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A B S T R A C T   

Surfactant-polyelectrolyte complexes (SPECs) based on lecithin and sodium caseinate were produced and the 
effects of such binding on the physical, chemical and emulsifying properties were evaluated and compared with 
the two ingredients in isolation. Negative, neutral, and positive charged SPECs were obtained. Zeta potential 
values and size distributions of the SPECs were dependent on the mass ratio between compounds. Electrostatic 
association decreased the polydispersity index in comparison with pure compounds solutions. Analysis of 
interfacial properties showed that solutions containing SPECs promoted a greater reduction of surface tension 
and interfacial tension with sunflower oil when compared with pure compounds solutions. Emulsions produced 
with SPECs in 10:1 lecithin:sodium caseinate ratio proved to be more stable than emulsions prepared with pure 
compounds. Thus, the complexation improved the emulsifying properties of lecithin and sodium caseinate 
establishing SPECs as potential natural emulsifiers.   

1. Introduction 

Substitution of synthetic compounds by natural products is a 
growing consumer demand. In the food area, the challenge on emulsion 
stabilization is to obtain natural emulsifiers with the same properties as 
the synthetic ones, such as low cost and high performance (Dickinson, 
1993; Ozturk and McClements, 2016). In this scope, electrostatic asso-
ciation between natural ingredients with emulsifying and/or stabilizing 
properties is a strategy for improving these characteristics. 

The interaction between surfactant and polyelectrolytes generally 
are called SPECs (surfactant-polyelectrolyte complexes) and lead to 
micelle-like aggregates, complexes, coacervates, precipitates and gels 
(Guzmán et al., 2016). These new structures may promote the synergy of 
pure compounds enhancing desirable characteristics, such as reduction 
of interfacial tension, greater stability and smaller droplet size of an 
emulsion (Dickinson, 1993; Goldfeld et al., 2015; Mantovani et al., 
2016). The properties of SPECs can be mainly associated with the phase 
behavior of these mixtures, both in bulk and at the interfaces. This latter 
aspect is especially relevant because of their use in the stabilization of 
dispersed systems such as foams and emulsions (Guzmán et al., 2016). In 
most of these applications, these mixed systems promote changes in 

rheological behavior, stabilization or modification of their adsorption at 
surfaces (Gradzielski and Hoffmann, 2018). 

Lecithin is a surfactant obtained from different natural sources such 
as soy and eggs. It is widely used as emulsifier, but its application is 
limited by its solubility in several solvents, which directly interferes on 
its HLB (Whitehurst, 2004; Somasundaran, 2006). It is a complex 
mixture of phospholipids and other compounds, such as tocopherol and 
glycolipids. Lecithin presents amphoteric character and neutral net 
charge at physiologic conditions. In acidic pH, the carboxylic and 
phosphate groups are ionized promoting a negative zeta potential to 
lecithin solutions (Whitehurst, 2004). 

Sodium caseinate is a salt of caseins, a group of amphiphilic proteins 
with flexible structures (αs1, αs2, β, and κ-caseins) (Dalgleish, 1998; De 
Kruif and Holt, 2003). High heat stability and the ability to melt are 
properties of caseinates. In addition, when in solution, caseinates pre-
sents excellent surfactant property due to its hydrophilic and hydro-
phobic segments (Sarode et al., 2016) However, the emulsifying 
properties of sodium caseinate decrease at acid pH. In such pH values, 
the net attractive forces between the casein molecules increase, resulting 
in a self-association of the adsorbed and non-adsorbed protein compo-
nents (Allen et al., 2006), which could lead to emulsion destabilization 
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(Perrechil et al., 2014). 
Recent literature has presented few studies among these natural 

compounds aiming at improving their emulsifying properties. However, 
the use of sodium caseinate at acidic pH and the previous electrostatic 
complexation of compounds with subsequent application as emulsifier 
has not been reported in the literature. Therefore, the objective of this 
work was to produce, characterize and evaluate the application of SPECs 
based on lecithin and sodium caseinate as emulsifying agents. 

