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Abstract 

Background: The electrostatic interactions between polysaccharides and proteins are an interesting field in the 
complex coacervation. PH and mixing ratio have major effect on the complexation and the coacervates structure. 
Hence, it is necessary to find the optimum pH and mixing ratio of the coacervates as well as understanding the 
thermal, mechanical, and structural characterization of the coacervates. Thus, structural changes of the complexes 
of sodium caseinate (NaCas) and high methoxyl pectin as a function of pH (2.00–7.00), biopolymer ratios (1:1, 2:1, 
4:1, and 8:1), and total biopolymer concentration (0.1, 0.2, and 0.4% w/v) were evaluated by light scattering and 
ζ-potential measurements. The phase separation behavior of the NaCas/HMP coacervate and its kinetics turbidity 
were also investigated via monitoring the turbidity profiles. Moreover, the thermal, rheological and structural behavior 
of the coacervates was evaluated at the selected pH values.

Results: The highest turbidity, particle size, and viscosity were achieved at  pHmax = 3.30 and formation or dissociation 
around the  pHmax was confirmed by particle size and FTIR. The optimum condition for the coacervation of NaCas and 
HMP was obtained at ratio 4:1 and 0.4% w/v. Thermal and mechanical stability of the NaCas/HMP coacervates was 
improved at pH 3.30. By increasing the total concentration of biopolymers, the NaCas/pectin ratio shifted to higher 
pH values. Furthermore, the maximum coacervate yield was achieved at 39.8% w/w at a ratio of 4:1 of NaCas/HMP 
and a total biopolymer concentration of 0.4% w/v.

Conclusion: Phase separation behavior of the coacervates exhibited the optimum pH in coacervation between 
NaCas and HMP. Furthermore, the rheological, thermal and structural stability of the coacervates were improved in 
comparison with the single biopolymers.
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Introduction
Polysaccharides and proteins are natural biodegradable 
polymers with large molecular structures, which have a 
significant effect on the structure, texture, and stability of 
foods. Due to their excellent biological properties, such 
as non-toxicity, biocompatibility, and biodegradability, 
they are widely used in the food industry. In addition, 
they are used as biomaterials, e.g., for structural control, 
controlled release, stabilization, coating, and packag-
ing of foods and pharmaceuticals [1–4]. In recent years, 
studies have focused primarily on protein/polysaccharide 
complexes formed by electrostatic interactions between 
oppositely charged biopolymers. In an aqueous solution, 
they can interact through electrostatic forces, hydrogen 
and hydrophobic bonds to form either soluble complexes 
or coacervates depending on several intrinsic or extrin-
sic factors, such as the charge of the biopolymer and the 
medium conditions [5]. This complexation initiates spon-
taneous phase separation, called complex coacervation 
(CC) [2, 6].

Coacervation often occurs in systems containing two 
or more biopolymers. The anionic groups of the polysac-
charides interact with the net positive charge of the pro-
teins at pH values lower than the isoelectric point (IP). 
Direct interactions of protein/polysaccharide complexes 

at a given pH or adsorption of ionic polysaccharides 
onto preformed protein particles initiate complex for-
mation. Consequently, one phase is rich and dense in 
biopolymers, while the other contains a smaller amount 
of coacervates and is referred to as the supernatant [7–
10]. It has been shown that both intrinsic properties of 
the biopolymers, i.e., molecular weight, charge density, 
concentration, and mixing ratio, and extrinsic factors, 
such as temperature, ionic strength, and pH, influence 
coacervation [11, 12]. Coacervation has also found vari-
ous applications in living cells, encapsulation of bioactive 
materials, purification, stability improvement, texture, 
and pharmaceutical industry [2, 7, 13]. Further percep-
tion of biopolymer factors and interactions leading to 
their phase behavior can enhance their application in 
modifying food structures or developing high-value-
added products, such as capsules, films, etc. [1].

