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In the present work, the interaction between whey protein isolate (WPI) and soluble soybean polysaccharide
(SSPS) was studied as a function of pH (7.0 to 2.0), WPI:SSPS mass ratio (1:1 to 10:1), and NaCl-added concen-
tration (0 to 100 mM). The interaction was analyzed by ¢-potential, turbidity, and state diagrams. Then, WPI-SSPS
complexes were obtained in the optimized conditions of pH (4.0 to 3.5), WPIL:SSPS ratio (2:1 to 6:1), and NaCl-
added concentration (0 to 100 mM). The complexes were characterized by ¢-potential, particle size, and physical
stability in a factorial 3 x 3 design with analysis by response surface methodology. This methodology showed that
the characteristics of the WPI-SSPS complexes are modulated by the modification of the studied parameters. By
lowering the pH, the complexes showed a ¢{-potential closer to 0 and higher physical stability. By decreasing the
WPI:SSPS ratio, the complexes showed more negative {-potential. Finally, by increasing the NaCl concentration,
the complexes showed negative ¢-potential but an increment of mean particle size and polydispersity index. Data
obtained in this work is useful to design WPI-SSPS complexes with specific characteristics of size, charge, and
physical stability. These complexes could then be applied in food, medicinal or cosmetic matrices for different

purposes.

1. Introduction

Whey is an important low-cost by-product of the cheese and yogurt
industries, which produce it in bulk amounts. Both industries and aca-
demic research have been researching ways to valorize it since potential
health benefits ranging from antibacterial effects to human cognitive
development and gut health has been reported (Rocha-Mendoza et al.,
2021). A valuable by-product of whey revalorization is whey protein
isolate (WPI), which is frequently used in foods due to its nutritional
value and techno-functional properties, including emulsification, wa-
ter holding, and gelling. WPI is mainly composed of g-lactoglobulin
(~80%; MW: 18.3 kDa) and a-lactalbumin (~12%; MW: 14.2 kDa),
and also immunoglobulins (MW light chain: 25 kDa; MW heavy chain:
50 kDa), bovine serum albumin (MW: 66.3 kDa), bovine lactoferrin
(MW: 80 kDa), lactoperoxidase (MW: 70 kDa), and other minor proteins
as glycomacropeptide (MW: 6.7 kDa) (Madureira et al., 2007; Phillips
& Williams, 2011). A fundamental drawback of WPI is its sensitivity to
changes in pH and ionic strength, and thermal treatments which restrict

their application in some products (Ahmad et al., 2020; Bédié et al.,
2008; Wagoner & Foegeding, 2017).

One strategy to overcome these limitations is the formation of com-
plexes by electrostatic assembly with polysaccharides with an opposite
net charge to WPI. Different phase behavior can arise when aqueous sus-
pensions of proteins and polysaccharides are mixed (Gaber et al., 2018;
Gohetal., 2019; Kong et al., 2022). If the polymers are incompatible, co-
solubility of biopolymers or thermodynamic incompatibility (segrega-
tion) can occur. The incompatibility typically occurs when the biopoly-
mers have the same charge (either negative or positive net charge)
and electrostatic repulsive interactions are strong. On the other way,
if the polymers are compatible, soluble complexes or insoluble com-
plexes (coacervates) can be formed. Compatibility usually occurs when
the biopolymers have opposed net charges to accept attractive interac-
tions. Besides, compatibility appears at low biopolymer concentrations
(Gaber et al., 2018; Goh et al., 2019). In addition, several factors deter-
mine the protein-polysaccharide interactions and complex formation,
including biopolymer characteristics (molecular weight, molecular con-
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formation, charge density, and rigidity), environmental conditions (pH
and ionic strength), biopolymer ratio, biopolymer total concentration,
and additional treatments (heat or mechanical treatments) (Behrouzain
& Razavi, 2020; Devi et al., 2017). The pH is the main factor affecting the
formation of complexes since, for the electrostatic assembly, both pro-
tein and polysaccharide should bear opposite surface charges. The ionic
strength is the second factor determining the formation and characteris-
tics of protein-polysaccharide complexes. However, its effect is difficult
to predict since it depends both on the type of salt and the character-
istics of the proteins and polysaccharides. In general, the addition of
monovalent ions (such as Na* or Cl1™) could neutralize groups with neg-
ative and positive charges that in other conditions would interact with
each other, disadvantaging the formation of complexes and favoring
the hydration of each polymer. However, in higher salt concentrations,
the monovalent ions could interact with the water, dehydrating the
biopolymers and inducing protein-protein and protein-polysaccharide
interactions. Finally, the protein:polysaccharide ratio and total biopoly-
mer concentration also affect the formation and characteristics of elec-
trostatic complexes. The literature shows that the better stoichiometric
protein:polysaccharide ratio depends mainly on the biopolymers’ charge
density, conformation, and flexibility (Gaber et al., 2018; Jones & Mc-
Clements, 2011; Lan et al., 2020b).

Soluble soybean polysaccharides (SSPS) are a by-product of indus-
tries producing tofu, soy milk, and soy protein. Specifically, SSPS are a
family of pectin-like acidic biopolymers used as dietary fiber and as a
functional ingredient because of their nutritional value and benefits as
lowering blood cholesterol and reducing diabetes risk (Chen et al., 2010;
Jia et al., 2015; Maeda & Nakamura, 2009). SSPS is composed of a main
rhamnogalacturonan backbone branched by $-1,4—galactan and a—1,3—
or a—1,5—arabinan chains. In addition, the polysaccharide chain has as-
sociated protein moieties which apport interesting characteristics to this
biopolymer and could facilitate the complexation between protein and
polysaccharide (Li et al., 2020; Nakamura et al., 2004). SSPS have high
water solubility, low bulk viscosity, low pH, and high-temperature sta-
bility (Maeda & Nakamura, 2009; Xu & Liu, 2016).