2. Material and methods 

2.1. Materials 

Sodium Caseinate (NaCas) (protein 87 g/100 g) was obtained from 
Alibra (Brazil). Soy lecithin (Lip) (LIPOID S45, phosphatidylcholine 
51.8%) was obtained from Lipoid (Germany). Sunflower oil (SFO) 
(80.1% C18:1 cis oleic) was obtained from Cargill (Brazil). All other 
reagents used were of analytical grade. Ultrapure water, used to prepare 
the compounds dispersions, was obtained with a Milli-Q Ultrapure water 
purification system (Millipore, USA). 

2.2. Stock solutions preparation 

Lecithin (Lip) 2% (w/w) was solubilized in ethyl alcohol and, then, 
an adequate volume was added in Milli-Q water to obtain 0.2% aqueous 
lecithin (w/w). Sodium caseinate (NaCas) 0.2% (w/w) was solubilized 
in Milli-Q water. The pH of both solutions was adjusted to 3.5. At this pH 
value, the compounds presented the highest difference of charges, which 
is suitable for electrostatic association (based on previous tests and not 
shown). 

2.3. Surfactant-polyelectrolyte complexes (SPECs) preparation 

SPECs were prepared by mixing the stock solutions (0.2% w/w) in a 
rotor-stator device (Ultraturrax model T-10, Ika, Germany) at 2000 rpm 
for 2 min, at room temperature. Previous tests (not shown) varying the 
mass ratios between compounds were carried out in order to obtain 
cationic, neutral e anionic SPECs. The formulations which presented 
these characteristics were 10:1, 5:1 and 1:1 Lip:NaCas ratios (Table 1). 
The total final concentration in the formulations was kept constant at 
0.2% (w/v). After preparation, the formulations were stored at 10 ◦C for 
24 h before analysis. 

2.4. Physical-chemical characterization: size distribution and zeta 
potential analysis 

Size distributions of pure compounds and SPECs were determined by 
Dynamic Light Scattering (DLS) in a Zetasizer Nano ZS (Malvern, UK), 
with backscatter detection at 173◦. The Zeta potential values were 
determined by microelectrophoresis in the same equipment. All mea-
surements were carried out at 25 ± 0.5 ◦C. 

2.5. Surface and interfacial measurements 

Solutions containing SPECs or pure compounds at 0.2% (w/v) were 
used to evaluate the surface tension (γs) (air/water interface) and 
interfacial tension (γint.) with sunflower oil (~80% C18:1). These pa-
rameters were measured at 25 ± 1 ◦C by pendant drop method in a 

Tracker S tensiometer (Teclis, France). Tests were carried out in tripli-
cate, each with an individual duration of 2000 s. Data of initial and 
equilibrium tensions were analyzed. The equilibrium values of surface 
tension (γeq.) were also studied as a function of lecithin concentration. 

2.6. Production of oil in water emulsions 

2.6.1. Emulsion preparation 
30/70 (w/w) O/W model emulsions were prepared using SPECs 

dispersions (0.2% (w/v)) and sunflower oil (SFO). Emulsions composed 
only by lecithin or sodium caseinate (0.2% (w/v)) as emulsifying agents 
were prepared as control. The emulsions were homogenized in a rotor- 
stator device (Ultraturrax model T-10, Ika, Germany) at 30,000 rpm for 
2 min at room temperature (25 ± 1 ◦C). The pH of aqueous phase was 
kept constant in 3.5. 

2.6.2. Droplet size distribution 
The droplet size distribution was determined by a laser diffraction 

method using a Mastersizer 2000 (Malvern Instruments Ltd, Malvern, 
UK). The emulsions were dispersed in water at the rotational velocity of 
2000 rpm. The droplet size was expressed as the volume mean diameter 
(D [4,3]) calculated according to Eq. (1). The emulsions were analyzed 
immediately and after 48 h of their preparation. 

D4,3
=

∑
ni d4

i∑
ni d3

i

(1)  

where ni is the droplet number with diameter di. 

2.7. Statistical analysis 

All measurements were performed in triplicate and shown as mean 
± standard deviation. The data were analyzed by one-way ANOVA and 
Tukey HSD test (p < 0.05), using the software PAST - Paleontological 
statistics software package for education and data analysis (Hammer 
et al., 2001). 

3. Results and discussion 

3.1. SPECs characterization: size distribution and zeta potential 

Table 2 shows the size distribution and zeta potential values of SPECs 
and pure compounds. The analyses were carried out at the pH of SPECs 
formation (3.5). Pure lecithin and sodium caseinate showed opposite 
charges at pH 3.5, therefore they are prone to electrostatic complexation 
(Table 2). The positive net charge of sodium caseinate is related to the 
pH solution that promotes protonation of the amino groups. The nega-
tive net charge of the lecithin solution is attributed to the presence of 
carboxylic and phosphate groups on its hydrophilic head. 

