of soy
protein isolate in terms of secondary, tertiary, crystalline structure and
microstructure, as well as solubility, emulsifying and foaming proper-
ties. These findings will offer valuable theoretical insights into the
application of soy protein isolate/chitosan complex in the food industry.

2. Materials and methods
2.1. Materials

Soybean meal (50 % protein) was supplied by Shandong Wonder
Biotechnology Co., Ltd. (Shandong, China). Chitosan with an 80 %-90 %
deacetylation degree (WM = 30,000), soybean oil, bicinchoninic acid
(BCA), and bovine serum protein (BSA) was obtained from Shanghai
Yuanye Biotechnology Co., LTD (Shanghai, China). Sodium hydroxide
(NaOH), concentrated hydrochloric acid (HCI), sodium chloride (NaCl),
sodium dodecyl sulfonate (SDS), 8-anilino-1-naphthalenesulfonic acid
(ANS) and other analytical pure reagents were bought from Guoyao
Chemical Reagent Co., Ltd. (Shanghai, China).

2.2. Extraction of soy protein isolate

Briefly, Soy protein isolate (SPI) was extracted as described by Zhang
et al. (2020) with slight adjustments. Briefly, mildew-free and low-
temperature-defatted soybean meal was crushed and sieved through
an 80-mesh screen, following by mixing the soybean meal with water at
a 1:15 mass ratio and stirring at pH 8.5 and 40 °C for 1 h to dissolve the
protein. After centrifuging the mixture at 3000 rpm for 15 min to
separate the slurry, the supernatant was adjusted to pH 4.5 (0.1 mol/L
HCl), followed by another centrifugation at 3000 rpm for 15 min to
collect the pellet. Finally, the precipitate was washed twice, dialyzed for
2 days and freeze-dried for further use.

2.3. Preparation of SPI/CS complex

Briefly, SPI (5 g) and CS (1 g) were separately dissolved in 500 mL of
ultra-pure water and 100 mL of acetic acid buffer (0.6 %) and stirred for
4 h at room temperature (25 °C) to ensure complete hydration and
dissolution. Next, the solutions were mixed at a specific mass proportion
(SPI:CS = 5:1), and the complex pH was adjusted to desired levels with
HCI (0.5, 1 and 6 mol/L) and NaOH (0.5, 1 and 4 mol/L) to minimize
dilution.
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2.4. Measurement of SPI/CS complex zeta-potential

The prepared sample was diluted to 0.1 mg/mL in aqueous solution
with the same ionic strength but varying pH values. The zeta-potential
was determined in triplicate by a Nano Zetasizer instrument (Malvern,
UK) as described by He et al. (2024). The relative refractive index and
absorptivity were set to 1.590 and 0.001, respectively, and the tem-
perature was set at 25 °C with an equilibrium time of 1 min. Electro-
phoretic mobility (Ug) was used to calculate the zeta-potential ({) by eq.
(-

2¢¢f(ka)

UE :T# (€8]

where, Ug is the electrophoretic mobility (mz.v’l.s’l); ¢, the dielectric

constant of solvent (F/m); f(ka), Henry constant; n, medium viscosity
(Pa.s).

2.5. Determination of SPI/CS complex particle size

The nano laser particle size analyzer (Malvern Company, UK) was
used to measure the particle size of SPI/CS complex under varying pH
conditions as described by He et al. (2024). Briefly, the sample was
prepared at a concentration of 0.1 mg/mL in water solutions with the
same ionic strength but different pH values to avoid multiple light
scattering. The relative refractive index and absorptivity were set to
1.590 and 0.001, respectively. Each sample was measured three times at
25 °C with a cycle of 10 times.

2.6. Measurement of SPI/CS complex solution turbidity

The turbidity of SPI/CS complex solution was measured at 600 nm
using a multifunctional enzyme marker (Enspire, United States) under
the conditions of different SP1/CS complex total concentrations (0.06 %,
0.12 %, 0.24 %, 0.48 % and 0.96 %), CS/SPI mass ratios (2,1, 1,1, 1:2,
1:5, 1:10 and 1:20), and salt ion concentrations (5, 10, 20, 40, 60 and 80
mM) (Niu et al., 2015). Each sample was placed in a quartz cuvette and
measured three times in parallel at 25 °C. Turbidity (T) was calculated
by eq. (2):

I

T=-In—# 2
Io

where, I is the transmitted light intensity; I, the incident light intensity.