Many studies have been conducted on the interaction of WPI
with different polysaccharides, including pectin (Chanasattru et al.,
2009; Gentés et al, 2010), alginate (Fioramonti et al., 2014),
gum arabic (Weinbreck et al., 2004a, 2004b), carrageenan
(Weinbreck et al., 2004c), flaxseed gum (Liu et al., 2020a), basil seed
gum (Behrouzain et al., 2020; Behrouzain & Razavi, 2020), hyaluronic
acid (Zhong et al., 2021), quince seed mucilage (Ghadermazi et al.,
2019a, 2020b), and Tremella fuciformis polysaccharide (Hu et al., 2019).
However, as far as we are aware, only two previous studies analyzed the
interaction between WPI and SSPS. In our previous work, we studied
the effect of heat-treatment on the complex formation at pH 3.5 and 4:6
WPI:SSPS ratio, comparing single- and two-step assembly approaches
for application in emulsions subjected to freeze-thawing (Cabezas et al.,
2019). Recently, Zamani et al. (2020) employed WPI-SSPS mixtures
obtained at pH 7.0 and 3.5 with or without heat treatment for WPI
stabilization in beverages. However, the effects of other parameters in
the complexation process were not further characterized. So, the inter-
action between SSPS and WPI has not been thoroughly characterized
and WPI-SSPS mixtures are still not used in the food industry since
there is a lack of fundamental understanding of physical and chemical
interactions between these biopolymers.

Hence, the main objectives of the present work were to determine the
pH, WPI:SSPS mass ratio, and NaCl-added concentration conditions that
allow the complexes’ formation from WPI and SSPS, and to characterize
the size, charge, and physical stability of the obtained WPI-SSPS com-
plexes. The knowledge generated in this work is useful to design WPI-
SSPS complexes with specific characteristics of size, charge, and phys-
ical stability. The possibility of modifying their characteristics would
allow the incorporation and use of these complexes in food, medicinal
or cosmetic matrices for different purposes. Concerning their specific ap-
plicability in Food Science, WPI-SSPS complexes could be used for the
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encapsulation and delivery of bioactive compounds, the stabilization
of emulsions and foams, or the modification of optical and rheological
properties of the food matrix. However, the novel and improved func-
tionality of these WPI-SSPS complexes concerning WPI control must still
be studied.

2. Materials and methods
2.1. Materials

Arla Foods Ingredients Argentina, S.A (Buenos Aires, Argentina) do-
nated the whey protein isolate (WPI, Lacprodan® DI-9224). According
to the supplier’s datasheet, the WPI chemical composition (% w/w) was:
crude protein (N X 6.25), 86.5; lactose, 0.1; total fat, 0.1; salts, 1.25. Fuji
Oil Co. Ltd (Osaka, Japan) donated the soluble soybean polysaccha-
rides (SSPS, Soyafibe-SCA100). According to the supplier’s datasheet,
the SSPS chemical composition (% w/w) was: total dietary fiber, 75.1;
crude protein (N x 6.25), 7.8; moisture, 5.8; ash, 7.8. Besides, the SSPS
saccharide composition (% w/w) was: rhamnose, 5.0; fucose, 3.2; rabi-
nose, 22.6; xylose, 3.7; galactose, 46.1; glucose, 1.2; and galacturonic
acid, 18.2. The three SSPS majority components had molecular weights
of 550 kDa, 25 kDa, and 5 kDa, respectively (Maeda & Nakamura, 2009).
WPI and SSPS powders were utilized with no further purification. Deion-
ized water was used to prepare the solutions and dispersions. All the
other chemicals were analytical-grade reagents purchased from local
distributors (Buenos Aires, Argentina).

2.2. Preparation of protein and polysaccharide stock dispersions

Using a calibrated Ohaus® Pioneer® PA214 analytical balance (res-
olution + 0.0001 g) the solid powders of WPI and SSPS were weighted
and mixed into deionized water under constant mixing for 2 h at room
temperature (25 =+ 2 °C) to prepare a 4% w/w WPI and SSPS stock solu-
tion dispersion. The pH values of WPI and SSPS stock dispersions were
7.00 +0.02, and 5.80 + 0.04, respectively. To prevent microbial growth,
sodium azide at a final concentration of 0.02 % w/w was added to all
dispersions, which were further stored at room temperature, protected
from light, until use.

2.3. Preparation and characterization of protein-polysaccharide mixtures

2.3.1. Preparation of protein-polysaccharide mixtures

To prepare binary mixtures with desired mass ratios (1:1, 2:1, 4:1,
6:1, 8:1, or 10:1 WPI:SSPS), appropriate proportions of the two stocks
dispersions were mixed with a magnetic stirrer for 1 h at room tem-
perature (25 + 2 °C). The binary mixtures were prepared with deion-
ized water or with concentrated NaCl solutions to assure the desired
final NaCl-added concentration (0, 50, or 100 mM NaCl). Then, the pH
of each mixture was adjusted with 1.0 M HCI to desired pH (7.0, 6.5,
6.0, 5.5, 5.0, 4.5, 4.0, 3.5, 3.0, 2.5, or 2.0). pH was measured using a
C861 Consort pH/mV meter with a PY-P10-25 Sartorius electrode (reso-
lution + 0.01), calibrated daily before use. The final WPI concentration
was 1.0 % w/w in all the dispersions, and the SSPS concentrations var-
ied between 1.0 and 0.1 % w/w. Individual 1.0 % w/w WPI and SSPS
dispersions were used as control samples.

2.3.2. ¢-potential determination

The {-potential of individual biopolymer dispersions was determined
at 25 + 2 °C with a Zetasizer Nano ZSP ZEN 5600 analyzer (Malvern
Instrument, UK) at pH values between 7.0 and 2.5. In addition, the {-
potential of the 4:1 WPI:SSPS mixture was determined in the same pH
range. The refractive indices were 1.54 and 1.33 for biopolymers (WPI,
SSPS, and WPI-SSPS mixture) and dispersant, respectively. For measure-
ments, dispersions were diluted (1:3 v/v) with deionized water previ-
ously adjusted at each pH with HCI 1.0 M, to avoid multiple light scat-
tering effects. The dilutions were performed using calibrated Gilson®
automatic pipettes.
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2.3.3. Turbidimetric analysis and calculation of critical pH

The turbidity of WPI, SSPS, and WPI-SSPS mixtures at different pH,
WPI:SSPS ratio, and NaCl-added concentrations was expressed as the
apparent optical density at 600 nm using a Biochrom Libra S4 visible
spectrophotometer (Biochrom Instruments; United Kingdom). All mea-
surements were conducted at room temperature (25 + 2 °C).