Sodium caseinate (NaCas) is a water-soluble polymer 
with a random-coil structure which contains four types 
of phosphoproteins, including αs1-, αs2-, β-, and ҡ-caseins. 
Its ability to form molecular interactions (hydrogen, 
hydrophobic, and electrostatic), depending on pH, makes 
it an excellent candidate for producing coacervates [5, 
14]. Numerous studies have concentrated on improv-
ing the multifunctionality of caseins by modifying them 
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through physical, chemical, and biochemical methods 
and mixing them with other biopolymers. Moreover, 
several investigations have tried to avoid precipitation of 
the casein micelles in the acidic dairy drinks. It has been 
understood that polysaccharide addition leads to phase 
stabilization, which depends entirely on pH [5, 15].

High methoxyl pectin (HMP) is an anionic polysaccha-
ride compound made from a linear chain of the units of 
galacturonic acid joined via α-1-4 links, interspersed via 
rhamnose units linked via α-1-2, in which methyl groups 
may esterify the carboxylic groups of the galacturonic 
acid. Due to its low cost and high occurrence, it offers 
unique technological properties in food applications [4, 
10, 14]. Moreover, HMP and its derivatives are used in 
the food and pharmaceutical industries due to their gel-
ling, thickening, packaging, and stabilizing properties [5, 
15]. It has been shown that the development of NaCas/
HMP complexes is highly dependent on the pH value. 
Since NaCas has many cationic groups and HMP has ani-
onic properties at low pH, the highest interactions occur 
at pH 3.00 to 5.50. However, the electrostatic NaCas/
HMP interactions can form insoluble and soluble com-
plexes at different pH values [1, 16].

Despite the wide range of proposed applications for 
the use of coacervates in the food and pharmaceutical 
industries, the optimum conditions for preparation of 
the NaCas/HMP complexes, including the effects of pH 
on the formation of CC and their functional properties, 
are not prevalent in the literature. The pH and mixing 
ratios are expected to influence the complexation thereby 
affecting the coacervates structure. Hence, it should be 
possible to optimize the conditions for the preparation 
of the coacervates as well as improve their thermal and 
rheological properties by structural changes of the elec-
trostatic complexes. Therefore, the main objective of the 
work was to create NaCas/HMP coacervates as a func-
tion of pH and to evaluate their structural, thermal, and 
rheological properties. The interaction between NaCas 
and HMP was investigated through measuring optical 
density and ζ-potential. FTIR, TGA, DSC, and optical 
microscopy were performed to recognize the behavior of 
coacervate at selected pH values. Furthermore, the tur-
bidity kinetics of the NaCas/HMP coacervates was care-
fully studied as a function of pH. Our findings open new 
horizons in phase behavior between NaCas and HMP 
and extend their application in food and pharmaceutical 
industries (e.g., controlled release and encapsulation of 
bioactive compounds).

Materials and methods
Materials
Sodium caseinate (NaCas) from bovine milk (protein 
content higher than 97%) and high methoxyl pectin 

(Galacturonic acid content  > 74%, molecular weight 
131  kDa) were obtained from Sigma-Aldrich Chemical 
Co. (Saint Louis, MO, USA). Sodium hydroxide (NaOH), 
hydrochloric acid (HCl), and other chemicals consumed 
were analytical grades purchased from Merck Company 
(Merck Company, Darmstadt, Germany).

Sample preparation
The stock protein solution was prepared by slowly dis-
persing the appropriate amount of protein (0.5% w/v) in 
distilled water with continuous stirring for at least 3  h 
at ambient temperature. The HMP stock solution (0.5% 
w/v) was also prepared via slow addition of HMP into 
deionized water and kept stirring for more than 2 h. Both 
solutions were kept overnight in the refrigerator (4  °C) 
to finalize hydration. To avoid microbial growth, 0.02% 
(w/v) sodium azide was added to both stock solutions.

Using the prepared stock solutions, mixtures of NaCas 
and HMP were prepared with different proteins: polysac-
charide ratios (i.e., 1:1, 2:1, 4:1, and 8:1) and total biopoly-
mer concentrations (CT = 0.1, 0.2, 0.4, 0.6, and 0.8% w/v). 
For the NaCas/HMP mixtures, the pH was also modified 
by dropwise addition of HCl or NaOH (0.01, 0.1, and 
1 M), ranging from 2.00 to 7.00.