2.7. Determination of SPI solubility in SPI/CS complex system

Specifically, SPI and SPI/CS complex solutions at pH 3.0, 6.0 and 9.0
were diluted to 0.1 mg/mL using acetic acid buffers (0.3 %) with cor-
responding pH values, followed by centrifugation at 10000 rpm for 10
min to collect the supernatant. Next, the supernatant solution (1 mL)
was placed in an enzyme-labeled plate, followed by adding 200 pL of
BCA working fluid and standing for 20 min. Finally, each sample
absorbance was measured in triplicate at 600 nm using a multifunctional
enzyme marker (Enspire, United States) with BSA as a standard (Hu,
Xiong, Xiong, Chen and Zhang, 2021).

2.8. Measurement of SPI/CS complex emulsifying properties

The emulsifying activity and stability of SPI/CS complex at pH 3.0,
6.0, and 9.0 were determined as reported by He et al. (2024) with slight
adjustments. Briefly, each sample (3 mL) was combined with soybean oil
(1 mL) in a beaker and homogenized at 10000 rpm for 1 min. At 0 and
10 min after homogenization, each 50 pL of the emulsion was mixed
with SDS (0.1 %, 5 mL), followed by measuring the absorbance of each
diluted emulsion at 500 nm. The emulsification activity index (EAI) and
emulsification stability index (ESI) were determined using eq. (3) and
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(4:

v
ESI (min) = ﬁ# "

where, Ag is the absorbance at 0 min; C, protein weight per unit volume
(g/mL); ¢, oil volume fraction (0.25); Ajp, 10 min absorbance.

2.9. Determination of SPI/CS complex foaming properties

The foaming capacity and stability of SPI/CS complex at pH 3.0, 6.0,
and 9.0 were measured as reported by Wang, Li, Yan, Huang and Dong
(2016) with minor modifications. Briefly, each 6 mL of SPI solution (5
mg/mL), SPI/CS complex solution (5 mg/mL SPI) and CS solution (5
mg/mL) were mixed separately with 24 mL of 0.3 % acetic acid buffer in
a test tube. Then the samples were homogenized at 10000 rpm for 1 min.
After shearing, the initial foam volume (V) and the foam volume 30 min
later (V3o) were recorded. Finally, the foaming capacity (FC) and
foaming stability (FS) were calculated using eq. (5) and (6), respectively:

FC% = % x 1004 (5)
FS% = Vao 1004 (6)
Vo

2.10. Measurement of SPI/CS complex ultraviolet absorption spectra

The ultraviolet absorption spectra of SPI/CS complex at pH 3.0, 6.0
and 9.0 were determined in triplicate using an ultraviolet spectropho-
tometer (UV-6100, Yuanxi Instrument Corporation) according to the
method described by He et al. (2024). Specifically, each sample was
diluted to 0.25 mol/L with 0.3 % acetic acid buffer, followed by mea-
surement in the wavelength range of 200 to 800 nm at a scanning in-
terval of 0.5 nm.

2.11. Determination of SPI/CS complex fluorescence spectra

Briefly, the SPI/CS complex solutions at pH 3.0, 6.0 and 9.0 were
separately diluted to 0.25 mol/L with 0.3 % acetic acid buffer, followed
by measuring the endogenous fluorescence of each sample with a fluo-
rescence spectrometer (Hitachi F-4600, Japan) using the method of
Chao, Jung and Aluko (2018). The excitation wavelength was fixed at
295 nm, with a scanning range of 300 to 500 nm and a scan speed of
1200 nm/min. The slit widths were adjusted to 5 nm for both excitation
and emission. Each sample was measured three times independently.

2.12. Measurement of SPI/CS complex surface hydrophobicity

The surface hydrophobicity of SPI/CS complex at pH 3.0, 6.0 and 9.0
was determined in triplicate following the method reported by Li, Wang,
Zheng and Guo (2019), with slight modifications. Briefly, the SPI and
SPI/CS complex with different pH values were diluted to different
concentrations (0.1, 0.2, 0.5, 1 and 2 mg/mL) using 0.3 % acetic acid
buffer and then each 20 pL ANS solution (pH 7.5) was added to each 4
mL sample solution, respectively. The excitation wavelength and emis-
sion wavelength were set at 390 nm and 470 nm, respectively. The
surface hydrophobicity (Ho) was calculated from the initial slope of the
fluorescence intensity curve of sample concentration.