From the parameterization of the turbidity results as a function of
pH, the critical pH values were calculated as elsewhere (Behrouzain &
Razavi, 2020; Liu et al., 2009; Zhong et al., 2021). The pH where oc-
curs the maximum complex formation (pHopt) was determined at the
maximum optical density at 600 nm. The pH where start the formation
of intramolecular soluble complexes (pH,.) was determined as a slight
increase in scattered light intensity. The pH where begin the formation
of intramolecular insoluble complexes (pH,,) was determined by ex-
tending tangent lines on both sides of the inflection point at pH higher
than pH,p. Finally, the pH where start the disassembly of complexes
(pH,) was determined by extending tangent lines on both sides of the
inflection point at pH lower than pHg,.

2.3.4. Construction of state diagrams

The physical dispersion state of WPI, SSPS, and WPI-SSPS mixtures at
different pH, WPI:SSPS ratio, and NaCl-added concentrations was ana-
lyzed by visual observation on days 1 and 14 post-production (Lan et al.,
2018a, 2020b). Each day, the samples were classified into five groups
based on the turbidity of the suspension and the presence/absence of
precipitate (Fig. S1). The samples were statically stored upright at room
temperature (25 + 2 °C) and protected from light during the study.

2.4. Preparation and characterization of protein-polysaccharide complexes

2.4.1. Preparation of protein-polysaccharide complexes

From the analysis of the results obtained so far, the conditions that
allow obtaining insoluble (sedimentable and non-sedimentable) com-
plexes were selected. Specifically, three pH conditions (4.0, 3.5, and
3.0), three WPI:SSPS mass ratios (2:1, 4:1, and 6:1), and three NaCl-
added concentrations (0, 50, and 100 mM) were chosen to continue the
characterization. As in Section 2.3.1, the WPI-SSPS soluble complexes
were obtained by mixing appropriate proportions of both biopolymers
stock dispersion with deionized water or concentrated NaCl solution
with a magnetic stirrer for 1 h at room temperature (25 + 2 °C), to obtain
the desired mixing WPI:SSPS mass ratios and salt concentrations. Then,
the pH of each mixture was adjusted with 1.0 M HCI to the desired pH.
The final WPI concentration was 1.0 % w/w in all the dispersions and
the SSPS concentrations varied between 0.50 and 0.17% w/w. Individ-
ual WPI and SSPS dispersions were used as control samples.

2.4.2. ¢-Potential determination
The ¢-potentials of WPIL, SSPS, or WPI-SSPS complexes were deter-
mined as previously explained in Section 2.3.2.

2.4.3. Particle size measurements

The particle size distribution (PSD), hydrodynamic diameter (Z-
average, intensity weighted average diameter), and polydispersity in-
dex (PDI) of WPI, SSPS, or WPI-SSPS complexes were determined at
25 + 2 °C by dynamic light scattering using a Zetasizer Nano ZAP ZEN
5600 analyzer (Malvern Instruments, UK). To avoid multiple light scat-
tering effects, samples were diluted (1:3 v/v) with deionized water pre-
viously adjusted at specific pH with HCI 1.0 M. The refractive indices for
the complexes and dispersant were 1.54 and 1.33, respectively. The Z-
average and PDI were determined on days 0, 28, and 56 post-production.

2.4.4. Physical stability

The physical stability of WPI, SSPS, or WPI-SSPS complexes’ disper-
sions was monitored using a Turbiscan Lab® vertical analyzer (Formu-
laction, France), according to the multiple light scattering theory. For
measurements, all samples were transferred into cylindrical glass tubes,
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and the transmission (T) and backscattering (BS) throughout the en-
tire sample were determined up to day 56 post-production. The samples
were statically stored at room temperature (25 + 2 °C) and protected
from light during the study. The stability of the complexes was evalu-
ated from the T and BS profiles and the global Turbiscan stability index
(TSI), calculated by TurbiSoft software (Formulaction, France).

2.5. Statistical analysis

All the preparations and characterization assays were conducted at
least in triplicate and the results were expressed as mean =+ standard de-
viation. The statistical analyses were performed using Graph Pad Prism
v6.0. One-way ANOVA or Two-way ANOVA followed by multiple com-
parisons post-test were used depending on the experimental design. The
differences were considered significant only when the p-value was less
than 0.05. Furthermore, in the characterization of WPI-SSPS complexes,
the effects of the three independent variables (pH, WPI:SSPS mass ratio,
and NaCl-added concentration) on the Z-average, ¢-potential, and TSI
of WPI-SSPS complexes were examined by a 3 x 3 factorial design for
the response surface and mesh methodology by Statgraphics Centurion
XVIvl6.1.18.

3. Results and discussion
3.1. Characterization of protein-polysaccharide mixtures

3.1.1. ¢-potential analyses

The ¢{-potentials of individual biopolymer dispersions and the 4:1
WPIL:SSPS mixture at pH values between 7.0 and 2.5 were determined
to understand the driving force for electrostatic interactions (Fig. 1).

The WPI control presented ¢-potential varying between
+22.2 + 1.4 mV at pH 2.5 to -27.9 + 0.9 mV at pH 7.0 (Fig. 1A),
with the isoelectric point (pI) occurring at 4.3. This result agrees
with previous works that reported a WPI pl of 4.3—4.5 (Behrouzain &
Razavi, 2020; Yi et al., 2021; Zhong et al., 2021). In addition to the
change in ¢-potential values, the precipitation of WPI at pH ranging
from 5.0 to 3.5 was observed (Fig. 1B). This precipitation of protein
aggregates is mediated by the lack of electrostatic repulsion and
becomes one of the major challenges to WPI incorporation in acidic
foods (Hu et al., 2019).