Both pure compounds showed high polydispersity index and bimodal 

Table 1 
Pure compounds concentration in SPECs formulations.  

Formulation Lecithin (mg/mL) Sodium Caseinate (mg/mL) 

LipNaCas 10:1 1.81 0.19 
LipNaCas 5:1 1.66 0.34 
LipNaCas 1:1 1.00 1.00  

Table 2 
Size distribution and zeta potential of SPECs and pure compounds.  

SPECs and pure 
compounds 

Zeta potential 
(mV) 

Diameter (nm) PDI 
(− ) 

Peak 1 Peak 2 

Pure Lip − 45.2 ± 1.5a 672.6 ±
100.4a 

125.6 ±
2.9a 

0.8 ±
0.1 

Lip:NaCas 10:1 − 34.9 ± 0.6b 290.9 ±
12.5b 

– 0.2 ±
0.1 

Lip:NaCas 5:1 − 0.3 ± 0.2c 1518.5 ±
167.6c 

– 1 ± 0.0 

Lip:NaCas 1:1 +25.4 ± 0.2d 249.9 ± 0.3b – 0.4 ±
0.0 

Pure NaCas +29.9 ± 0.7e 301.3 ±
33.1b 

54.3 ±
38.3b 

0.6 ±
0.0 

* Different lowercase letters on the same column indicate a significant difference 
between values (p-value <0.05). 

A.M. Navarrete de Toledo et al.                                                                                                                                                                                                             



Current Research in Food Science 5 (2022) 958–963

960

distribution (Table 2), which is related to the presence of distinct 
structures in both solutions. Sodium caseinate showed bimodal distri-
bution with peaks ranging from 54.3 to 301.3 nm. These results were 
attributed to the different sizes of casein fragments. The lecithin solution 
also showed a bimodal distribution, with peaks centred in 125 and 670 
nm (Table 2). Such result may be attributed to the formation of aggre-
gates, due to the low solubility of lecithin in aqueous medium (Berg, 
2002; Whitehurst, 2004). 

Depending on the ratio between compounds, different complexes 
were obtained (Table 2). When a small amount of caseinate is complexed 
with lecithin (LipNaCas 10:1 dispersion), a significant decrease in size 
and polydispersity (p-value < 0.05) was observed in relation to pure 
lecithin (Table 2). It was believed that the addition of sodium caseinate 
reduce the aggregation of the phospholipids. In addition, the net charge 
of LipNaCas 10:1 dispersion was negative and smaller than zeta poten-
tial value of pure Lip, suggesting that complexation between sodium 
caseinate and lecithin occurred. 

Complexation between compounds in the Lip: NaCas ratio 5:1 
resulted in insoluble aggregates with micrometric size. This result was 
related to the neutralization of the positive and negative charges of pure 
compounds, observed by the Zeta potential value close to neutrality. In 
an equal ratio of compounds (LipNaCas 1:1), sodium caseinate is in 
excess due to its higher charge density in relation to charge density of 
lecithin. The size and polydispersity were decreased in comparison with 
pure NaCas (Table 2). The zeta potential value of LipNaCas 1:1 
decreased in relation to zeta potential of pure NaCas suggesting that 
phospholipids were bonded at caseinate fragments. 

3.2. Surface properties 

Solutions of pure compounds and dispersions of SPECs showed 
distinct behaviors at the air-water interface. Regarding pure compounds, 
the lecithin solution presented greater activity (Fig. 1) in comparison 
with the sodium caseinate solution. Although both solutions present 
amphiphilic properties lecithin resulted in a better performance once it 
presents smaller molecule size (section 3.1) when compared to the 
amphiphilic fractions of caseinate (αs1-and β-caseins) (Whitehurst, 
2004; Woodward et al., 2009). Such factor favors a faster interface 
saturation. 