Turbidity measurement
Optical density was monitored in a pH range from 2.00 
to 7.00 by determining absorbance at 600 nm via a UV–
visible spectrophotometer (UV-1800, Shimadzu, Hitachi, 
Japan). For time-dependent turbidity measurements, a 
cuvette was filled with 3 ml of the NaCas/HMP mixture, 
and the turbidity was recorded with a measuring step of 
30 s for 20 min. The following equation defines the tur-
bidity (T,  cm−1) [17]:

where L represents the light path length (1 cm), I stands 
for the light intensity on the detector when the sample is 
present, and I0 stands for the light intensity of distilled 
water. All samples were measured at least 3 times at 
ambient temperature. The crucial pH values to form sol-
uble complexes of NaCas/HMP  (pHc), insoluble complex 
coacervates  (pHφ1), and dissolution of complex coacer-
vates  (pHφ2) were graphically determined as the intersec-
tion of two curve tangents on the turbidity–pH curves 
[18].

ζ‑Potential measurements
The average surface electrical charge (ζ-potential) of the 
samples was determined using a Malvern Nano Zeta-
sizer (Malvern Instruments Ltd., United Kingdom) with 
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a U-shaped cuvette. According to the results of turbidity 
measurements, the NaCas/HMP mixture at a ratio of 4:1 
(0.32% w/v NaCas and 0.08% w/v HMP) was selected for 
the test. Fresh samples were measured in ten repetitions 
at ambient temperature, and the mean ζ-potential values 
were reported.

Particle size analysis
The particle size of NaCas/HMP coacervates (Ratio = 4:1, 
CT = 0.4% w/v) was determined via the dynamic light 
scattering (DLS) technique (Malvern, Worcestershire, 
UK). The temperature of the cell was kept at 25 °C during 
the experiments. The experiment was carried out using a 
refractive index of 1.57, and the “fine particle” mode was 
activated to improve the measurement. The mean diam-
eters of the complexes were stated as volume mean diam-
eter  (d43) using the Mie Theory. The measurements were 
carried out with five repetitions.

Fourier transform infrared spectroscopy (FTIR)
The NaCas/HMP coacervate samples were centrifuged 
and freeze-dried (FD-8505/FD-5005-BT freeze dryer, 
Dena Vacuum Industry Co., LTD, Tehran, Iran) for fur-
ther application. The FTIR spectra of NaCas, HMP, and 
freeze-dried NaCas/HMP coacervates were performed 
by the Shimadzu FTIR-8400S spectrometer (Kyoto, 
Japan), a double beam spectrometer with the KBr pel-
let in the range of 400–4000   cm−1 at room temperature 
(~ 23 ± 0.5 °C) and a resolution of 4  cm−1 was used. The 
infrared spectrum of pure KBr was selected as a baseline, 
and the details of the FTIR method have been described 
in our previous work [19]. All the experiments were car-
ried out in three replicates.

Thermal characterization
Thermal analysis of NaCas, HMP, and freeze-dried 
NaCas/HMP coacervates were investigated by the simul-
taneous thermal analyzer (Bähr-Thermoanalyse GmbH, 
Hüllhorst, Germany) under the argon atmosphere at 
a steady airflow. A certain amount of the samples was 
heated from 20 to 520  °C at 10  °C/min. Meanwhile, the 
samples were measured by a DSC (Sanaf DSC/OIT meas-
urement, Tehran, Iran). The samples (25–30  mg) were 
loaded into an aluminum pan, hermetically sealed, and 
scanned over a temperature range from 20 to 350 °C with 
a heating rate of 10 °C/min in a nitrogen atmosphere.

Rheological properties
The apparent viscosities of NaCas (0.32% w/v), HMP 
(0.08% w/v), and the mixture of NaCas/HMP at a ratio of 
4:1 and different pH values including 3.00, 3.30 and 3.45 
were prepared freshly and measured by a rotary digital 

viscometer (Brookfield DV3T LV, Brookfield Co., USA). 
The temperature was controlled with a constant tem-
perature bath at 25 °C. The apparent viscosities of NaCas 
and HMP were measured at pH = 5.00. The spindle ULA 
(ULA-DIN-85, sample volume 16  mL), suitable for low 
viscosity fluids, was utilized. An aliquot of 16  mL was 
added into the container with a thermal jacket connected 
to the rheometer. The viscosity of the sample was fixed 
by changing the spindle rotational speed. The spindle 
rotational speed produced satisfactory results when the 
applied torque was in the range of 0.1–100%. The meas-
urement accuracy of the device was predicted at 1%.