On the other hand, the SSPS control presented negative ¢-potentials
in the entire pH range, varying from -0.9 + 0.1 mV at pH 2.5 to -
21.5 + 0.6 mV at pH 5.5, indicating a pKa < 2.5 (Fig. 1A). These re-
sults are consistent with those previously reported (Zhao et al., 2018)
and with the presence of galacturonic acid as a component sugar of this
polysaccharide. Moreover, SSPS control formed stable translucent dis-
persions throughout the studied pH range (Fig. 1 B).

According to these results, WPI and SSPS would be compatible at
2.5 < pH < 4.3 since complexes are formed by the electrostatic attraction
of biopolymers with opposite net charges. In this work, the biopolymer
interaction and formation of the WPI-SSPS complexes were confirmed
by the change in the ¢-potential of the 4:1 WPI:SSPS mixture concerning
the WPI and SSPS controls (Fig. 1 A) and by the formation of stable
dispersions in pH close to WPI pI (Fig. 1 B). At this WPI:SSPS ratio, the
complexes presented a pI value close to 3.8.

3.1.2. Turbidimetry analysis

Turbidimetry analysis was performed to examine the effects of pH
(7.0 to 2.0), WPI:SSPS mass ratio (1:1 to 10:1), and NaCl concentration
(0, 50, or 100 mM NaCl) on the WPI-SSPS interactions (Fig. 2).

The WPI controls presented different turbidity and tendency to pre-
cipitate as a function of pH and NaCl concentration. In the absence of
added salt, a marked increase in WPI turbidity in pH close to the pl
was observed (Fig. 2A) on day O of preparation, which corresponds to
the formation of large-size protein aggregates with high light-scattering
capacity. This maximum turbidity was attributed to relatively weak
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Fig. 1. (A) ¢-potential of WPI, SSPS, and mixture at 4:1 WPIL:SSPS ratio as a
function of pH. (B) Photographs of WPI, SSPS, and mixture at 4:1 WPI:SSPS
ratio as a function of pH on day 1 post-production.
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electrostatic repulsion between protein molecules leading to WPI self-
association (Behrouzain et al., 2020). On day 1 post-preparation, WPI
precipitated and formed translucent dispersion in pH ranging from 5.0
to 4.0 (Fig. S2A), which corresponds with the extensive protein aggre-
gation (Zhong et al., 2021). On the contrary, in the presence of 50 and
100 mM of NaCl, the WPI turbidity significantly decreased compared
to the case without added salt (Fig. 2 A). This trend could be explained
by the formation of smaller-size protein aggregates or the formation of
fewer quantities of protein aggregates. On day 1 post-production, WPI
in presence of 50 and 100 mM NaCl also precipitated in pH between 5.0
and 3.5, but the suspension remained appreciably cloudy (Fig. S2A). As
explained before, this phenomenon is defined by a salting-in effect or
by the formation of smaller non-sedimentable protein aggregates.

On the other hand, the SSPS controls generated translucent disper-
sions (Fig. S2B) with low turbidity (Fig. 2A) in the entire pH range and
salt concentrations.

The WPI-SSPS mixtures presented, as WPI, different turbidity trends
and tend to precipitate as a function of pH and salt concentration. In
absence of added salt, the mixtures with different WPI:SSPS ratios gave
rise to a decrease in turbidity compared to the WPI control in pH close
to pI (Figs. 2 A and S3), which could be due to the formation of protein-
polysaccharide complexes with smaller sizes and light-scattering capac-
ity than protein aggregates. Besides, as the available SSPS increased and
WPI:SSPS ratio decreased (from 10:1 to 1:1), a shift in the turbidity max-
imum toward lower pH was observed (Fig. 2A). This observation means
that the pH value should be reduced to promote the optimal neutral-
ization of all the WPI positive charges by the anionic groups of SSPS
(Ghadermazi et al., 2019a, 2020b). Klemmer et al. (2012) observed
a similar trend for mixtures of pea protein isolate and alginate with
protein:polysaccharide mass ratio between 20:1 to 1:1. On day 1 post-
production, no precipitation was observed in any pH conditions (Fig.
S3). This result confirmed the formation of non-sedimentable electro-
static complexes in 2.5 < pH < 4.3 conditions, without added salt, for
all the WPI:SSPS mass ratios. On the contrary, in the presence of 50
and 100 mM of NaCl, most of the mixtures presented higher turbid-
ity than the WPI control (Figs. 2 A, S4, and S5), which is explained by
the formation of smaller protein aggregates in WPI control and larger
complexes in WPI-SSPS mixtures. Likewise, the WPI-SSPS mixtures in
presence of 50 and 100 mM of NaCl presented higher turbidity than
WPI-SSPS mixtures without salt added (Fig. 2A), which could be due
to the formation of larger-size complexes in presence of salt. Specifi-
cally, it was observed that the turbidity of the samples significantly in-

+ 0 mM NaCl + 50 mM NaCl +100 mM NaCl

4 4 4 — WPI
— — - — WPI:SSPS 10:1
e 3 el e 3 — WPI:SSPS 8:1
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Fig. 2. (A) Turbidity of WPI, SSPS, or mixtures at different WPI:SSPS ratios as a function of pH and NaCl-added concentration. (B) Critical pH values as a function