2.13. Determination of SPI/CS complex Fourier transform infrared
(FTIR) spectroscopy

The FTIR spectrum of SPI/CS complex was measured in triplicate
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using a Fourier infrared spectrometer (Nexus-670, USA) as described by
Du et al. (2023). Briefly, the pH of SPI/CS complex solutions was
adjusted to 3, 6 and 9, followed by freeze-drying for 48 h. Subsequently,
each 2 mg sample was combined with potassium bromide (KBr) and
ground into transparent flakes. Finally, the samples were scanned 64
times at a resolution of 4 cm ™! in the range of 4000-400 cm ™! to obtain
their FTIR spectra.

2.14. Measurement of SPI/CS complex X-ray diffraction (XRD)

The crystal structures of SPI/CS complex were analyzed using an X-
ray diffractometer (D8 ADVNCE, Germany) as reported by Du et al.
(2023). Briefly, the pH of SPI/CS complex solutions was adjusted to 3, 6
and 9, followed by freeze-drying for 48 h and grinding each sample into
powder. Finally, each sample was measured in triplicate at operating
voltage and current of 40 kV and 30 mA, respectively. The diffraction
angle (260) was scanned from 5° to 60° at 10°/min.

2.15. Microstructure of SPI/CS complex

The surface morphology of SPI/CS complex was observed using a
scanning electron microscope (ZEISS-300, Germany) at 2 kV as
described by Li et al. (2023), with slight adjustments. Specifically, the
pH of SPI/CS complex solutions was adjusted to 3, 6 and 9, respectively,
following by freeze-drying for 48 h. Finally, the freeze-dried sample was
affixed to a copper conductive plate, sputter-coated with gold, and then
photographed at 1000x magnification to obtain the SEM images.

2.16. Statistical analysis

Statistical analysis was conducted using SPSS software (Chicago,
USA) with Duncan multiple comparison. Each experiment was inde-
pendently replicated three times and the results were presented as mean
+ standard deviation (SD, n = 3). Statistical significance was evaluated
ata5 % level.

3. Results and discussion
3.1. Effect of pH on zeta-potential and particle size of SPI/CS complex

Surface charge and particle size are of great importance for analyzing
the dispersion and aggregation of colloidal particles (Hu and Xiong,
2022). Fig. 1A shows the effect of pH on the zeta-potential of SPI, CS and
SPI/CS complex. When the pH increased from 1 to 12, the zeta-potential
dropped from 10.87 to —8.35 mV and from 12.73 to —5.85 mV with a
net charge of zero at pH 4.90 and pH 8.10 for SPI and CS, respectively, in
contrast to a drop from 17.70 to —11.57 mV with a net charge of zero at
PH 6.90 for SPI/CS complex. As shown above, after adding CS to SPI, the
isoelectric point of SPI significantly shifted from 4.90 to 6.90, indicating
that SPI and CS formed the SPI/CS complex through intermolecular
interactions, resulting in a shift of the complex isoelectric point. More-
over, the zeta-potential of SPI/CS complex exhibited a trend similar to
that of SPI alone, suggesting that SPI and CS were likely bound by
hydrogen bonds, hydrophobic interactions and electrostatic interactions
rather than chemical bonds (Hu and Xiong, 2022).

Fig. 1B presents the impact of pH on the average particle size of SPI,
CS and SPI/CS complex. When pH shifted away from 4.90, the SPI mean
particle size exhibited a decrease. A possible explanation is that when
moving away from its isoelectric point, soy protein carried more charge
which can increase mutual repulsion and enhance solubility, leading to
the formation of smaller particles (Thrane, Paulsen, Orcutt and Krieger,
2017). At pH less than 8.10, CS exhibited a decrease in mean particle
size, likely due to its increased solubility. After adding CS to SPI and at
pH above or below 6.90, SPI in the complex system decreased in mean
particle size, probably attributed to the reduced aggregation of SPI/CS
complex when the pH value further moved away from the isoelectric
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Fig. 1. The zeta-potential (A), mean particle size (B) and turbidity plot (C) of SPI, CS and SPI/CS complex under different pH conditions. SPI, soy protein isolate;

CS, chitosan.

point (Niu et al., 2015).