Light microscopy
The NaCas and HMP at pH = 5.00, and NaCas/HMP 
mixture at different pH values including 3.00, 3.30, and 
3.45 were slowly shaken in a plastic test tube before the 
assay to provide a homogeneous sample to ensure homo-
geneity. A drop of the mixtures was placed on a glass 
microscope slide, then covered by a coverslip and allowed 
to air-dry. It was observed using a Fluorescence micro-
scope (OPTEC BK5000-FL, Drawell, Shanghai, China) at 
a magnification of 40×.

Complex coacervation yield
The aqueous solutions of NaCas/HMP at varying mass 
ratios (2:1, 4:1, and 8:1) and different CT (0.1, 0.2, and 
0.4% w/v) were prepared at room temperature to deter-
mine the yield of the coacervation. The pH was adjusted 
to the optimum, which was determined via the out-
comes of turbidity and zeta-potential. The NaCas/HMP 
coacervates precipitated at the bottom of the tubes, and 
then they were maintained at 4 °C for 24 h for stabiliza-
tion. The precipitated coacervates were recovered from 
the equilibrium phase by centrifugation (at 8500 rpm for 
10 min) and subsequently dried in an oven at 60  °C, till 
achieving a constant weight. The yield of the coacervate 
was calculated according to our previous work [20, 21] 
using the following equation:

where m stands for the total mass of dried NaCas/HMP 
coacervates, mNaCas and mHMP are the masses of NaCas 
and HMP, respectively. The entire experiments were con-
ducted in triplicate.

Statical analysis
Unless otherwise stated, the entire tests were con-
ducted at least in triplicates. The obtained data were 
analyzed using SPSS and GraphPad, Prism. All the data 

(2)
Coacervate yield % =

[

m
/

(mNaCas +mHMP)

]

× 100%
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were expressed as the mean ± standard deviation. Fur-
thermore, a one-way analysis of variance (ANOVA) was 
applied with a 95% significance level (P < 0.05) to show 
the significant difference among the samples at differ-
ent pH values for the particle size and yield of complex 
coacervation.

Results and discussion
Turbidity kinetic of the NaCas/HMP coacervate
Although turbidimetry is one of the most important pro-
cedures in the study of coacervation, it is still applied to 
investigate the relationship between intrinsic/exogenous 
factors due to its intuitive and convenient nature. The 
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Fig. 1 Changes in the turbidity of NaCas/HMP mixtures observed over time. a Optical density of NaCas/HMP mixtures at ratio = 4:1, and total 
biopolymer concentration = 0.4% w/v as affected by varying pH values in semi-logarithmic scale (Arrows shows the reduction percentage of the 
turbidities). b Images of NaCas/HMP mixtures as a function of pH, at the beginning of dissolution and after 30 min
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kinetics study of turbidity, that reflects changes in tur-
bidity as a function of time, demonstrates the alterations 
in the early and mid-term of CC [22–26]. Therefore, tur-
bidity kinetics of NaCas/HMP mixtures (CT = 0.4% w/v, 
R = 4:1) at different pH values was evaluated by turbidity 
measurement for 20 min (Fig. 1a). Furthermore, the sta-
bility of the mixtures for half an hour in the glass tubes is 
provided in Fig. 1b.

As expected, at pH = 6.80, the solution is crystal clear, 
which can be attributed to negatively charged biopoly-
mers hindering their complexation (Fig.  1a). By further 
pH reduction (pH 5.68–4.03), the turbidity of the NaCas/
HMP increased. In contrast, the mixture at pH 5.68–4.03 
displayed no macroscopic phase separation, revealing 
some attractive interactions between the NaCas and 
HMP. Due to their high remaining charges, these solu-
ble intra-polymeric complexes were entirely stable [27]. 
To ensure the stability of mixtures, the solution was kept 
at pH of 5.68 and 4.03 for 20 min, although the turbid-
ity at pH 4.03 remained entirely constant, the turbidity 
was slightly increased at pH 5.68 (Fig.  1a). In addition, 
no phase separation took place at the pH range from 
5.68 to 3.76 (Fig. 1b), indicating turbidity did not depend 
on time. Such stability can be explained by considering 
pure negative charges on the cited complexes supplying 
an effective electrostatic repulsion between assemblies 
that causes solution stability during the period of time 
[20, 28]. At pH = 3.45, macroscopic phase separation 
occurred, denoting the beginning of the phase separation 
and the formation of insoluble complexes (Fig.  1b). The 
same pH triggered the launch of phase separation.