of WPL:SSPS ratio and NaCl-added concentration.
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creased with the increment in NaCl concentration from 0 to 50 mM,
but then the turbidity slightly decreased with the increment up to
100 mM. Bastos et al. (2018) reported the same tendency for lactoferrin-
alginate mixtures in presence of 0-200 mM of NaCl-added concentra-
tions. On day 1 post-production, precipitation was observed for 6:1 and
8:1 WPI:SPPS mixtures at pH 5.0 in presence of 100 mM NacCl, and no
precipitation was observed in the rest of the samples (Figs. S4 and S5).
In general, as the salt concentration increased, the dispersions became
cloudier and unstable. These observations could be explained by the in-
teraction of NaCl ions with both biopolymers. Monovalent anions, like
chloride, bind to positive groups in the proteins, altering their general
charge characteristics. In the same way, sodium ions may interact with
negative groups in the protein chains, but it is reported that they do
not have as significant an effect as anions (Damodaran et al., 2007).
The interaction of Nat and Cl~ with biopolymers might form a dou-
ble layer of ionic groups, which decreases the electrostatic interaction
between both protein molecules and protein-polysaccharide molecules
(Bastos et al., 2018; Stone & Nickerson, 2012). Moreover, these inter-
actions cause more solvation of proteins and, thus, increase their solu-
bility. However, at high salt concentrations, most water molecules are
strongly bound to salt ions, and the reorganization of water molecules
around biopolymers occurs. This could result in stronger protein-protein
and protein-polysaccharide interactions, which could explain the for-
mation of larger particles with higher turbidity in WPI-SSPS mixtures
in presence of 50 and 100 mM of NaCl. Nevertheless, these effects must
be carefully analyzed since depends on the type of protein and polysac-
charide. For example, Stone & Nickerson (2012) reported that the com-
plexation of WPI with both i- and A-carrageenan types was enhanced up
to 300 mM of NaCl, while the complexation of WPI with x-carrageenan
type was decremented with the addition of salt.

3.1.3. Critical pH values

From the parameterization of the turbidimetry results, the critical
pH values were calculated (Fig. 2 B), including the pH at soluble com-
plexes begin to form (pH,), the pH at insoluble complexes begin to form
(pH,1), the optimum pH for complex formation (pH,p), and the pH
at the complexes disassemble (pH,,). Independently of WPI:SSPS ratio
and salt concentration, all trends were characterized by four different
regions by pH decreasing.

In the first region, where pH > pH,,, the WPI and SPPS presumably co-
exist as cosoluble individual molecules due to steric hindrance and elec-
trostatic repulsion between the strongly negatively charge biopolymers
(incompatibility), resulting in translucent dispersions. Non-significant
differences were obtained in the pH, for any WPI:SSPS ratio or NaCl
concentration (p > 0.05).

In the second region, where pH, > pH > pH,,, the WPI and
SPPS interact with each other forming intramolecular soluble WPI-
SSPS complexes. This could happen above the pI of WPI since SSPS
can bind to positive patches on the protein surface, even though
both the protein and polysaccharide have a net negative charge
(Behrouzain et al., 2020; Jones et al., 2010; Stone & Nickerson, 2012).
Hadian et al. (2016) showed that interactions at pH > pl of protein were
possible in mixtures of g-lactoglobulin and the water-soluble fraction of
Persian gum. Non-significant differences were obtained in the pH , for
any WPI:SSPS ratio; but significant differences (p < 0.01) were observed
for pH,,; of 1:1 and 2:1 WPL:SSPS mixtures when NaCl concentration
increased from O to 100 mM. Liu et al., 2020a reported similar results
for WPI and flaxseed gum mixtures with increasing NaCl concentration
from 0 to 50 mM.

In the third region, where pH,; > pH > pH,,, going through the
PH,p, the WPI and SSPS interact with each other forming WPI-SSPS
insoluble complexes that can sediment or not sediment depending on
their particle size (Gaber et al., 2018). In the present work, sedimenta-
tion of complexes was observed only in the higher salt concentration,
but non-sedimentable complexes were obtained in the rest of the condi-
tions, which could be related to the formation of nanosized complexes. It
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has been reported that complexes could grow in size in a fractal manner
as the pH declines (Rodriguez Patino & Pilosof, 2011; Stone & Nicker-
son, 2012) since the protein assumes a more positive charge that al-
lows the nucleation and growth-type kinetic mechanism (Girard et al.,
2004) until equimolar quantities between the two polymers are achieved
and evidenced a maximum in scattering intensity (pH,p). Beyond this
PHopy» scattering declines because the anionic groups of the polysaccha-
ride chain become protonated leading to fewer biopolymer interactions
and complete dissociation of structure (Sanchez et al., 2006). Besides
electrostatic interactions, the hydrogen bond, hydrophobic interactions,
and van der Waals interactions also play a role in the interaction of the
protein and polysaccharide (Gentile, 2020). However, electrostatic in-
teractions play the dominant role in molecular (Cortés-Morales et al.,
2021; Li et al., 2022).

In this third region could also be observed that the pH range in which
electrostatic complexes are formed (range between pH, and pH,;) was
widened as the WPI:SSPS ratio decreased from 10:1 to 1:1, because
pH,, decreased from 3.0 in the ratio 10:1 to 2.5 in the ratio 1:1.
Both pH,, and pH,, presented significant differences (p < 0.05) for
mixtures obtained at 1:1, 2:1, 4:1, and 6:1 WPI:SSPS ratios, however,
non-significant differences were observed for these parameters in 6:1,
8:1 and 10:1 WPI:SSPS ratios. This phenomenon is probably associ-
ated with a greater tendency to charge neutralization in WPI-SSPS mix-
tures when more SSPS was available (Fioramonti et al., 2014). The
same trend between critical pH values and protein:polysaccharide mix-
ing ratio has been previously reported for different biopolymers sys-
tems. Lan et al. (2018a) observed this trend for the interaction of pea
protein isolation with high methoxy pectin in ratios from 20:1 to 1:1
(i.e., pectin concentration increased), while Fioramonti et al. (2014) re-
ported this trend for the interaction of WPI with alginate in ratios from
6:1 to 2:1 (i.e., alginate concentration increased). In the same way,
Azarikia & Abbasi (2016) reported this tendency for the interaction of
WPI with the soluble fraction of gum tragacanth and the soluble fraction
of Persian gum, while Hadian et al. (2016) reported this tendency for
p-lactoglobulin and soluble fraction of Persian gum. Besides, by increas-
ing the salt concentration, the pH range in which electrostatic complexes
are formed was extended. This could occur because the ions provided
by the salt could neutralize certain charges of the biopolymers, inducing
the interaction of more hydrophobic zones, as we explained previously.
Zhang et al. (2021) reported parallel results for the effect of NaCl con-
centration on critical pH values of field pea protein isolate with chitosan.
Hadian et al. (2016) showed similar results for the effect of both NaCl
and CaCl, on critical pH values of g-lactoglobulin and the water-soluble
fraction of Persian gum.

