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Abstract

The ability of pea protein isolates (PPI) to form complex coacervates with tragacanth gum was
investigated. The coacervate formation was structurally compared to three other PPl-polysaccharide
interaction models: arabic gum and sodium alginate (known to form coacervates with PPI) and tara
gum, a galactomannan. The effects of the pH and protein/polysaccharide ratio were mainly
investigated using turbidity and zeta potential measurements. Regarding the pH of soluble complex
formation, the pH of complex coacervates increased with the increase in protein-anionic
polysaccharide mixture ratio. SEM images revealed the ability of the spray-drying process to form
spherical particles of pea protein-polysaccharide complexes. The specificity of the microparticle
surface was protein-dependent. FTIR analyses of coacervates showed the electrostatic interaction
between the PPl and the polysaccharides. The results showed that tragacanth gum could be used as
an alternative to gum arabic to form complex coacervates with PPl based on zeta potential
measurements and coacervation yield studies.
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1. Introduction

For a few years, plant proteins were of a growing interest for ingredient industry as an alternative to
animal sources (gelatin, whey, casein) due to safety concerns (Toews and Wang, 2013). Among plant
proteins, yellow pea (Pisum sativum L.) protein isolates (PPI) represent attractive hydrocolloids in
food and nutraceutical applications due to their health benefits, their allergen and gluten-free
properties, a wide availability and low price. The composition of pea proteins is mainly comprised of
albumin (10-20% of total proteins) and of two major globulin proteins (70-80% of the total proteins):
legumin (11S; 350—400kDa), vicilin and convicilin (7S; 150 and 290kDa respectively) (Adebiyi and
Aluko, 2011). Pea protein contains a wide range of charged amino acids, especially lysine (=6%),
aspartic acid (=11%), glutamic acid (=17%), arginine (=7%), leucine (=7%) in its polypeptide chains
exhibiting the polyelectrolyte nature of pea proteins (Boye et al., 2010).

The establishment of interaction between proteins and polysaccharides lead to the formation of
complexes that can improve the functionalities of proteins to stabilize emulsions and foams (Tamnak
et al., 2016), control the structure and texture of foods and biomaterials (Turgeon et al., 2003), or to
design carrier vehicles in the protection and delivery of active compounds to targeted sites and
improve their bioavailability (Jain et al., 2016).The complex coacervation, also known as an
associative phase separation, is characterized by an electrical balance between two oppositely
charged polyelectrolytes (such as a protein, polysaccharide) in aqueous media. Two phases are thus
obtained: a biopolymer rich phase and a solvent rich phase. This phenomenon depends on the
conditions such as the pH, charge density and molecular weight of the related polymers, the colloid
concentration, temperature and ionic strength of media, etc. (Turgeon et al., 2003; Weinbreck et al.,
2003). Not all polyelectrolytes are subject to this phenomenon. Complex coacervation is a
thermodynamic phenomenon that can be driven enthalpically or entropically by driving forces such
as electrostatic interactions or counterion release, with contributions from hydrogen bonding and
hydrophobic interactions (Kayitmazer, 2017).

Three critical structure-forming events (pHc, pHe1, pHe2) have been defined based on the changes in
turbidity curves during the titration from alkaline to acidic pH (Liu et al.,, 2009). These events
correspond to four different phase behaviors: the co-solubility of biopolymers (pH > pHc), the
formation of soluble complexes (pH: > pH > pHg1), the formation of complex coacervates inducing a
strong increase in turbidity (pH ¢1 > pH > pHg¢2),and the dissolution of complexes due to the
protonation of reactive groups on the polysaccharide backbone (pH < pHs2). A maximum optical
density (OD), also called pHopt, takes place between pHg: and pHga, corresponding to the maximum
amount of coacervates produced at the electrical equivalence of the relevant biopolymer. It has been
described that from pHg: to pHopt the electrostatic attractive forces become stronger, reaching the
maximum electrostatic interaction. This event is a key factor for microencapsulation applications (de
Vries et al., 2003; Turgeon et al., 2003; Weinbreck et al., 2003). Controlled protein-polysaccharide
interactions through complex coacervation improve their functional role as ingredients, without
chemical modification (Nesterenko et al., 2012).

Many studies have been focused on the phase behavior of pea protein-polysaccharide complexes,
including pea protein - alginate (Klemmer et al., 2012), pea protein - pectin (Tamnak et al., 2016) or
pea protein - arabic gum (Liu et al., 2009). To the best of our knowledge, no study has assessed on
the formation of complex coacervates of pea proteins and tragacanth gum as an alternative to arabic
gum. Tragacanth gum is an exudate of Asian species of Astragalus and consists of two fractions: the
water-soluble fraction (composed of tragacanthin) and the water-insoluble fraction (bassorin) and



114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129

130
131
132
133
134
135
136
137
138

139
140
141
142
143
144
145
146
147
148
149
150
151

152

153
154

155
156
157
158

contain a small amount of protein (>4% w/w) (Anderson and Bridgeman, 1985). Tragacanthin, an
anionic component, is composed of a chain of a-(1-4)-linked D-galacturonic acid units, some of
which being replaced at O-3 by B-D-xylopyranosyl units and some of them being terminated with D-
Galactose or L-Fucose. The galacturonic acid content varies from 10 to 30% per weight in dry matter
depending on the species (Balaghi et al., 2010). The gum may be used in numerous applications in
food, pharmaceutical and cosmetic industries due to its anionic properties making it highly resistant
to acid environments (Nazarzadeh Zare et al., 2019). Tragacanth gum, described as a bifunctional
emulsifier, showed efficient acidic oil-in-water emulsions properties (Balaghi et al., 2010; Farzi et al.,
2013), gelling abilities and high mucoadhesive properties (Nur et al., 2016). Largely studied in
biomedical field, tragacanth gum was identified as non-toxic, non-teratogenic, non-carcinogenic and
non-mutagenic, and can be suitable in wound dressing (Ghayempour et al., 2016). It has been
reported to be “generally recognized as safe” by the US Food and Drug Administration (FDA) since
1961. Using gum tragacanth as a food additive in food preparations is permitted by the FDA Code of
Federal Regulations at the concentration of 0.2-1.3%wt. The Scientific committee for Food of the
European Community has approved the tragacanth gum as the food additive E-number E413
(Nazarzadeh Zare et al., 2019).