The comparison of the reduction percentage for the 
turbidities at t = 0  s and 20  min for each pH indicates 
that the higher slope of the turbidity decrement led to 
higher rates of phase separation. The turbidity declined 
with a steeper slope throughout the storage time (20 min, 
Fig.  1a), revealing the phase separation took place at a 
faster rate. For instance, at pH = 3.45, the percentage of 
turbidity reduction approached to 89.11% in the initial 
5 min, while it was reached to 53.77% at pH = 3.00. Ear-
lier investigations have found that more vital electrostatic 
interactions are the cause of faster phase separation [29].

In the upper phase, turbidity is associated with the 
creation of a non-soluble phase that may precipitate or 
remain stable for a short time. This result connotes that, 
at the end of 30  min, solutions with increased turbid-
ity have a very high number of macromolecules in the 
upper phase compared to the transparent solutions. 
Due to the stable and more soluble complexes found 
in the upper phase at pH = 3.76, greater turbidity was 
noted after 30 min. At pH = 3.00 (Fig. 1b), lower turbid-
ity was observed, which may be attributed to the creation 
of more insoluble aggregates. Therefore, fewer soluble 

complexes were present in the upper phase. During the 
30 min, the mixed dispersion (pH 6.80–4.03) illustrated 
comparatively constant and low turbidity. At the same pH 
values, due to their more residual charges, which supply 
effective electrostatic repulsion, soluble intra-polymeric 
complexes were utterly stable. At pH = 3.30, the highest 
transparency of the upper phase compared to the other 
pH values was realized after 30 min, which may demon-
strate less formation of the soluble complexes and more 
insoluble aggregates. The results (Fig. 1b) provide a clear 
explanation of the dissociation of complexes, which are 
inclined to boost a single phase at shallow values of pH 
(pH = 2.03). As a consequence, this simple method can 
demonstrate the coacervate systems’ stability and the dif-
ferent stages in CC.

Formation of NaCas/HMP coacervates.
HMP is an anionic polysaccharide with negative surface 
charges, while NaCas, which has an isoelectric point (IP) 
of 4.6, gets protonated at lower pH’s and carries positive 
charges at the pH below their IP. Therefore, an effective 
means to acquire suitable interactions between them 
is the pH of the solution. Depending on the intensity 
of electrostatic interactions, either soluble or insoluble 
complexes would exist. At this condition, the protein 
and polysaccharide can conjugate through covalent 
bonds and, or physical interactions, such as electrostatic, 
hydrophobic, steric, hydrogen bonding, etc. [30], which 
provides some functional structures in food and pharma-
ceutical applications.

By measuring absorbance, structural transitions 
through the electrostatic interactions between NaCas 
and HMP during acidification were examined. There-
fore, the turbidity curves of NaCas, HMP, and NaCas/
HMP mixture (R = 4:1 and CT = 0.4), as a function of pH 
are presented in Fig.  2. Four distinct regions revealed 
the development of different complex structures. The 
critical pH transitions, including  pHc,  pHφ1, and  pHφ2 
were determined through the intersection point of the 
two curve tangents. The primary co-soluble complexes 
between the biopolymers are observed at  pHc = 5.70. 
Here, the NaCas and HMP have negative charges, which 
form co-soluble polymers. Theoretically, the protein has a 
negligible charge (IP = 4.6) at pH = 5.70 which could not 
permit complexation with polysaccharide chains. None-
theless, the weak interactions between patches localized 
on NaCas molecules with positive charges and negatively 
charged carboxyl groups of the HMP backbone can jus-
tify the formation of small soluble complexes [1, 15, 31]. 
When pH surpasses the IP of the protein, some NaCas 
molecules’ moieties are still positively charged. The same 
patches featuring positive charges may interact with pol-
ysaccharides with negative charges (negative carboxyl 
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groups), so that soluble complexes are formed, which can 
reveal the fact that  pHc surpassed the protein IP [1].