In the fourth region, at pH < pH,,, the complexes disassemble prob-
ably due to the loss of charge of the SSPS molecules that reach the pKa of
their carboxylic groups (Bédié et al., 2008). The pH,,, was observed to be
declined towards a lower pH value with the reduction of the WPI:SSPS
ratio (from 10:1 to 1:1), which could be due to the stronger intercon-
nected network at higher SSPS availability (Zhong et al., 2021).

3.1.4. State diagram

The state diagrams were constructed from the macroscopic observa-
tion of the dispersions throughout the storage time (Figs. 3 and S1). The
WPI showed precipitation in pH ranging from 5.0 to 4.0 on day 1 post-
preparation, which corresponds with the extensive protein aggregation
due to lack of repulsion since pH is close to pl. While in the absence of
salt the suspension was translucent, in the presence of 50 and 100 mM
NaCl the suspension remained appreciably cloudy, which could be due
to a salting-in effect or by the formation of smaller non-sedimentable
protein aggregates. These results are in concordance with those obtained
and discussed for turbidity measurements (Section 3.1.2). Moreover, the
WPI controls with 0 or 50 mM of NaCl did not present changes along
the 14 days, whereas the WPI controls with 100 mM of NaCl changed
from cloudy to translucent suspensions, both with precipitate, between
days 1 and 14. This phenomenon showed that, even at high salt concen-
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Fig. 3. State diagram of WPI, SSPS, and mixtures at different WPL:SSPS ratios as function of pH and (A) 0 mM, (B) 50 mM, or (C) 100 mM NaCl-added concentration.
The state corresponds to translucent suspension (A), cloudy suspension (O), high turbidity suspension ([]), clarification without precipitate (l), precipitate with

cloudy suspension (@), or precipitate with translucent suspension (a).

trations, WPI is unstable at a pH close to its pl. On the other hand, the
SSPS control maintained its stability across the storage period.
Concerning the WPI-SSPS mixtures, the samples were translucent at
pH > pHc (pH > 5.5), which could be due to the negative charge of
both biopolymers leading to electrostatic repulsion (incompatibility).
On the contrary, different phase behaviors were observed in pH < pHc
(pH < 5.5) when protein-polysaccharide complexes could be formed
(compatibility). Mixtures obtained without NaCl (Fig. 3A) were stable
between day 1 and 14 post-production. Regarding the effect of NaCl
concentration on day 1 post-production, the mixtures with 100 mM
were cloudier than the samples obtained in 50 mM NaCl, and those
were cloudier than the samples obtained without added salt. These re-
sults are in harmony with those obtained for turbidity measurements
(Section 3.1.2) and are related to the possible increment of complexes’
size induced by NaCl concentration, as previously discussed. In addi-
tion, the 4:1 to 10:1 WPI:SSPS mixtures obtained at pH 5.0 in 100 mM
of NaCl exhibited rapid destabilization and clarification with or without

precipitation. These results are consistent with the formation of unstable
larger complexes and protein-aggregates, which could happen because
the pH is not yet close to the pH,,, for WPI-SSPS interaction and be-
cause the concentration of SSPS is not enough to increase the stability
of the WPIL. On day 14 post-production, only the 1:1 and 2:1 WPL:SSPS
mixtures obtained at pH 3.0-4.0 remained stable, while the remaining
samples were unstable in the presence of 50 and 100 mM NacCl. Specifi-
cally, the samples at pH < 4.5 presented clarification without precipita-
tion which could be due to the slow sedimentation of larger complexes
obtained in presence of salt as we discussed earlier. On the other hand,
the samples at pH = 5,0 showed sedimentation and precipitation which
could be explained by the distance with the pH,, and the low SSPS con-
centration. About this, as the available SSPS increased and WPI:SSPS
ratio decreased (from 10:1 to 1:1), the complexes became more stable
hypothetically because they had a smaller particle size. Azarikia & Ab-
basi (2016) reported similar phase behavior for mixtures of WPI with
the soluble fraction of gum tragacanth and Persian gum; as the avail-
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ability of polysaccharides increased, the complexes became more stable
showing no precipitation. Besides, Zhong et al. (2021) described similar
phase behavior for mixtures of WPI with hyaluronic acid (HA); where
WPI:HA mass ratio lower than 4:1 showed no precipitation and mixtures
with WPL:HA ratio of 4:1 or higher showed precipitation and destabi-
lization.

3.1.5. Conditions for protein-polysaccharide complexes obtention

From the results obtained so far, the conditions to assure the obten-
tion of insoluble (sedimentable and non-sedimentable) complexes were
selected. Specifically, it was decided to continue working with pH condi-
tions of 4.0, 3.5, and 3.0, since WPI-SSPS attractive electrostatic interac-
tions are ensured in that range (compatibility situation), as can be seen
in the results of {-potential (Fig. 1) and through turbidimetry (Fig. 2).
In addition, the 2:1, 4:1, and 6:1 WPI:SSPS mass ratios were selected be-
cause changes in the critical pH values (Fig. 2) and the storage stability
by state diagram (Fig. 3) were observed in these mass ratios. Finally, it
was decided to continue working with the three salt-added concentra-
tions because appreciable changes were noticed in the critical pH values
(Fig. 2) and the storage stability (Fig. 3). The characteristics of WPI-SSPS
complexes were analyzed in Section 3.2 to deeply understand the effects
of the selected pH, WPI:SSPS mass ratio, and NaCl-added concentration.

3.2. Characterization of protein-polysaccharide complexes

The WPI-SSPS complexes obtained in the selected conditions were
characterized by ¢-potential (Fig. 4A), Z-average (Fig. 5A), polydisper-
sity index (PDI, Fig. 5B), and physical stability overtime followed by
Turbiscan stability index (TSI, Fig. 6A-C). Moreover, from the obtained
experimental results, the statistical response meshes (Figs. 4B, 5C, and
6D) and surfaces (Figs. S6, S7, and S9) were calculated, as well as the in-
fluence of each parameter (pH, WPI:SSPS ratio, and NaCl concentration)
in the main characteristics of the complexes ({-potential, Z-average, and
TSI).