3.2. Effect of pH on phase diagram of SPI/CS complex

The influences of pH on the turbidity of SPI, CS and SP1/CS complex
are shown in Fig. 1C. The SPI/CS complex exhibited three different
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phase regions: soluble complex formation region (8 < pH < 10) (A),
insoluble complex formation region (4.5 < pH < 8) (B) and co-solution
zone (pH < 4.5) (C). Additionally, the pH values of 9.75, 8.0, 6.5 and
4.75 corresponded to the initial point of soluble complex formation
(pHc), the initial point of insoluble complex formation (pHy1), the peak
point of insoluble complex formation (pHopt), and the initial point of
insoluble complex dissociation (pHgz), respectively.

With pH increased from 1 to 3, SPI remained low and stable in
turbidity, indicating its good solubility. With pH elevated from 3 to 7, its
turbidity gradually increased to a peak and then decreased, suggesting
the self-aggregation of SPI. With pH further raised from 7 to 12, the
turbidity of SPI remained low and almost unchanged, indicating its good
solubility and stability in alkaline conditions. Additionally, the CS
turbidity remained almost constant with pH increased from 1 to 12.
However, when CS was added to SPI, the soluble area of SPI showed an
increase (pH < 4.5), accompanied by a decrease in its average particle
size, suggesting the formation of a soluble complex between SPI and CS,
possibly due to hydrogen bonding interactions between SPI and CS (Niu
et al.,, 2015). Moreover, adding CS to SPI caused an increase in SPI
turbidity value (4.5 < pH < 8), probably attributed to that at pH values
above 4.90, SPI carried a negative charge while CS carried a positive
charge, promoting the formation of electrostatic complexes. Further-
more, the mean particle size of SPI/CS complex increased significantly
in this pH interval. Therefore, the formation of SPI/CS complex con-
densates can be inferred to be mainly driven by electrostatic attraction
in this interval. At a pH value between 8 and 10, the SPI/CS complex
turbidity exhibited a decrease, likely due to the formation of a soluble
complex between SPI and CS (Niu et al., 2015). This was consistent with
the observations of particle size and zeta-potential (Fig. 1A and B).

3.3. Effect of total concentration on the formation of SPI/CS complex

Fig. 2A and B show the influence of SP1/CS total concentration on the
turbidity and key pH values (pHc, pH¢1, pPHopt and pHyz) during its
formation. With the increase of its total concentration, the SPI/CS
complex exhibited an increase in turbidity, likely due to the formation of
larger molecular complex between SPI and CS (Niu, Su, Liu, Wang and
Yang, 2014). Meanwhile, the phase zone of insoluble SPI/CS complex
increased, in contrast to a decrease in the phase zone of soluble complex.
This can be attributed to the increase of SPI/CS total concentration,
which enhanced the frequency of effective intermolecular collisions and
promoted the formation of condensed complexes between SPI and CS
through electrostatic interactions (Hu, Xiong, Xiong, Chen and Zhang,
2021). In addition, with the increase of SPI/CS total concentration, the
key pH values (pHc and pHy) gradually shifted towards higher values.
This can be due to the increase in the number of molecules and charge
density in the system, which enhanced the frequency of effective
intermolecular collisions, thereby promoting the formation of insoluble
SPI/CS complex (Niu, Su, Liu, Wang and Yang, 2014). However, the
pHy2 exhibited a decrease, possibly attributable to the enhanced
hydrogen bond interactions between SPI and CS with the decrease of
system pH, facilitating the dissociation of insoluble condensates and the
formation of soluble complexes.

3.4. Effect of SPI/CS concentration ratio on the formation of SPI/CS
complex

The ratio of protein to polysaccharide is crucial for maintaining
surface charge balance of biomacromolecules and facilitating complex
agglomerate formation (Klein, Aserin, Ishai and Garti, 2010). Fig. 2C
and D present the impact of CS/SPI concentration ratio on the turbidity
and key pH values (pHc, pHy1, pHopt and pHy2) during SPI/CS complex
formation. At the CS/SPI ratio below 1/5, the turbidity curve shifted to a
lower pH, and the turbidity value increased, probably due to the
dominance of excessive SPI in complex system properties, leading to SPI
self-aggregation near its isoelectric point (pH 4.9). At the CS/SPI ratio of
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1:5, the chitosan chain was fully saturated and adsorbed by SPI,
resulting in maximum SPI/CS complex agglomeration. However, at the
CS/SPI ratio above 1:5, the turbidity curve shifted to a higher pH value,
and the complex condensate decreased with the increase of CS/SPI ratio,
likely due to excessive CS coating on SPI surface, resulting in poor light
scattering. Additionally, as CS/SPI ratio increased, the key pH values
(pHy2, pHop: and pHy;) decreased. A possible explanation for this
decrease is that the protein molecules may not have sufficient negative
charges to bind with chitosan to form a condensate, particularly in the
presence of excessive chitosan, thus causing a shift towards a lower pH
in the turbidity curve (Wang, Lee, Wang and Huang, 2007).