The aim of this study was to investigate the effect of the nature of marketed polysaccharides,
especially gum tragacanth, on the mechanisms determining complex coacervation with the total
fraction of a marketed PPl and the resulting complexation-induced changes in protein conformation
under optimal coacervation conditions. However, identifying the pH range for the formation of
complex coacervates in concentrated biopolymer systems in order to understand their phase
transition, structural aspects and functional properties depending on the polysaccharide structure is
challenging. Research work has mainly been focused on coacervate formation at concentrations less
than 0.3% w/v. Studying the formation of complex coacervates at higher protein concentrations
promoted the use of pea protein in food products.

In this study, particles of complex coacervates were assembled by preparing mixtures of PPl and
different polysaccharides: arabic gum, sodium alginate, tragacanth gum, known as anionic
polysaccharides and tara gum, a non-ionic polysaccharide. This work is structured around two axes of
the study. The primary objective was to investigate the influence of factors such as the pH and
biopolymer ratios on the phase behavior of PPl-polysaccharide complex coacervates, especially pea
protein-tragacanth gum, in order to evaluate the physicochemical properties of these coacervates at
a concentration of 0.3% (w/v) by turbidimetric analysis, zeta potential measurements and protein
solubility determination. The second objective was to study the coacervation yield of concentrated
coacervates (concentration of biopolymers > 1% w/v) in order to study the adaptability of the
process in the field of microencapsulation. Finally, Fourier transform infrared spectroscopy (FTIR) and
scanning electron microscopy (SEM) were used to determine the structure of dried coacervate
particles. The ultimate goal of this study would be to develop microcapsule systems of plant origins
from the complex coacervates studied.

2. Material and methods
2.1.Materials and chemicals

Pea protein is dominated by two types of globulin storage proteins: legumin (350-400 kDa) and vicilin
(150 kDa). Commercially available pea protein isolate (PPI, 80% protein content) in powder form was
purchased from Roquette (Nutralys F85M, Lestrem, FRANCE). The product composition was
described as: 7% of relative humidity, 80% of proteins, 3% of carbohydrates, 6% of total fat and 4% of
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ashes. Arabic gum was kindly supplied by CNI (Rouen, FRANCE). Tragacanth gum CEROTRAG 887 was
purchased from C.E. Roeper GmbH (Hamburg, GERMANY). Tara gum is a galactomannan extracted
from the endosperm of the seed of tara shrub Caesalpinia spinosa. Tara gum was purchased from
Starlight Products (Rouen, FRANCE). The gum obtained consisted of > 80% of galactomannan.
Alginate presents a linear structure consisting of (B-1,4)-linked mannuronic and a-guluronic acids,
and the proportions depend on the source. Sodium alginate (MANUCOL LD) was kindly supplied by
FMC Biopolymer (Philadelphia, USA). All chemicals used in this study were sold as reagent grade and
purchased from Sigma-Aldrich (Oakville, ON, Canada).

2.2.Preparation of complex coacervates and turbidimetric acid pH titration

Biopolymer stock solutions were prepared by dispersing PPI, sodium alginate (ALG), arabic gum
(GAC), tara gum (TARA) and tragacanth gum (TRAG) powders in Milli-Q™ water, followed by stirring
at 500 rpm for 2 hours at room temperature (RT:21-22°C). The total fraction of the protein was used
for the study. No treatment was applied to separate the fractions. For ALG, TARA and TRAG, the
solution was maintained at 45°C to reduce its viscosity and ensure the complete dissolution of the
polysaccharide. All solutions were kept overnight at 4°C to facilitate protein solubility and fully
hydrate the polysaccharides. All solutions were prepared at a concentration of 0.5% (w/v).

2.3.Turbidimetric analysis

Turbidimetric acid pH titrations of homogeneous and mixed PPl and polysaccharide systems were
performed using Liu et al. (2009) methods with several modifications to identify critical structure-
forming events (pHc pHos1, PHopt, PHe2) and biopolymer and pH conditions under which the associative
phase separation took place.

Turbidity measurements were performed at different ratios (protein-polysaccharide mixture ratios of
1:1, 2:1, 5:1 and 10:1) with a pH range of 7.0-1.5 using a Fluostar Omega microplate reader (BMG
Labtech, FRANCE) at 600 nm in 96 well microplates. Measurements were made at room temperature
at a total biopolymer concentration of 0.3% (w/v). Briefly, biopolymer mixtures were mixed from
stock solutions to achieve the expected total biopolymer concentration (0.3% w/v) (Ghorbani Gorji et
al., 2014) and PPI/polysaccharide ratio (1:1, 2:1, 5:1 and 10:1). Turbidimetric titration upon
acidification was achieved via the dropwise addition of HCl (with a gradient HCl concentration of
0.05M > pH 3.5; 0.5M > pH2.5; 1M > pH 2.0). For a 10mL solution of mixture, the maximal volume of
HCl added was 2,0mL. The conductimetry didn’t exceed 20mS.cm-1. If necessary, a dropwise addition
of NaOH 0.5M was achieved to reached pH 7.0. Dilution effects and changes in solution conductivity
were considered minimal. Structure-forming transitions were measured graphically from the curve
according to (Weinbreck et al., 2003), whereas pHop: corresponded to the maximum OD at 600 nm.
All measurements were made in triplicate. A homogeneous solution of PPl or polysaccharides (GAC,
TRAG, ALG and TARA) were used under the same solvent conditions and at a biopolymer
concentration of 0.3% (w/v) to compare the profiles with mixed solutions.