3.2.1. ¢-Potential

According to ¢{-potential measurements (Fig. 4A), as expected, a net
positive charge was observed in the WPI controls. The {-potential mod-
ule of WPI significantly increased (p < 0.01) as the pH moved away from
the pI because of the neutralization of negatively charged groups. On the

other hand, the {-potential module of WPI decreased as the salt concen-
tration increased (from 0 to 100 mM of NaCl) since chloride ions neutral-
ized positively charged groups of proteins more effectively than sodium
ions neutralized negatively charged groups (Damodaran et al., 2007).
On the other hand, a net negative charge was observed in the SSPS con-
trol, whose module significantly reduced (p < 0.05) as the pH moved
close to the pKa. The NaCl concentration did not significantly modify
the ¢-potential of SSPS (p > 0.05). The complementary net charges al-
low the WPI-SSPS complexes formation that presented ¢-potential val-
ues around zero. {-potential values indicate that the strongest WPI-SSPS
interactions showed in spectrophotometry occurred when the electrical
charge of the mixtures was nearly neutralized. However, it is important
to note that the {-potential of the mixtures represents the net ¢-potential
value of protein-polysaccharide complexes and non-interacting individ-
ual biopolymers (Gorji et al., 2018).

According to the statistical response mesh (Fig. 4B) and surfaces (Fig.
S6), the pH, WPIL:SSPS ratio, and NaCl concentration, and also the in-
teraction between these parameters, had a significant effect on the ¢-
potential of complexes. As the pH increases (from 3.0 to 4.0), the ¢-
potential of WPI-SSPS complexes becomes more negative. This could be
due to the proteins contribute with a smaller amount of positive charge,
so the negative charge of SSPS is not completely neutralized, giving
rise to complexes with a negative surface charge. Gorji et al. (2018) re-
ported a similar trend for mixtures of f-lactoglobulin or a-lactalbumin
with alginate, where the {-potential values decreased with the increas-
ing pH. On the other hand, as the WPI:SSPS ratio decreased (from 6:1
to 2:1), the negative charge increased, which could be due to a greater
amount of SSPS available to neutralize the positive charge of the pro-
teins. This result agrees with those obtained by Zhong et al. (2021), who
studied the ¢-potential of WPI-hyaluronic acid complexes at different
protein:polysaccharide ratios and observed that the increase in anionic
groups provided by hyaluronic acid neutralized the cationic groups of
proteins leading to a negative net charge. Finally, as the NaCl concentra-
tion increased (from 0 to 100 mM), the negative charge increased, which
could be due to a neutralization of the positive charge of the proteins
by the chloride ions of the salt, as we explained earlier.

3.2.2. Particle size
Particle size analyses, including particle size distribution (PSD), hy-
drodynamic diameter (Z-average), and polydispersity index (PDI) anal-
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ysis, are useful tools for better understanding of biopolymers complex-
ation and for approaching the appropriate conditions for complexation
(Ghadermazi et al., 2019a). PDI is a parameter reflecting the polydis-
persity of the PSD of colloid suspension; generally, a PDI < 0.3 indicates
a relatively homogeneously dispersed colloid suspension (Liu et al.,
2020). According to Z-average and PDI measurements (Fig. 5A and B),
the WPI control formed larger protein aggregates at pH 4.0 than at pH
3.5 or 3.0, which could be due to the proximity between pH and pI
of proteins (Shang et al., 2021). As seen in ¢-potential measurement,
WPI presented less superficial charges at pH 4.0, leading to protein
aggregation into large clumps. All the WPI control samples presented
PDI close to 0.5, which allows interpreting that there is high polydis-
persity and aggregation in these samples. This information agrees with
the multimodal PSD that presented a population of small size (free pro-
tein) and other populations of larger sizes (aggregates of varied sizes).
On the contrary, WPI-SSPS complexes presented nanometric sizes, in-
dependently of pH, WPI:SSPS ratio, and NaCl concentration. Similarly,
Shang et al. (2021) reported the obtention of complexes between WPI
and Flammulina velutipes polysaccharide with a lower Z-average than the
respective control of WPIL.

According to the statistical response mesh (Fig. 5C) and surfaces (Fig.
S7), only the salt concentration significantly affected the Z-average of
complexes. The Z-average increased as the NaCl concentration increased
(from O to 100 mM). For 2:1 WPI:SSPS complexes, an analysis of the
PSD shows that, regardless of the pH and NaCl concentration, the popu-
lations were monomodal and centered on the Z-average. This result sug-
gests that the increase in the salt concentration would give rise to the
swelling of these complexes instead of an aggregation process. On the
same trend, the 4:1 and 6:1 WPI:SSPS complexes presented monomodal

particle size distributions (PSDs) with PDI < 0.2 in absence of salt and
the presence of 50 mM NaCl. However, these samples presented mul-
timodal PSDs with PDI > 0.4 in the presence of 100 mM NaCl. These
multimodal PSDs showed two populations centered around 200 nm and
around 1000-1500 nm. In these cases, the increase in the salt concentra-
tion would lead to the aggregation of the complexes into larger particles
and not to a swelling process. Liu et al. (2020) and Yi et al. (2021) re-
ported an increase in the Z-average and PDI values with the increase of
NaCl concentration from 0 to 200 mM for a-lactalbumin-chitosan com-
plexes and WPI-alginate complexes, respectively. Both authors hypoth-
esized that the reduction of electrostatic attraction between the protein
and polysaccharide molecules resulted in the detachment of the polysac-
charide from the complexes and the occurrence of bridging aggregation.