3.5. Effect of salt ion concentration on the formation of SPI/CS complex

Fig. 2E and F present the impact of sodium chloride (NaCl) concen-
tration on the turbidity and key pH values (pHc, pHy1, PHopt and pHgys2)
during SPI/CS complex formation. At the salt ion concentration below
20 mM, the turbidity curves were similar without significant changes,
suggesting a slight effect of low salt concentration on the formation of
complex condensates. At the salt ion concentration between 20 mM and
60 mM, the turbidity curves increased obviously, resulting in a larger
insoluble complex formation area and a smaller soluble complex for-
mation area. This phenomenon was primarily induced by the interaction
between small amounts of salt ions and biopolymers, which reduced
inter- or intra-molecular repulsion, thereby increasing the solubility of
proteins and polysaccharides (salt solubility effect) (Wang, Lee, Wang
and Huang, 2007). However, at the salt ion concentration beyond 60
mM, the turbidity curve decreased, leading to a smaller insoluble com-
plex formation area and a larger soluble complex formation area. One
possible explanation is that at high salt ion concentrations, sodium and
chloride ions competed with CS through adsorption onto the protein
interface, thus reducing the number of CS molecules binding to SPI,
leading to a decrease in turbidity (Ru, Wang, Lee, Ding and Huang,
2012). Another possible explanation is that at excessively high salt ion
concentrations, the electrostatic interaction between SPI and CS was
weakened due to electrostatic shielding effect (Xiong et al., 2016).

Additionally, as the salt ion concentration increased, the key pH
values (pHg1, pHc and pHy) exhibited a down trend, possibly attributed
to the electrostatic shielding effect of salt ions, leading to reduction in
the surface charge of both SPI and CS. However, the pH decrease
resulted in a positive charge increase in the system, thereby promoting
the SPI/CS complex formation. With the increase of salt ion concentra-
tion, the pHop initially increased and then decreased, which was prob-
ably attributed to the increase of electrostatic shielding effect at higher
salt ion concentrations, thus favoring the formation of complex ag-
glomerates (Niu et al., 2015).

3.6. SPI solubility in SPI/CS complex solution

Fig. 3A presents the effect of pH on the solubility of SPI in the SPI/CS
complex system. The solubility of SPI was higher at pH 3 and 9 than at
pH 6, possibly because at pH 3 and 9, SPI molecules carried significant
positive or negative charges, which increased electrostatic repulsion and
reduced aggregation, thereby enhancing the solubility (O’Flynn, Hogan,
Daly, O’Mahony, and Mccarthy, 2021). After adding CS to SPI at pH 3,
the SPI solubility gradually increased, probably due to the formation of
hydrogen bonds between SPI and CS, allowing more CS molecules to
attach to the protein surface, thus enhancing the SPI hydrophilic prop-
erties (Hu, Xiong, Xiong, Chen and Zhang, 2021). However, when pH
increased to 6, the SPI/CS complex system showed a significant drop in
SPI solubility, likely attributed to.

electrostatic attraction, promoting the formation of a composite
condensate between SPI and CS. With pH further increased to 9, the SPI
solubility in the complex system increased, which was probably related
to the weakening of electrostatic interaction between SPI and CS,
leading to less precipitation and higher SPI solubility (Xue et al., 2018).
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3.7. Emulsifying and foaming properties of SPI/CS complex

The impact of pH on the emulsifying properties of SP1/CS complex is
presented in Fig. 3B. With pH increased from 3 to 6, no significant
change was observed in the emulsifying activity index (EAI) of SPL
However, as pH increased to 9, SPI increased.

in EAI probably related to its increased solubility. After adding CS to
SPI at pH 3, the EAI of SPI/CS complex increased, likely due to the
interaction between SPI and CS, enhancing its adsorption capacity at the
oil/water interface (Kumar, Ganesan, Selvaraj and Rao, 2014). When pH
increased from 3 to 6, the EAI of SPI/CS complex decreased signifi-
cantly, which was likely due to the formation of insoluble SPI/CS
complex induced by electrostatic interaction, thereby reducing protein
adsorption at the interface (He et al., 2024). However, when pH
increased to 9, the SPI/CS complex increased in EAI, likely due to the
higher solubility of SPI.