The behavior of the SPECs dispersions at the air-water interface 
depended on the ratio between compounds. Lip:NaCas 10:1 showed 
greater interfacial decay rate on the 100 first seconds, evidenced by its 
steeper slope (Fig. 1) when compared with pure lecithin, pure caseinate 
solution, and other SPECs formulations. It was believed that in this 
formulation the new arrangement between compounds promoted syn-
ergy and then, showed better activity. On the other hand, SPECs pro-
duced by Lip:NaCas 5:1 and Lip:NaCas 1:1 showed a slightly higher 
surface activity when compared to pure NaCas. The increase of surface 
activity for Lip:NaCas 5:1 and Lip:NaCas 1:1 in comparison to pure 
NaCas was attributed to the surfactant bonded to its sites (Dickinson and 
Golding 1997; Karbowiak et al., 2006), improving the surface activity of 
NaCas. 

The behavior of surfactant-polyelectrolyte complexes can be better 
understood analyzing the graph of the equilibrium surface tension 
versus lecithin concentration (Fig. 2). In presence of sodium caseinate, 
low concentrations of lecithin (Lip:NaCas 1:1 and Lip:NaCas 5:1) in-
crease the equilibrium surface tension as compared to same concentra-
tions of lecithin in absence of NaCas. When lecithin concentration is 
further increased (Lip:NaCas 10:1) the equilibrium surface tension 
markedly decreases. Based on these data it is believed that the critical 
aggregation concentration (Cac) for lecithin-sodium caseinate system is 
approximately the lecithin concentration of formulation Lip: NaCas 
NaCas 5.1 It is generally admitted that, in presence of polyelectrolyte, 
such as NaCas, surfactant start to form structures above Cac, thus pro-
moting greater surface activity as seen in Lip: NaCas 10:1 (Dickinson and 
Golding, 1997; Jain et al., 2004). 

3.3. Interfacial properties 

The oil-water interface was more sensitive to the changes in Lip: 
NaCas ratios when compared with the air-water interface (Fig. 3). The 
Lip:NaCas 10:1 and Lip:NaCas 5:1 formulations showed a greater ve-
locity in the interface stabilization, which is evidenced by their higher 
slopes (Fig. 3) in comparison with pure lecithin solution, pure sodium 
caseinate, and the Lip:NaCas 1:1 formulation. 

These results were attributed to the interactions between SPECs, the 
amount of lecithin present in each formulation and to the chemical 
composition of the sunflower oil used in this study (80.1% cis oleic acid). 

Fig. 1. Dynamic surface tension of pure compounds and SPECs dispersions. The detail shows the behavior of surface tension in the 100 first seconds.  
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Oleic acid is a long-chain unsaturated fatty acid (18 carbons). Its length 
and the double bond decrease its structural flexibility and, therefore, 
plays a role in the anchoring of a given emulsifier at the oil-water 
interface (Dickinson and Golding, 1997; Karbowiak et al., 2006; 
Gomes et al., 2018). 

Regarding pure compounds, lecithin showed lower equilibrium 
tension values than pure NaCas (Lip = 1.25 ± 0.4 mN/m; NaCas = 12.37 
± 0.3 mN/m), evidencing its greater ability to stabilize the interface. 
This was attributed to the hydrophobic interactions of carbon chains 
between phospholipids and sunflower oil when compared to in-
teractions of hydrophobic sites of the NaCas and the long chains of the 
SFO (Dickinson and Golding 1997; Gomes et al., 2018). The small 

molecular size of phospholipids also had influence on this activity. 
SPECs (Lip:NaCas 10:1 and 5:1) promoted increased hydrophobic in-
teractions between the sunflower oil and lecithin phospholipid chains in 
comparison with pure compounds and formulation Lip:NaCas 1:1. This 
fact increased the velocity of stabilization. Neutral charged SPECs are 
known in literature by their ability to decrease the interfacial tension 
(Dickinson and Golding, 1997; Karbowiak et al., 2006; Mirtallo et al., 
2010). 

Lip: NaCas 1:1 did not reach the equilibrium in the evaluated time. 
This fact was attributed to a different coverage of the interface in 
comparison with other SPECs formulations. In formulation Lip:NaCas 
1:1 there is excess of sodium caseinate, thus, the interface stabilization is 

Fig. 2. Equilibrium values of surface tension versus lecithin concentration in the presence (represented by grey squares) or absence (represented by dots and a 
continuous line) of NaCas. (i) Lip:NaCas 1:1; (ii) Lip:NaCas 5:1; (iii) Lip:NaCas 10:1. 