2.4.Protein solubility determination

The pH-dependence of the percentage of protein solubility of the mixture and homogeneous PPI
solutions was tested using the Pierce™ BCA protein assay kit (Thermo Scientific). Briefly, 20 uL of
standard or a sample from the center of the supernatant of the mixture preparation were added to
200 uL of BCA working reagent in a 96 well microplate. After a 30-second agitation on a plate shaker,
the plate was incubated at 37°C for 30 minutes. Then, the plate was cooled to room temperature and
the absorbance was measured at 562nm using a Fluostar Omega microplate reader (BMG Labtech,
FRANCE). The protein solubility was estimated as:
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2.5.Electrophoretic mobility

The electrophoretic mobility of PPI-GAC, PPI-ALG, PPI-TRAG, PPI-TARA mixtures and homogeneous
biopolymer solutions was investigated according to the pH (range: 7.0 - 1.5) using a Zetasizer Nano-
72590 (Malvern Instruments, Westborough, MA). The solution pH was decreased by 0.5 pH unit
increments through the dropwise addition of hydrochloric acid (0.05M > pH7.0; 0.5M > pH 2.5).
Samples were prepared as described in the section above to a final biopolymer concentration of 0.3%
(w/v). Using the Henry equation, the electrophoretic mobility was used to estimate the zeta
potential:

_ 2ex ¢ X f(ka)

UE
3n

Where n is the dispersion viscosity, € is the permittivity, f(ka) is a function related to the ratio of
particle radius (a) and the Debye length (k). Using the Smoluchowski approximation, f(ka) was equal
to 1,5. All measurements were equilibrated at 25°C for 60s and analysed in triplicate.

2.6.Coacervation yield of concentrated mixtures

Mixed solutions were prepared as for the turbidimetric analysis at a total biopolymer concentration
of 5.0% (w/v), except for PPI-TRAG and PPI-TARA mixtures at a ratio of 2:1 that were diluted
respectively to 2% and 1% (w/v) due to the viscosity of the polysaccharide solutions (Table 1). The pH
was adjusted between 2.5 and 4.5 with 0.5M HCI.

Table 1: Total biopolymer concentration of the various mixed Protein-polysaccharides solutions tested

Ratio PPI-TRAG PPI-GAC PPI-ALG PPI-TARA
2:1 2% w/v 5% w/v 5% w/v 1% w/v
5:1 5% w/v 5% w/v 5% w/v 5% w/v
10:1 5% w/v 5% w/v 5% w/v 5% w/v

Briefly, the mixture was left for 60 minutes at room temperature, followed by centrifugation at 1,000
g for 10 minutes. The volume of supernatant was recovered, and the weight of the resulting pellet
after drying at 105°C in oven and supernatant was recorded. The coacervate yield was calculated as:

Dry wei htO coacervates
y weight of 100

~ Total weight of protein, polysaccharides used in the preparation

The protein solubility of the mixtures was also determined using the same procedure as described
above.

2.7.Preparation of particles

The spray-drying technology was used to prepare microparticles from feed solutions, composed of
pea protein — polysaccharide complex coacervates. The solutions were prepared as follows: an
amount of PPl and polysaccharide (arabic gum, sodium alginate, tragacanth gum and tara gum)
powders was dissolved separately in distilled water by stirring at 500 rpm for 2 hours at room
temperature. For ALG, TARA and TRAG, the solution was maintained at 45°C to reduce the viscosity
of solution and ensure the complete dissolution of the polysaccharide.

Then the solutions of proteins and polysaccharides were mixed at a protein/polysaccharide ratio of
5:1, and the pH was adjusted to the previously determined optimal value. The feed solutions were
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dried in a Mini Spray Dryer Bichi 190 (Blichi Laboratory Equipment, Switzerland), inlet air
temperature at 140°C and outlet at 80°C, nozzle of 0.7 mm, and 0,4 Lh! feed rate. The feed solution
was kept under low magnetic stirring at 300 rpm during the drying step. The microparticles were
collected from the container, closed hermetically in an opaque packaging and stored at 4°C.

2.8.Fourier transformation infrared (FTIR) spectroscopy study

FTIR spectra of spray-dried complexes and biopolymer powders were recorded using a Spectrum 100
FT-IR spectrometer (Perkin Elmer). Transmission spectra were obtained within a range of 4,000-
650cm™ using 32 scans at a resolution of 4 cm™. The scattering correction procedure was used to
correct spectra for the baseline. Mean spectra were calculated from triplicate of independent
measurements.

2.9.ESEM morphological observations

The surface morphology of the samples was monitored using an environmental scanning electron
microscope (ESEM) (QUANTA 200 Environmental Field Effect Gun apparatus, FEI, FRANCE). The
observations were made according to Conforto et al. (2015) with several changes. The particles were
deposited on conductive carbon double-faced adhesive tape on aluminum SEM stubs. As described
by the author, no coating was applied to the samples before the observation in order to avoid any
alteration of the particle surface. The analyses were performed in environmental mode under water
vapor pressure with a beam current between 0.1 and 2 nA and an accelerating voltage in the 11-20
kV range. Secondary electron (SE) images were obtained using a Large-Field (LFD) detector. Details of
the surface morphology were obtained by varying the water vapor pressure within the 1.20-1.30
mbar range as well as the accelerating voltage of the primary beam.

2.10. Statistical analysis

All measurements were carried out at least in triplicate using freshly prepared samples and data
were reported as mean and standard deviation.

3. Results and discussion
3.1.Investigation of the protein-polysaccharide interaction by optical density measurement

The effect of the pH 7.00-1.50) and biopolymer mixture ratio (1:1 — 10:1) on the complex formation
were investigated in admixtures of PPl and separately four different polysaccharides (ALG, GAC,
TRAG and TARA) at a constant total biopolymer concentration of 0.3% (w/v) by OD measurements. A
comparative study was shown in figure 1A for the 2:1 ratio of each PPI-polysaccharide mixture. OD
curves of the mixture supernatant compared to the OD of the homogeneous protein solution are
shown in Figure 7 (supplemental data).

The homogeneous PPl system has been described in the literature as a bell-shaped turbidity curve
according to the pH, where OD starts to increase at a pH of about 6.50 and reaches a maximum OD
between pH 3.30 and 4.30, where a flattening of the curve top occurs, related to protein self-
aggregation. OD decreases at pH 1.70 (Klemmer et al., 2012). (Figure 1A).