With a further reduction in pH to 3.76  (pHφ1), the same 
soluble complexes that are incompletely neutralized may 
attract other molecules of NaCas, which leads to the for-
mation of more detectable insoluble complexes of greater 
size, so that a swift increase in turbidity was observed. 
The electrostatic interactions between NaCas and HMP 
molecules with opposite charges are increased, which is 
evidenced by the transition from a transparent state to a 
cloudy state with perspectives of macroscopic phase sep-
aration, similarly found for casein/κ-carrageenan, gela-
tin/pectin, and lysozyme/pectin [32–34]. The turbidity 
will achieve its highest value at  pHmax = 3.30 by further 
acidification when the charge neutrality, highest inter-
molecular interactions, and coacervation occur. Due to 
the negative charge of HMP and the positive charge of 
NaCas surface at  pHmax (< IP), electrostatic interactions 
can be considered as the main driving force [8, 12]. This 
trend could be observed when the net charge of NaCas 
and HMP became opposite and, at  pHmax, reached an 
electrical equivalence [35]. At pH < 2.00 (< pKa = 2.80), 
HMP became highly protonated, leading to coacervate 
dissociation, in which the mixture was more transpar-
ent and absorbance was reduced  (pHφ2). At this phase, 
the coacervates dissociation as an attractive interaction is 
reduced due to the same net charge of individual biopoly-
mers [12, 14, 36, 37].

In comparison with coacervates, NaCas and HMP 
solutions showed lower turbidity than their mixtures 
by pH reduction. As a function of pH, the turbidity of 
HMP was negligible and did not alter, which has been 
similarly observed by various researchers [26, 27]. As 
illustrated in Fig.  2, the turbidity of NaCas solution 
remained unchanged until it reached a pH = 6.00. Tur-
bidity climbed to the peak at pH = 5.16, and then, as pH 
increased to the acidic range, it fell back to lower values. 
This approves that the NaCas solubility is pH-dependent 
[27, 38]. The increment in turbidity is mainly attributed 
to the increase in particle size and number of particles 
[39]. On the contrary, turbidity reduction is presumed 
to be a result of large-scale aggregation followed by pre-
cipitation of NaCas. Indeed, the solution featured two 
phases, i.e., the transparent supernatant phase and the 
sedimented protein particles. Aggregation of the NaCas 
can result from a decrease in the electrostatic repulsion 
between proteins around their IP [40]. A combination 
of van der Waals, hydrophobic, and several electrostatic 
attractions may be responsible for protein aggrega-
tion near the IP. Moreover, below IP of protein (further 
acidification) could create more positive charges on the 
NaCas that could lead to the increase in the solubility of 
the protein and consequently a decrease in the turbidity 
of the system [41].

The magnitude of turbidity of the protein/polysac-
charide mixture in dilute suspension, which is mainly 
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Fig. 2 Turbidity of NaCas (0.32% w/v), HMP (0.08% w/v), and NaCas/HMP solutions as a function of pH. The conditions for NaCas/HMP mixture were: 
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affected by the size and concentration of the particles, 
can be considered a sign of complex formation or dis-
sociation [34, 37]. The Veis-Aranyi theory developed by 
Tainaka can be described as the existence of two steps in 
the mechanism of interaction between NaCas and HMP. 
According to this theory, the spontaneous aggregation 
of biopolymers with opposite charges occurs in the first 
step due to electrostatic interaction, forming aggregates 
of low configurational entropy. The coacervate phase is 
formed through the slow rearrangement of these aggre-
gates. Rearrangement is done by incrementing configu-
rational entropy [42]. In this process, pH plays a critical 
role in determining the strength of electrostatic inter-
actions, which dramatically affect the CC between two 
biopolymers [8, 43]. Therefore, it is suitable to optimize 
pH for the best possible coacervate formation between 
NaCas and HMP.