According to the statistical response mesh (Fig. 5C) and surfaces
(Fig. S7), the pH and WPLSSPS ratio did not significantly affect the
Z-average of complexes. In the same direction, Liu et al., 2020c re-
ported no remarkable Z-average diameter changes for a-lactalbumin
and chitosan complexes in the pH range of 3.0 to 4.5. In addition,
Zamani et al. (2020) described the formation of nanosized WPI-SSPS
particles at pH 7.0 (non-interactive pH) and pH 3.5, and described that
the Z-average remained unchanged in most of the WPI:SSPS ratios stud-
ied.

In addition to the measurements on the day of production, the
Z-average was monitored during storage on days 28 and 56 post-
production (Fig. S8). For the complexes, all Z-averages remained be-
tween 100 and 200 nm but, for some samples, increased significantly on
days 28 and 56 compared to day 0. As the PSDs remained monomodal
and centered on the Z-average, the significant increase in particle size
could be due to a swelling process.
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3.2.3. Physical stability

Turbiscan technique is a helpful tool for monitoring the destabiliza-
tion kinetics of a system and assessing the extent of eventual phase sep-
aration. The Turbiscan stability index (TSI) is a relative number without
units that allows comparison of the relative stability of different sam-
ples based on the variations in the rate of backscattering/transmission
intensity of the sample over time; the TSI is lower when the stability of
the system is higher (Chevalier et al., 2019). According to TSI results
(Fig. 6A-C), WPI control at pH 4.0, independently of salt concentration,
presented a rapid destabilization even on the same day of preparation.
In this sample, the BS increased in the bottom zone of the tube, re-
flecting the precipitation of the large particles. In contrast, WPI controls
at pH 3.5 and pH 3.0 gave rise to translucent dispersions stable over
time. Otherwise, complexes showed increased stability than the WPI
control at pH 4.0 independently of pH, WPI:SSPS ratio, and salt concen-
tration. Moreover, complexes exhibited less change in the transmission
profiles and lower TSI values (smaller than 20) over space and time in-
dicating better stability of WPI in the presence of SSPS than WPI alone.
Shang et al. (2021) reported related results for WPI and Flammulina velu-
tipes polysaccharide complexes that showed better Turbiscan stabilities
than respective WPI controls, which are destabilized by sedimentation.

In addition, Guo et al. (2019) reported TSI values for pea protein isolate
significantly higher than those of pea protein isolate-propylene glycol
alginate complexes.

According to the statistical mesh of response (Fig. 6D), the pH and
the interaction between pH and WPI:SSPS ratio significantly affected
the TSI of complexes at day 56 post-production. At pH 3.0, all sam-
ples showed a stable trend with global TSI values below 10. At pH
3.5, samples without salt addition formed stable dispersions, while sam-
ples with the addition of NaCl showed lower stability and sedimenta-
tion/clarification process. Finally, at pH 4.0, the samples with added
salt presented the greatest cases of destabilization. Now, comparing the
different WPL:SSPS ratios, the stability of the complexes exhibited the
following increasing order: 6:1 < 4:1 < 2:1. This trend could be due to,
as the concentration of SSPS increases, complexes with greater stability
can be obtained since the presence of a polysaccharide interacting with
the protein provided adequate electrostatic and steric repulsions due to
a pectin-like structure with branches (Li et al., 2020). In the same way,
Hosseini et al. (2016) informed that at higher protein:polysaccharide
ratios, the g-lactoglobulin and gum acacia or carboxymethyl cellulose
complexes did not exhibit any sedimentation, indicating that small sta-
ble nanocomplexes with high stability.
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3.2.4. Summary of pH, WPIL:SSPS ratio, and NaCl-added concentration
effects

The results showed that the characteristics of the WPI-SSPS com-
plexes can be modulated through the modification of pH, WPI1:SSPS mass
ratio, and salt concentration.

By lowering the pH (from 4.0 to 3.0), the ¢{-potential of WPI-SSPS
complexes became neutralized by the interaction of positive-charge WPI
and negative-charge SSPS. Also, by lowering the pH, the WPI-SSPS com-
plexes became stabilized, showing no sedimentation and lower TSI val-
ues.

By decreasing the WPI:SSPS ratio (from 6:1 to 2:1) i.e., by increment-
ing SSPS concentration, the ¢-potential of WPI-SSPS complexes became
more negative because of the increment in the negative-charge SSPS
available.

Finally, by increasing the NaCl concentration (from 0 to 100 mM),
the ¢-potential of WPI-SSPS complexes became more negative because
of the neutralization of charge groups in protein chains. In addition, by
increasing the salt concentration, the Z-average of WPI-SSPS complexes
was incremented through both swelling and aggregation processes.

According to the statistical optimization of responses, the complexes
must be prepared under pH 3.5, 2:1 WPI:SSPS ratio, and in the absence
of added salt, to present a lower Z-average and greater stability (lower
TSI) with a ¢-potential close to neutrality. To further demonstrate the
WPI-SSPS interaction in these optimized conditions, intrinsic protein flu-
orescence emission and protein surface hydrophobicity were character-
ized and discussed in the supplementary information (Fig. S10).

4. Conclusions

The present study demonstrates that the complex formation by elec-
trostatic interaction between WPI and SSPS is highly dependent on the
pH of the medium, the WPL:SSPS mass ratio, and the NaCl-added con-
centration. Moreover, the characteristics and physical stability of these
WPI-SSPS complexes can be modulated by modifying the same param-
eters. The obtained results provide further insight into the nature of
the molecular interactions in WPI-polyelectrolyte systems and allow the
designing of WPI-SSPS complexes with specific characteristics of size,
charge, and physical stability. Besides, since WPI-SSPS complexes pre-
sented nanometric size and high physical stability at pH 3.5 and 3.0
in low salt concentrations, WPI-SSPS complexes could be incorporated
into acidic food matrices for different potential applications, such as in-
cluding encapsulation of bioactive compounds, modulation of opacity
in beverages, and stabilization of acid emulsions and foams. However,
the novel and improved functionality of these WPI-SSPS complexes con-
cerning WPI control must still be studied. The perspective of our group
is to implement the WPI-SSPS complexes to encapsulate and stabilize
curcumin in acidic beverages, studying the functionality and stability
against simulated gastrointestinal digestion.
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