The absorbance of PPI-TRAG mixtures revealed a different profile from that of PPl and TRAG
homogeneous solutions alone, suggesting an interaction between the protein and the
polysaccharide. (Figure 7A). The turbidity of a homogeneous tragacanth gum solution did not change
as a function of pH as confirmed by the literature (Ghorbani Goriji et al., 2014; Jain et al., 2016).
Mixed PPI-TRAG complexes at a ratio of 2:1 formed at pH 5.54 (referred to as pH.), leading to a slight
increase in OD under acidification (Figure 1A). Interactions between PPl and TRAG are assumed to
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take place between the negative charges of the carboxylic acid groups of TRAG chains and the
positively charged patches on PPl surface. The presence of TRAG caused a shift in turbidity curves
towards lower pH values compared to PPl alone by reducing the PPI-PPl aggregation. The pH.
became ratio-independent for ratio ranging between 1:1 and 10:1 (Figure 7A). With further
acidification, the complexes with a ratio of 2:1 tended to grow at pH 4.94, resulting in the formation
of insoluble complexes (referred to the second critical pH parameter pHgi). At this point, the OD
strongly increased, switching from a transparent to a cloudy dispersion (Figure 1C). It increased
curvilinearly and a shift of pH ¢1 value was observed with the increase in mixture ratio from pH 4.80-
5.10 at a ratio of 1:1 to pH 6.30-6.70 at the mixture ratio of 10:1 (Figure 7A)(Lan et al., 2020). This
phenomenon was attributed to the rise of self-PPl aggregates formation by increasing the protein
concentration in the biopolymer mixture. The turbidity further increased until reaching a maximum
OD at pHopt (pH 4.54). At this pH value, an overall charge neutralization was supposed to occur in the
biopolymer mixture. At pHop:, the mixtures contained the maximum amount of coacervates and thus
showed the maximum OD. Then, a decreasing of OD occurred with further acidification. As for pHgs,
pHopt increased with the increase in mixture ratio. Overall, a shift of coacervation events towards
higher pHs was observed as the biopolymer mixture ratio increased (pH 4.49 at a ratio of 1:1 to pH
4.92 at a ratio of 10:1) (Figure 1B). As the same way, it was observed that pHc, pHe:1 and pHg: also
increased with mixture ratio from 1:1 to 10:1 (respectively from 6.0 to 7.0 for the pH. value, from 5.0
to 6.5 for the pHg¢1 value and 2.5 to 4.0 for the pHg. value). At a PPI-TRAG ratio of 1:1, the charges of
TRAG chains are supposed to saturate the charges of pea proteins. As the mixture ratio increased,
the proteins were in excess, resulting in an increased amount of PPI-PPI aggregates and less complex
formation, as previously reported in a PPI-GA interaction study (Liu et al., 2009). A dissolution of the
electrostatic complexes at pHg; occurred when the electrostatic attractive forces declined between
the macromolecules due to the protonation of acid functions of TRAG (pH 1.50-2.50). All complexes
were assumed to be dissolved near pH 2.04 as revealed by the absence of OD. The dissolution pH
was independent of the mixture ratio.

The formation of soluble and insoluble complexes occurred at a PPI-GAC mixture ratio of 2:1 at pH
4.50 and 4.05, respectively (Figure 1A). The increase in turbidity continued up to pH 3.49 reaching
the maximal OD value. This value corresponded to the optimal pH value for the maximum formation
of PPI-GAC complexes. At pHgs, (2.97), the OD decreased because of the dissociation of the formed
complexes. This dissociation would be explained by the protonation of carboxylic acid groups,
preventing the association with amino groups of proteins due to electrostatic interactions. Together
with the increase in biopolymer ratio, a shift of the optimal pH value was observed. This event was
explained by the increase in NH3*/COO" ratio in the protein/polysaccharide mixture. The maximum
OD for pHop: Was obtained at a ratio of 2:1. It could be assumed that it corresponded to the optimal
ratio/pHopt couple for the maximum formation of PPI-GAC complexes obtained (Figure 7B). The
results are in accordance with other studies (Liu et al., 2009). A shift of pHox was also observed
towards higher pH values with the increase in mixture ratio from 1:1 to 10:1 (Figure 1B).

In PPI-ALG mixture at a ratio of 2:1, the critical events attributed to the formation of soluble and
insoluble complexes were identified at pH 5.59 (pHc) and 4.04 (pHs1), respectively, and the optimal
biopolymer interactions occurred at pH 2.96 (pHopt) (Figure 1A). Together with the increase in
biopolymer mixture ratio, the critical pH values shifted towards higher pHs (Figure 1B). A strong
decrease in OD at pH < pHopt was observed, indicating the occurrence of a partial dissolution of the
formed complexes. The maximum OD at pHo,: increased from 0.15 at a PPI-ALG ratio of 1:1 to 0.48 at
a PPI-ALG ratio of 5:1 (Figure 7C). By comparing the different ratios, the 5:1 ratio showed the
maximum OD at pHot value. It suggests that this ratio was considered as the optimal condition to the
production complex coacervates from PPl -ALG couple.
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Overall, the pHop: increased progressively with the increase in mixture ratio for the case of
polyanionic polysaccharide. According to the literature, pHop: Values increase with the mixture ratio
until a maximum value is reached after which the OD reached a plateau with further increases in
biopolymer mixture ratio (Klemmer et al., 2012).

Regarding PPI-TARA mixtures, the critical events associated with the formation of complex
coacervates were identified only at ratios of 1:1 and 2:1 (Figure 1A, 7D). The optimal biopolymer
interaction occurred at pH 4.48 and 3.58, respectively. Regarding the evolution of pH, a shift of
pHopt Was observed in Figure 1B. The behavior was different from other protein-polysaccharide
mixtures, as the pHop: decreased with the increase of PPI-TARA ratio. As the ratios increased from
5:1, the turbidity profile of PPI-TARA mixtures was similar to that of homogeneous PPI. Although the
latter ratios presented a profile similar to that of PPI alone, the OD of the profile decreased with
increasing mixture ratios. For example, for ratios of 5:1 and 10:1 ratios and homogenous PPl at pH
5.50, the OD was respectively of 0.295, 0.157, and 0.088. This observation suggests an increase in
protein solubility in the presence of tara gum.