ζ‑Potential
Electrophoretic mobility of a polymer can be determined 
by ζ-potential, which is mainly influenced by the pH of a 
solution [8, 12, 44]. The ζ-potential of HMP, NaCas, and 
NaCas/HMP solutions at a ratio of R = 4:1 and CT = 0.4% 
w/v as a function of pH is provided in Fig.  3. It can be 
understood that the changes made by NaCas in the elec-
trical charge of the proteins from the negative charge of 
− 27.34 ± 0.71 mV at pH = 8.00 to the positive charge of 
27.01 ± 0.83  mV at pH = 3.00 with an approximate zero 
load point (IP) of 4.6 as previously reported [45]. The 
negativity of NaCas increased incrementally with pH, and 
at pH = 6.0, the ζ-potential of NaCas solution increased 
to −  19.86 ± 0.71  mV, which has been similarly found 
in the literature [4]. Under the same circumstances, the 
micelles of NaCas remain in suspension as a result of 

electrostatic and steric repulsions between hairy NaCas 
layers [15]. Further acidification was accompanied by a 
decrease in ζ-potential of up to − 9.895 ± 0.54  mV, and 
when the value of pH advanced toward the IP of protein, 
ζ-potential became positive. This reduction in ζ-potential 
can be attributed to the increased number of carboxyl 
groups with a negative charge (–COO) and the increased 
number of neutralized amino groups (–NH2) upon the 
pH increase [20].

As demonstrated in Fig.  3, due to its carboxyl-based 
anionic polysaccharide backbone, HMP retained the 
negative charge at entire values of pH [46]. As expected, 
HMP addition to NaCas solutions at different ratios could 
affect the net electrical charges of micelles. Typically, at 
neutral pH values, HMP does not make complexes with 
micelles of NaCas due to the repulsive forces developed 
by the same negative charges [15]. Indeed, as a result of 
carboxyl groups’ deprotonation, the negative charge of 
HMP increases significantly [14, 46, 47]. Nevertheless, 
NaCas features two opposite charges on one side and 
another one of the IP (∼4.6) (at pH < 4.60, below its iso-
electric point, NaCas features a positive surface charge). 
It means that the number of NH+

3  groups surpasses that 
of the carboxyl groups (− COOH), and the overall charge 
of NaCas remains positive [20, 44].

In the NaCas/HMP mixture, the decline of pH from 
5.00 to 4.00 did not result in significant changes in 
ζ-potential, so that it remained at an approximate value of 
− 22.9 ± 0.71 mV. From pH = 4.00 downward, ζ-potential 
increased at a rapid rate as pH declined. The turning point 
remained close to the NaCas IP. As aforementioned, the 
positively charged patches of NaCas molecules interacted 
with negatively charged segments of the HMP molecules, 
leading to the coacervate development, which clearly 
implies the electrostatic interactions between carboxyl 
groups of the HMP and amino groups of the protein. The 
same result revealed that when two biopolymers with 
opposite charges form complexes, ζ-potential was subject 
to dramatic changes. Nonetheless, the ζ-potential was 
not subject to substantial changes for two biopolymers 
carrying identical charges (pH > 5.00). In case where the 
approximate value of ζ-potential of the complexes was 
zero, namely, the complexes featured a neutral electrical 
charge, coacervation was maximized. Soluble complexes 
were formed in case of relatively high net charges (the 
ζ-potential was about  > −  22.9 ± 0.71  mV). It indicates 
quite strong electrostatic interactions as well. By reduc-
tion of pH via decreasing the net charge of complexes, 
CC takes place, resulting in phase separation.

Particle size analysis
Particle size distribution is widely applied to monitor the 
growth and formation of electrostatic complexes between 
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polysaccharides and proteins [27]. Therefore, it was used 
to evaluate the formation of NaCas/HMP complexes 
at different pH values [48–50]. Particle size was deter-
mined for the CC at R = 4:1 and varying pH values. The 
z-average and polydispersity index (PDI) of HMP/NaCas 
at R = 4:1 as functions of pH are provided in Table  1. 
The maximum particle size and PDI was achieved for 
the samples at pH 3.30 (P < 0.05). At all pH values, since 
there is a polydisperse system, the function can no longer 
be represented as a single exponential decay and must 
be represented as an intensity-weighed integral over a 
distribution of decay rates and should be normalized. 
The micelles of casein showed a hydrodynamic radius 
of about 12  nm, a radius of gyration of approximately 
8.3 nm, and an interaction radius of approximately 15 nm 
at pH > 5.5. Furthermore, HMP indicated a hydrody-
namic radius of about 3.7 nm.