Additionally, as shown in Fig. 3B, with the increase of pH from 3 to 6,
the emulsifying stability index (ESI) of SPI decreased, likely due to the
reduction of surface hydrophobicity, weakening the conformation flex-
ibility of SPI (Saricaoglu, 2019). When pH further increased to 9, the ESI
of SPI increased, probably related to the increase of protein solubility
and charge density. After adding CS to SPI at pH 3, the ESI of SPI/CS
complex increased, likely because CS addition could balance the hy-
drophilicity and hydrophobicity of SPI. However, when pH increased
from 3 to 9, the ESI decreased significantly in the SPI/CS complex sys-
tem, likely attributed to the formation of electrostatic complexes be-
tween SPI and CS.

Fig. 3C presents the influence of pH on the foaming properties of SPI
and SPI/CS complex. When pH increased from 3 to 9, SPI gradually
improved in foaming capability (FC) and stability (FS), which was
probably contributed by its enhanced solubility, reducing its average
particle size and enabling its rapid adsorption on the air/water interface
to form a stable interfacial film (Yuan, Ren, Zhao, Luo and Gu, 2012).
After adding CS to SPI at pH 3, the FC and FS of SPI in the complex
system showed an uptrend, which can be attributed to hydrogen bond
interactions between CS and SPI, exposing hydrophilic amino acids or
groups on the SPI surface, and enabling a more homogeneous dispersion
of SPI in the solution. However, when pH increased from 3 to 6, the SP1/
CS complex system decreased in FC and FS, probably due to electrostatic
interactions between SPI and CS, leading to a large amount of precipi-
tation (Liu, Zhong, Liu, Tu and Wan, 2011). When pH increased from 6
to 9, the SPI/CS complex remained almost unchanged in FC, but
improved in FS. This improvement in stability might be attributed to the
weakening electrostatic interactions between SPI and CS, reducing ag-
gregation and forming a more stable interfacial film (Li et al., 2017).

3.8. Ultraviolet (UV) and fluorescence spectra of SPI/CS complex

Ultraviolet-visible (UV-Vis) light absorption is a very simple and
effective method for exploring the changes of protein tertiary structure
(Li et al., 2017). Fig. 4A presents the impact of pH on UV absorption
spectra of SPI, CS and SPI/CS complex. With pH increased from 3 to 6,
SPI showed an increase in maximum UV absorption intensity at 265 nm,
probably related to the exposure of some aromatic amino acid residues
to the solution. As pH further increased from 6 to 9, SPI decreased in the
maximum UV absorption intensity, likely due to the sensitivity of
tyrosine and tryptophan to the alkaline conditions, leading to the burial
of these residues (Hu and Xiong, 2022). Moreover, the position of its
maximum UV absorption peak at 265 nm did not change significantly at
varying pH values, suggesting that the fundamental structure of SPI was
not significantly affected by these pH changes.

Additionally, CS exhibited no UV absorption peak under different pH
conditions. However, when CS was added to SPI at pH 3, SPI decreased
in maximum UV absorption peak intensity, likely due to CS covering the
SPI surface and shielding the tyrosine and tryptophan residues (Hu and
Xiong, 2022). When pH increased from 3 to 6, SPI exhibited an increase
in maximum UV absorption peak intensity in the complex system, likely
attributable to the formation of electrostatic complexes between SPI and
CS (He et al., 2024). With pH further increased to 9, SPI decreased in the
maximum absorption peak intensity of the complex system, which might
be induced by the formation of electrostatic interactions between SPI
and CS, causing CS to bind to the protein surface, thereby shielding the
tyrosine and tryptophan residues. In the complex system, SPI showed no
significant change in maximum absorption peak position, suggesting
that the structure of SPI dissolved in the complex system remained
almost unchanged.