The magnitude of the increase was dependent on the nature of the polysaccharide involved and the
mixture ratio. Comparing gum tragacanth, gum arabic and sodium alginate, it seemed that the pHopt
decreased with the negative net charge of the polysaccharide. Previous studies have shown that the
pH tends to plateau at higher biopolymer ratios (Klemmer et al., 2012).
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Figure 1: A) Curves of the mean turbidity of PPI-TRAG, PPI-GAC, PPI-ALG and PPI-TARA mixtures at a 2:1 ratio according to
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3.2.Zeta potential
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The zeta potential analysis allows an understanding of the formation and stability of coacervates
formed by electrostatic interactions between oppositely charged proteins and polysaccharides.
Changes in zeta potential were investigated according to the pH during the same acid titration as the
turbidity profile (pH 7.0-2.0), and according to mixture ratio (1:1-10:1).

PPI showed a cationic nature at pH values less than 4.80 because of the protonation of the amino
groups (-NHs*, theoric pKa of about 9.4) while it had an anionic nature at pH values greater than 4.8
due to the deprotonation of carboxyl groups (COO-, theoric pKa of about 2.5 to 4.5) (Jones and
McClements, 2010) (Figure 2A). It was admitted that the pka could change locally depending on the
structure of the protein. The isoelectric point (IEP; pl) of commercial pea globulins is known to be in
the 4.5-5 pH range, which is consistent with our values (Adebiyi and Aluko, 2011; Cuevas-Bernardino
et al., 2018).

Tragacanth gum, arabic gum and sodium alginate showed a negative zeta potential, the absolute
value of which increased as the pH increased (Figure 2A). Like for other anionic biopolymer, the
deprotonation of carboxylic groups occurred with the increasing of pH. At higher pH values, the zeta
potential no longer changed.

Tragacanth gum, like arabic gum, showed a relatively strong polyelectrolyte behavior with a
maximum zeta potential of -28,5 mV at pH > 5.0 and approached a neutral zeta potential at pH < 2.0
(ZP=-2.7 mV). Structurally, the major fraction of Arabic gum (89% of the total; 280 kDa) consists of a
B-(1-3)-galactopyranose backbone highly branched with p-(1-6)-galactopyranose residues
terminating in arabinose and glucuronic acid and/or 4-O-methyl-glucuronic acid units (i.e. carboxylic
groups from glucuronic acid units) only at the terminus of each branch). This provides the
arabinogalactan with its anionic nature. Arabic gum is known to contain about 15-16% of glucuronic
acid units (Osman et al., 1993).

Tragacanth gum consisted in two fractions: the water-soluble fraction (composed of tragacanthin)
and the water insoluble fraction (composed of bassorin). Tragacanthin, a pectic component, is
composed of a chain of a-(1-4)-linked D-galacturonic acid units, some of which being replaced at O-3
by B-D-xylopyranosyl units and some of them being terminated with D-Galactose or L-Fucose.
Bassorin is reported as a neutral, highly branched arabinogalactan (of type IlI) comprising (1-6)- and
(1-3)- linked core chains containing galactose and arabinose (both in the form of furanose and
pyranose) and side groups of (1-2)-, (1-3)- and (1-5)-linked arabinose units occurring as
monosaccharides or oligosaccharides (Kora and Arunachalam, 2012).The galacturonic acid content
varies from 10 to 30% per weight in dry matter depending on the species (Balaghi et al., 2011).

Tara gum had a low negative zeta potential between -8 and 0 mV for the pH range tested (Figure 2A).
The absence of ionisable (acidic or basic) groups allowed the gum to maintain neutrality, and
therefore a pKa value estimate was not applicable. Tara gum, unlike most types of anionic
polysaccharides (pectin, carrageenan, etc...), is considered a non-ionic polysaccharide. The main
chain of the structure consists of B-(1,4)-mannose units with galactose with a-(1,6)-linked branches
with a mannose-to-galactose ratio of 3:1 (Barbosa et al., 2019). Its structure is mainly composed of
hydroxyl groups, resulting in its neutral nature. It has been demonstrated that other gums such as
Guar, Konjac, locust bean gums, also known as gluco- and galactomannans, have the same profile
(Barbosa et al., 2019).

Sodium alginate showed the highest negative value of zeta potential. Manucol LD (the commercial
sodium alginate used) has been described by Horniblow et al. as a sodium alginate with a molecular
weight of 145 kDa and a galacturonic acid - mannuronic acid ratio of 38:62 (Horniblow et al., 2016).
Thus, alginate possesses larger carboxylic acid extremities, explaining the higher maximum zeta
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potential values compared to arabic gum and tragacanth gum, due to differences in their polymeric
structures.

A charge neutralization could be assumed since the addition of anionic polysaccharides is known to
induce to cationic protein adsorption via an electrostatic attraction at pH 3.00-3.50.

Regarding PPI-TRAG mixtures, all mixture ratios showed intermediate zeta potentials between those
of the two separate biopolymers in solution (Figure 2B). As the net charge of biopolymer mixture is
closed to zero, the formation of complex coacervation occurred.

Therefore, the IEP was used to represent the pH at which the zero net charge of a biopolymer
mixture was achieved, and the influence of biopolymer mixture ratios on the IEP is shown in Figure
2B, C, D, E. The electrophoretic mobility corresponded to the mean of electrophoretic mobility of
unbound PPl and polysaccharides and that of PPl-polysaccharide complex coacervates. At a mixture
ratio of 1:1, the electrophoretic mobility obtained from PPI-TRAG mixture was different from the
isoelectric point of PPl alone, decreasing from pH 4,8 (PPI alone) to 3,0 (PPI-TRAG mixture). The
mixture showed surface charges similar to those of TRAG with zeta potentials remaining negative
within the pH range of 7.0-3.0. As the mixture ratio increased, the isoelectric point changed towards
higher pH values, reaching a pH value of 4.20 at a mixture ratio of 10:1, close to homogeneous PPI
solution (Figure 2F). Similar results have been reported for the association of tragacanth gum with
whey proteins (Raoufi et al., 2016). Moreover, a high zeta potential magnitude of soluble complexes,
observed at pH > 4.50, has highlighted an electrostatic repulsion in the system, preventing protein
precipitation (Klassen and Nickerson, 2012).