Fig. 3. Dynamic interfacial tensions of SPECs and pure compounds with sunflower oil.  
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resulted from the conformational changes in sodium caseinate structure. 
Sodium caseinate form films from aqueous solutions because of its 
random coil nature and its ability to form extensive intermolecular 
hydrogen, electrostatic and hydrophobic bonds, resulting in an increase 
of the interchain cohesion (Dickinson and Golding 1997; Dickinson, 
1999; Mirtallo et al., 2010). Additionally, the adsorption of sodium 
caseinate at the interface is a consequence of its flexibility and the 
considerable numbers of hydrophobic residues present in these proteins. 
When a protein adsorbs at the oil-water interface, the hydrophobic re-
gions of their structures (created by clusters of appropriate amino acid 
side chains) lie on, or possibly partially dissolve in the oil phase. This 
kind of change in protein structure is known as surface denaturation 
(Dickinson and Golding 1997; Dickinson, 1999). 

3.4. Production of O/W emulsions with SPECs dispersions 

Different behaviors were observed when sunflower oil was emulsi-
fied with SPECS dispersions or pure compounds solutions (Fig. 4). The 
particles measured in pure dispersions (Table 2) reached the oil-water 
interface promoting stabilization and thus, droplets were formed. 
Immediately after production, emulsions produced with pure com-
pounds showed particles with smaller sizes in relation to emulsions 
produced with SPECs dispersions (Lip = 19.3 ± 3.0 μm; NaCas = 37.4 ±
19.0 μm) (Fig. 4). This fact can be attributed to the presence of smaller 
structures (vesicles, bilayers, and micelles) in pure compounds solutions 
(section 3.1, Table 2, peak 2). These small structures rapidly adsorb to 
the droplets interface, preventing flocculation and creaming. Despite the 
structural differences of pure compounds, both adsorb to the oil-water 
interface. Phospholipids provide stability to emulsions by both me-
chanical and electrostatic mechanisms (Dickinson, 1999). In addition, 
the sodium caseinate has functional properties, which include emulsi-
fication, water- and fat-binding, thickening, and gelation (Furtado et al., 
2017). 

When dispersions containing SPECs were used for sunflower oil 
emulsification, an increase in initial droplet sizes was observed when 
compared with emulsions produced with pure compounds (Fig. 4). The 
increased droplet diameter is related to the SPECs sizes (section 3.1, 
Table 2). Due to their larger sizes, it is more difficult to produce fine 
emulsions (Dickinson, 1999). 

After 48 h of production, emulsions prepared with pure compounds 
showed increased particles sizes suggesting coalescence processes. 

These results were attributed to low concentration of emulsifier (0.2% 
w/w), high oil fraction (30% of total weight) and low compatibility of 
these compounds in producing O/W emulsions. Lecithin HLB range 
varies from 2 to 8 being it predominantly oil-loving (Whitehurst, 2004). 
On the other hand, sodium caseinate, despite its amphiphilic character, 
presents a better role as a stabilizing ingredient increasing the emulsions 
viscosities (Dalgleish, 1998; De Kruif and Holt, 2003; Goldfeld et al., 
2015). 

Emulsions prepared with SPECs dispersions in ratios Lip:NaCas 1:1 
and 5:1 showed significant differences in particle sizes in period eval-
uated. Emulsion prepared with SPECs dispersion at ratio Lip:NaCas 10:1 
showed no significant difference (p-value < 0.05) in droplet size 
immediately and after 48 h of production. These results suggests that 
depending on the ratio between pure compounds, electrostatic associ-
ation may promote synergy and generating particles with improved 
emulsifying properties. These results are in accordance with results 
presented in section 3.3. 

4. Conclusions 

Lecithin-sodium caseinate complexes may be produced with 
different charges and sizes depending on the mass ratio of the pure 
compounds. These complexes have a better performance in reducing the 
surface tension and interfacial tension with sunflower oil in comparison 
with pure compounds. Emulsions produced with different SPECs showed 
that complexes formed with the Lip:NaCas ratio of 10:1 promoted a 
better O/W emulsion stability in comparison with emulsions prepared 
with pure compounds. Thus, it can be concluded that the prior 
complexation between lecithin and sodium caseinate, in certain ratios, 
promotes an improvement in its emulsifying properties. 
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