The UV-Vis results were further verified by using fluorescence
spectroscopy to detect protein conformational changes in the complex
system (He et al., 2024). Fig. 4B presents the influence of pH on the
fluorescence spectra of SPI, CS and SPI/CS complex. When pH increased
from 3 to 9, SPI increased in maximum fluorescence emission peak in-
tensity, which might be attributed to changes in protein solubility.
Meanwhile, the maximum fluorescence emission peak position of SPI
shifted from 331 nm to 333 nm with increasing pH, suggesting that pH
could change the micro-environment of SPI.

As shown in Fig. 4B, CS exhibited a small fluorescence emission peak
that was unaffected by pH variations. However, after adding CS to SPI at
pH 3, the SPI/CS complex increased in maximum fluorescence emission
peak intensity, likely due to the binding of CS to SPI surface, and thus
encapsulating the tryptophan residues (Shi et al., 2019), which was
consistent with the results of UV spectroscopy (Fig. 4A). As pH increased
from 3 to 6, the SPI/CS complex increased in maximum fluorescence
emission peak intensity and this increase might be associated with
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electrostatic interactions between SPI and CS, leading to conformational
changes in SPI. With pH further increased to 9, the SPI/CS complex
showed a further increase in maximum fluorescence emission peak in-
tensity, suggesting a deeper embedding of tryptophan residues, probably
because CS became nearly insoluble and covered the SPI surface at pH 9.
Additionally, after adding CS to SPI at pH 3, the SPI/CS complex shifted
from 331 nm to 333 nm in the position of maximum fluorescence
emission peak, and this position further shifted from 333 nm to 339 nm
with pH increased from 3 to 9. These results suggested that CS addition
and pH induction can cause greater exposure of tyrosine and tryptophan
residues to a hydrophilic environment.

3.9. Surface hydrophobicity of SPI/CS complex

Fig. 4C shows the impact of pH on the surface hydrophobicity of SPI
and SPI/CS complex. With the increase of pH from 3 to 6, SPI signifi-
cantly decreased in surface hydrophobicity. This could be explained by
the ionization of amino and carboxyl groups in SPI at a high pH value,
which enhanced their interaction with water (Li, Kang, Zou, Xu and
Zhou, 2015). When pH further increased to 9, its surface hydrophobicity
increased. This increase might be induced by changes in partial charges
of SPI under alkaline conditions, loosening its structure and exposing
internal hydrophobic regions, thereby increasing its surface hydropho-
bicity. Additionally, after adding CS to SPI at pH 3, SPI decreased in the

surface hydrophobicity, probably due to complex formation between CS
and SPI.

altering the protein structure or molecular interactions, leading to
the masking or redistribution of hydrophobic regions (Zhang et al.,
2015). Moreover, as pH increased from 3 to 9, the SPI/CS complex
decreased in surface hydrophobicity, which was likely contributed by
deprotonation of protein carboxyl groups, increasing negative charge
and solubility, thereby reducing the exposure of hydrophobic groups
(Bing, Li, Sun, Wang and Liang, 2023).

3.10. Fourier transform infrared spectroscopy of SPI/CS complex

Fig. 5A shows the influence of pH on the FTIR spectra of freeze-dried
SPI, CS and SPI/CS complex. SPI showed characteristic absorption peaks
of amino acids at 3299.30 cm ™! at pH 3, which were mainly attributed to
the stretching vibration of amino (-NHy) groups. The amide I band at
1648.03 cm !, was mainly assigned to the stretching vibration of C=0
bonds; the amide II band at 1535.61 cm’l, was related to NH- stretching
vibration; the amide I1I band around 1230.99 cm ™, was mainly ascribed
to C—N and N—H stretching vibrations (Hu and Xiong, 2022). As pH
increased from 3 to 9, SPI exhibited little variation in FTIR spectra,
suggesting that pH had little effect on SPI structure. However, the
characteristic absorption peak of amino acids shifted from 3299.83
em ™! to 3292.60 cm ™, possibly due to the exposure of amino acids to a
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more hydrophobic environment.

At pH 3, CS exhibited amino characteristic absorption peak at
3436.76 cm ™!, C—O stretching vibration peak at 1631.14 cm ™! and -NH
angular degeneration peak at 1518.72 em! (Fig. 5Ab) (Ding, Nie, Deng,
Xiao and Shi, 2013). Moreover, as pH increased from 3 to 9, CS remained
almost consistent in the types of peaks observed, indicating that pH had
no obvious effect on CS structure. However, with increasing pH, the
amino characteristic absorption peak exhibited a blue shift, probably
due to the exposure of CS amino to a more hydrophobic environment.