The electrophoretic mobility of the PPI-GAC mixture at a ratio of 1:1 was electrophoretically neutral
at pH 3.00 (Figure 2C). Electrophoretic mobility measurements of the PPI-GAC mixture at a ratio of
2:1 allowed estimating the net neutral surface charge of the formed complexes at pH 3.49, which
was consistent with the pHqpt of the system. Data were in accordance with similar studies of PPI-GAC
complexes (Liu et al., 2009). At a higher pH, the formed complexes carried a net negative charge
when the charge contribution from GA was superior to that of PPI. In contrast, at a lower pH, a net
positive charge of the complexes was found when the positive charge contribution from PPI
dominated due to the protonation of glucuronic acid residues of GA., the IEP of the mixture shifted
with a trend similar to PPI-TRAG mixtures when the mixture ratio increased towards higher pH values
(Figure 2F).

The addition of ALG to PPI shifted the pH of the net neutrality from 4.80 (homogeneous PPI) to 1.47
at a PPI-ALG ratio of 1:1 (Figure 2D). As shown by Klemmer et al., an electrophoretic mobility profile
similar to that of the homogeneous ALG solution was identified, and a negative charge was retained
within the examined pH range (Klemmer et al., 2012). The increased protein content in the mixture
ratio inducing a shift towards higher pHs (Figure 2F). The pHs of the net neutrality were close to pHopt
values at a corresponding biopolymer mixture ratio, suggesting that at pHs close to pHop, charge
neutralisation occurred.

In contrast, the pH corresponding to the net neutrality did not shift with the addition of TARA
regardless of the mixture ratio (Figure 2E, F). The pH of the net neutrality was equivalent to 4.50 in
all mixture ratios. The maximum zeta potential value increased with the ratio, due to the increasing
addition of proteins, which were charged, to the mixture. Thus, the evolution of the zeta potential in
this mixture was mainly due to the amount of PPl added to the mixture.

The Charge neutralization can be modulated by altering the charge of one or both biopolymers or by
varying the mixture ratios between PPI and polysaccharides. The zeta potential values obtained were
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due to the contribution of complex coacervates but also to unbound PPl and polysaccharides that
greatly contribute to the measured net charge according to the ratio and the excess of one of the
biopolymers in the mixtures. In all mixture ratios, the zeta potential value of dispersions became
more positive with the decrease in pH from 7.00 to 2.00, suggesting the formation of more positively
charged complexes. For all mixtures, complexes carried a net negative charge at pH>pl, whereas at
pH<pl, the complexes carried a net positive charge.
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3.3.Pea protein solubility
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In this section, the pH-dependent solubility profile of the soluble PPI-polysaccharide complexes
formed was explored.

The PPI solubility profile showed a downward trend with a decrease from 22% at pH 7.00 to its
minimum (3%) at pH 4.5, corresponding to the protein IEP (Figure 3A). It was followed by an increase
in solubility with progressive pH decreases. Similar protein solubility profiles have been reported with
commercial PPl (Guo et al., 2019).

Regarding PPI-TRAG mixtures, the presence of TRAG increased the PPl protein solubility at pH 4.50
(pl) from 2.5% (homogeneous PPI) to 14.6% (PPI-TRAG ratio of 2:1) (Figure 3A). This trend was
explained by the decrease of PPI self-aggregation with addition of tragacanth gum. This has also been
reported for pea protein - pectin mixtures ((Warnakulasuriya et al., 2018). Also, the pH for PPI
minimum solubility was shifted from 4.50 to 3.50 as the PPI-TRAG mixture ratio decreased from 10:1
to 2:1. This phenomenon was in agreement with the previously observed phase behavior. This has
previously been demonstrated by the protein-polysaccharide complexes formation at pH less than
4.00, increasing protein solubility in an acid pH range (Guo et al., 2019).

Similarly, the addition of GAC and ALG to PPl mixed systems induced a shift in the minimum solubility
from PPl alone (Figure 3B, C). It has been suggested that this shift could linked to soluble and
insoluble complexes formation (Liu et al., 2010). Also, a shift of pH range from which a minimal
solubility occurred has been observed towards more acidic pHs as the polysaccharide amount
increased in soy protein-carrageenan complexes (Molina Ortiz et al., 2004). The addition of ALG to
PPI resulted in a loss of solubility at PPI-ALG ratio of 5:1 and 10:1 (0,15 and 0,07% respectively),
because protein precipitation dominated in the system. Overall, the complexation with anionic
polysaccharides appears to shift the pH of the minimum protein solubility towards more acid pH
values (Guo et al., 2019; Klassen et al., 2011; Liu et al., 2010). PPI-GAC and PPI-TRAG mixtures shared
a similar trend in pH-dependent protein solubility profile in terms of pH value shifting (Figure 3E).
Differences observed between the PPI-ALG, PPI-GAC and PPI-TRAG mixtures could be related to the
charge of the polysaccharide (Klassen et al., 2011). As reported by Klassen et al., alginate and
carrageenan differ in their surface charge, leading to a difference in canola protein precipitation, -
carrageenan being more likely to induce canola protein precipitation (Klassen et al., 2011). Similarly,
the tendency of polysaccharides tested in this study to form complexes with PPl was dependent on
the surface charge of polysaccharides, with alginate > arabic gum > tragacanth gum.

Regarding PPI-TARA mixtures, since TARA is a non-ionic polysaccharide, the association with PPI plays
a minor role. The incompatibility observed was directly correlated with the protein self-association as
observed at ratios ranging between 5:1 and 10:1, because they had a profile similar to that of
homogeneous PPI (Figure 3D). As the PPl-polysaccharide ratio decreased, the protein solubility
increased for values greater than or less than pl by limiting PPI self-aggregation. As showed in Figure
3E, the minimum solubility at the different PPI-TARA ratios was close to the pl of PPl because the
biopolymers were not charged at this pH. Overall, it has been admitted that the pH and ionic
strength only affect protein self-association in protein - non-ionic polysaccharide systems (Syrbe et
al., 1998).
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3.4.Coacervation yield of concentrated mixtures

PPI-TARA and PPI-TRAG mixtures were prepared at a total biopolymer concentration of 1.0% and
2.0% (w/v), respectively, due to the high viscosity of the gums, while PPI-GAC and PPI-ALG mixtures
were prepared at a concentration of 5.0%. The coacervation yield was obtained from the percentage
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of protein solubility measured in the supernatant after centrifugation. The coacervation yield was
mainly associated with complex coacervation between the pea proteins and the polysaccharides and
with the self-aggregation of pea proteins.

The yields obtained in the PPI-GAC mixtures were in agreement with the previously performed
analyses (turbidity and zeta potential) (Figure 4B). The maximum vyield corresponded to a mixture
ratio of 2:1 at pH 3.50, which was in agreement with the higher OD value obtained in the turbidity
analysis. A pH shift was also observed as the mixture ratio increased. However, this shift was not
clearly identified as in 0.3% total biopolymer study since the yields seemed to be very close to one
another and the maximum yield value obtained did not seem significant.

Similarly, in the PPI-ALG and PPI-TRAG mixtures, the best yields obtained were respectively for the
ratio of 5:1 at pH=3.50 and for the ratio of 2:1 at pH= 3.0 (Figure 4A, C). A shift was also observed as
previously reported. However, the results of the PPI-TRAG mixtures differed from those of the
turbidity analysis by 0.50 pH unit. The yield was improved in the presence of alginate due to its
higher surface charge, compared to PPI-TRAG and PPI-GAC mixtures. In all pea protein -
polysaccharide mixtures, the pH value corresponding to maximal value yield shifted towards higher
pHs. This shift of pH values was similar to the pH shift limit in the turbidity and zeta potential studies,
showing that the pH required for the maximum production of coacervates shifted as the pea protein
- anionic polysaccharide mixture ratio increased.

In contrast, the coacervation yield obtained for PPI-TARA mixtures seemed to correspond to a PPI
self-aggregation mechanism as tara gum was considered as a non-ionic polysaccharide (Figure 4D).
The presence of TARA appeared to decrease the aggregation, since the solubility increased (or the
obtained yield decreased).

The higher yield obtained with independent ratios corresponded to the neutral net charge value
obtained in the zeta potential analysis. Differences in maximal complex coacervation yield values
obtained between PPl-anionic polysaccharides could be due to the polysaccharide surface charge
(alginate > arabic gum > tragacanth gum) as observed in the previous protein solubility study.
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solutions.

3.5.FTIR analysis

Previously prepared complex coacervates were spray-dried to obtain microparticles

characterized by FTIR and observed by SEM.
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The FTIR analysis provides information on the structure of proteins and polysaccharides and their
interactions in the mixture. Molecularly, the interactions of functional groups can lead to the appearance of
new bands and to changes in absorption band or location in the FTIR spectra. Figure 5 shows the FTIR
spectra of raw materials as well as the dried protein-polysaccharide mixtures.
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Regarding the tragacanth gum spectrum, the broad band at 3305 cm™ could be attributed to stretching
vibrations of hydroxyl- groups in the gum (Figure 5A). The bands at 2800-3000 cm™ corresponded to
asymmetric and symmetric stretching vibrations of C-H groups. The broad band at 2160 cm™ was related to
the carbonyl species of the gum. The peak at 1608 cm™ could be attributed to the characteristic
asymmetrical stretching of carboxylate group. The symmetrical stretching of carboxylate groups could be
associated with the bands present in the zone of 1369 cm™ (Kora and Arunachalam, 2012). The peaks of the
region of 1016 cm™ were associated with the fingerprint region of carbohydrates.

The spectrum of arabic gum showed an absorption band at 3290-3305 cm™ corresponding to -OH hydrogen
bonded groups, characteristics of glucosidic rings (Figure 5B). The peak at 2916 cm™ was due to the
presence of sugars, galactose, arabinose, rhamnose, alkane with C-H stretching and aldehyde C-H. The
peaks at 1598 and 1412 cm™ were respectively related to COO- symmetric and asymmetric stretching. The
peak at 1018 cm™ was associated with alkene C-H bends (Daoub et al., 2018).

The spectrum of sodium alginate showed characteristic bands corresponding to carboxylic, ether and
hydroxyl groups (Figure 5C). The peak at 1406 and 1596 cm™ were attributed to symmetric and asymmetric
-COO" stretching vibration, while the peak at 3231 cm™ was related to the stretching vibration of -OH
groups (Nayak and Pal, 2011).

The spectrum of tara gum showed characteristic peaks at 810 and 870 cm™, which are associated with the
presence of a-D-galactopyranose units and B-D-mannopyranose units (Figure 5D). The peaks at 1019 and
1146 cm™ corresponded to the C-O stretching vibration of pyranose rings. (Figueiro et al., 2004). The peak
at 1375 cm™ was attributed to -CH, and C-OH symmetrical deformations. The peak at 1635 cm™ was
associated with the association with water. The broad peaks ranging from 2800 to 3000 cm™ were related
to the O-H and C-H stretching vibration.

Regarding pea proteins, a strong -OH contraction vibration band and a C-H stretching band were
respectively observed at 3275 cm™ and 2925c¢cm™ (Figure 5). The stretching or bending of C=0 at 1631 cm™,
N-H deformation and C-N stretching at 1523 cm?® and C-N stretching at 1232 cm™ corresponded to amide |
(high content of B-sheet structures), Il and lll, respectively (Aguilar-Vazquez et al., 2018). The peak of amide
| was due to a high content of B-sheet structures (Wang et al., 2011). The peak at 1056 cm™ corresponded
to C-0 vibration stretching.