After adding CS to SPI at pH 3, the SP1/CS complex exhibited a FTIR
spectrum similar to that of SPI alone, indicating that no chemical reac-
tion occurred between them. However, the amino stretching vibration
peak of SPI shifted from 3345.32 cm ™! to 3295.22 cm ™!, suggesting the
occurrence of interaction between SPI and CS. Furthermore, the blue
shift was more obvious with pH increased from 3 to 9, implying
enhanced interaction between SPI and CS.

3.11. X-ray diffraction of SPI/CS complex

The impact of pH on X-ray diffraction patterns of SPI, CS and SPI/CS
complex is presented in Fig. 5B. In Fig. 5Ba, it is shown that at pH 3, SPI
exhibited a relative crystallinity of 1.95 % with two distinct crystalli-
zation peaks at 10° and 22°, respectively (Waglay, Achouri, Karboune,
Zareifard and L’Hocine, 2019). With the increase of pH from 3 to 9, no
significant changes were observed in the relative crystallinity or the
positions of crystallization peaks of SPI, suggesting that pH had little
effect on its relative crystallinity.

Additionally, at pH 3, CS exhibited a single prominent crystallization
peak at 13° with a relative crystallinity of 4.47 %. When pH increased to
6 and 9, the number of crystallization peaks increased, and the relative
crystallinity rose from 4.47 % to 25.27 % and 24.92 %, respectively. This
was likely attributed to the exposure of crystallization peaks in CS
induced by the pH change, leading to a higher relative crystallinity (He
et al., 2024).

After adding CS to SPI, SPI exhibited two crystallization peaks at 10°
and 22°, with no significant change in its relative crystallinity. However,
with pH increased to 6, the number of crystallization peaks and the
relative crystallinity increased, possibly due to the formation of an
electrostatic complex between SPI and CS. With pH further increased to
9, the SPI/CS complex exhibited a noticeable change in the number of
crystal peaks, and the relative crystallinity increased to 7.88 %. This
could be contributed by the formation of SPI/CS soluble complexes,
leading to the simultaneous appearance of SPI and CS crystallization
peaks.

3.12. Microstructure of SPI/CS complex

Fig. 5C shows the microstructure of freeze-dried SPI, CS and SPI/CS
complex under different pH conditions. As pH increased from 3 to 9
(Fig. 5Cai-a3), SPI exhibited a consistently smooth surface, indicating
that the pH had no significant effect on its surface structure. At pH 3, the
CS surface also appeared smooth (Fig. 5Cb;), but it exhibited a rough
membrane structure at pH 6 and 9 (Fig. 5Cby and bs), probably due to CS
aggregation under these pH conditions. After CS addition at pH 3
(Fig. 5Cc;), the SPI/CS complex exhibited a rough surface, which was
likely induced by the attachment of CS to the SPI surface. With pH
increased to 6 (Fig. 5Ccy), the SPI/CS complex formed a rougher
structure, probably attributed to electrostatic interactions between SPI
and CS molecules and CS film-forming properties (Wang, Li, Yan, Huang
and Dong, 2016). When pH further increased to 9 (Fig. 5Ccg), the SPI/CS
complex exhibited a coarser surface, probably due to CS film-forming
properties.

4. Conclusion

This study elucidated the interaction mechanism between SPI and

Food Chemistry: X 27 (2025) 102372

CS, as well as the influence of CS on SPI structure and functional
properties. Hydrogen bonding and hydrophobic interactions were
shown to drive soluble SPI/CS complex formation, while electrostatic
interactions were crucial for insoluble SPI/CS complex formation. An
appropriate increase in SPI/CS complex concentration (> 0.24 %) and a
reduction in NaCl concentration (< 60 mmol/L) were found to favor
insoluble SPI/CS complex formation. Additionally, after CS addition, SPI
exhibited a decrease in solubility, emulsifying and foaming properties,
followed by an increase with pH elevated from 3 to 9. Moreover, CS
addition can reduce SPI surface hydrophobicity, increase its relative
crystallinity, and induce a red shift in SPI amino (-NH,) groups.
Furthermore, CS addition contributed to the formation of a denser
structure on the SPI surface. These findings provide theoretical insights
into the application of SPI/CS complexes in food formulations.
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