Regarding the spectra of raw materials and coacervates, the functional groups present in the coacervates
closely resembled the functional groups of pea proteins and the polysaccharides involved. The domination
of PPI structure was clearly established in the spectrum of PPI-TRAG complexes due to the higher protein
ratio (5:1), but it was different from that of each individual biopolymer.

Regarding PPI-TRAG complexes, the peaks corresponded to amide | of PPI shifted from 1631 to 1638 cm
(Figure 5A). The peaks related to amide Il and Il were shifted respectively from 1523 and 1232 cm™ to 1536
and 1233 cm™. The shifting of amide peaks could be explained by conformational changes in a-helix
structures towards B-sheets configuration (Mousazadeh et al.,, 2018). Moreover, a decrease of the
intensity of amide Il and IIl peaks (respectively at 1536 cm™ and 1407 cm™) was observed in the complexes
compared to the separate pea protein solution due to a decrease of free functional groups. The
disappearance of peaks corresponding to TRAG, especially at 1635 cm™, could also point out the presence
of interactions between the two biopolymers (Mousazadeh et al., 2018). In addition, the disappearance of
the peak might be attributed to the excess of protein in the mixture. The “fingerprint region” of PPI-TRAG
coacervates showed a broad band (1100-950 cm™) which could be due to the superposition of PPl (1056cm
! corresponding to carboxylate stretching vibration) and TRAG (peak 1073 and 1016cm™, C-O-C stretching
vibration) spectra. This involved the establishment of electrostatic interactions between pea proteins and
the gum leading to the formation of coacervates.
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Overall, the carbonyl-amide region was affected during the formation complex coacervates. The
coacervates did not show the symmetric -COO" stretching vibrations (1608 cm™) found for TRAG. A shift of
wavenumbers was observed in amide peaks towards higher values compared to native PPl and could be
explained by the establishment of electrostatic interactions between the amino groups of PPl and the
carboxylic groups of TRAG. This phenomenon have also been observed in gelatin-carboxymethylcellulose
complex formation (Duhoranimana et al., 2017) . The same observations were made for PPI-GAC mixture.
In the case of PPI-ALG mixture, a shift of the amide | peak wavenumber was observed towards lower value
compared to native PPl (1631 cm™ to 1628 cm™).

3.6.ESEM observations

A systematic examination of the surface morphology of the spray-dried microparticles was achieved by
Environmental Scanning Electron Microscopy (ESEM) (Figure 6). The average size of microparticles ranged
between 2 and 10um. The aggregation of sub-micron particles on larger particles was observed. The
microparticles showed a predominantly spherical shape with a rough surface and concavities. These
wrinkles/distorsions have been attributed to the uneven shrinkage of the particles during the drying
process with rapid evaporation of water (Eratte et al., 2015; Sheu and Rosenberg, 1998). The appearance of
these microstructures has been observed by various authors in the preparation of microparticles using a
spray-drying process (Gharsallaoui et al.,, 2010; Nesterenko et al., 2012; Pierucci et al., 2007). These
wrinkles could improve the release properties of microparticles due to a greater surface area. Details of the
microparticle surface showed a regular polymeric network, without any porous structure, suggesting a high
integrity of the encapsulating materials. However, some nanometric irregularities were observed at the
surface of some particles, also modulating the release of potential encapsulated compounds (Jun-xia et al.,
2011) (Figure 6, PPI-TRAG x100,000). These irregularities could be described as a network composed of
organized “fibrillar-like” strands of 25-75 nm. These nanostructures are similar to those observed during
pea protein gelation in the presence of calcium chloride (Munialo et al., 2014). However, the morphology of
pea protein-based particles obtained using spray-drying process has not been clearly described in the
literature at a nanometric scale since the use of a coating during SEM observations could cover the
roughness and porosities on the particle surface due to their small dimensions. The metal-coated particle
surface looked smoother than it actually was (Conforto et al., 2015). Since this roughness was found on the
various protein-polysaccharide mixtures, it could be assumed that it could be linked with the nature of the
protein instead of the nature of the polysaccharide.
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Figure 6: SEM observations (left to right: x8,000; x20,000; x100,000) of spray-dried PPI-TRAG, PPI-GAC, PPI-ALG and PPI-
TARA coacervates prepared at a ratio of 5:1.

4. Conclusion

This study compared the ability of commercial tragacanth gum to form complex coacervates with pea
proteins to three other polysaccharides: arabic gum, sodium alginate and tara gum. Tragacanth gum, arabic
gum and sodium alginate formed effectively complex coacervates with PPl. Complex coacervation is highly
dependent on the pH as well as the nature and concentration of the polysaccharide used. This study
showed the optimum parameters for complex coacervation between the pea protein and tragacanth gum
with a maximum interaction at a PPI/TRAG ratio of 2:1 at pH 4.5. The zeta potential analysis, that allowed
performing the preformulation study, identified a pH shifting from 2.8 to 4.0 as the PPI-TRAG mixture ratio
increased from 1:1 to 10:1. Overall, the pH values of critical structure-forming events, especially pHopt
values, were shifted towards higher pHs as the protein content increased in all PPI-polysaccharide mixtures.
Moreover, the pH-dependent protein solubility profile was shifted towards more acid pH values as the
biopolymer ratio decreased. For more concentrated solutions, there was a correspondence of pH values
between optimal yield and the neutral net charge value obtained in the zeta potential analysis of 0.3% w/v
solutions. Differences in yield obtained could be due to the polysaccharide surface charge (alginate > arabic
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gum > tragacanth gum). Compared to arabic gum, tragacanth gum appears to be a good alternative since its
properties are similar in association with PPl. Regarding PPI-TARA mixtures, the possible formed complexes
were dependent on pea protein self-aggregation since tara gum was considered a non-ionic polysaccharide.
The electrostatic interaction between proteins and polysaccharide backbones were verified by FTIR. The
surface morphology of the generated microparticles was studied by SEM. The spray-dried microparticles
maintained a spherical shape and a surface without fracture. An observation at nanometric scale showed
fibrillar-like structures which could be of interest to further studies in other fields of coacervation. Based on
our findings, PPl associated with different anionic polysaccharides could be used in the area of
microencapsulation.
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