The size of the NaCas/HMP complex at pH = 5.00 was 
0.295 ± 0.0054  μm. The interactions observed between 
NaCas and HMP molecules have been formerly reported 
at pH values somewhat above the IP of the adsorbed pro-
tein layer, even though both molecules of NaCas and the 
HMP feature have a net negative charge. In the same lim-
ited pH area, the groups with a negative charge located 
on the molecules of HMP are attached to groups with a 
positive charge, located on the surfaces of proteins, pro-
vided the electrostatic repulsions created between the 
droplet surfaces and HMP molecules are not that large 
to stop them from reaching the proximity of each other 
[16]. With a further decrease of pH, the size of NaCas/
HMP coacervate was changed to 0.289 ± 0.0084 μm and 
0.391 ± 0.0077  μm for pH 4.50 and 4.00, respectively. 
The particle sizes in many coacervates increased signifi-
cantly when the pH declined (P < 0.05), ascribable to the 
flocculation of droplets caused by the bridging effect 
or charge neutralization [16]. At pH = 3.70, the parti-
cle size increased to 6.2 ± 0.52  μm. It was in agreement 
with the formation of insoluble complexes that reached 

their maximum intensity at pH = 3.30 with a maximum 
diameter of 33.21 ± 12.8  μm. By pH reduction, insolu-
ble complexes began to dissociate and dissolve as a 
result of the gradual protonation of carboxyl groups on 
the structure of HMP. Thus, the particle size reduced 
when the pH approached 3.00 (12.918 ± 2.48  μm) and 
2.70 (9.963 ± 1.26  μm). In general, lower pH resulted 
in larger particle size due to the stronger attraction 
between NaCas and HMP, which is in line with results for 
turbidity.

Effect of biopolymer concentration and ratio on aggregate 
formation
The effects of CT and the ratio of protein to polysac-
charide on the formation of NaCas/HMP coacervate 
as a function of pH (2.00–7.00) were also investigated. 
As illustrated in Fig.  4a, turbidity increases significantly 
when  CT increases, and its maximum peak increase from 
0.6 at 0.1% to 2.1 at 0.8%. Turbidity increased more in 
region C, where complex coacervates are developed. 
Further increases in solute amount leads to the high vis-
cosity of the mixture, and therefore, more complexes are 
formed at higher CT. It can be attributed that more coun-
terions were easily released with increasing biopolymer 
concentration. It is possible that as biopolymer concen-
tration increased, more counterions were easily released 
[51]. Moreover, results showed that the total concentra-
tion of NaCas and HMP did not affect the  pHc, which 
confirmed the assumption that soluble complexes are 
constituted of a certain amount of protein and a single 
polysaccharide molecule. As a result,  pHc is independent 
of the biopolymer amounts [52].

The ratio of protein/polysaccharide, i.e., the stoichio-
metries of the biopolymers, plays a vital role in the CC 
process due to its influence on the balance of macromol-
ecule charges and affects the intensity of the electrostatic 
interactions between the polymers [7, 53, 54]. There-
fore, the effect of the NaCas/HMP ratio from 1:1 to 8:1 
(CT = 0.4% w/v) on the solution turbidity as a function of 
pH is exhibited in Fig.  4b. It is evident that as the pro-
tein/polysaccharide ratio was reduced from 8:1 to 1:1, 
the  pHmax shifted to lower pH values, and the maximum 
turbidity was obtained at a ratio of 4:1. Although the  pHc 
value (∼5.70) remained unaltered, the coacervation hap-
pened at different ratios, which allowed obtaining differ-
ent  pHφ values. Therefore, it can be concluded that  pHc is 
not affected by the mixing ratio, but the ratio can change 
 pHφ1. When more proteins are available per polysaccha-
ride chain, the phase separation occurs at a higher pH, 
which is in agreement with previous work [1, 55]. The 
negatively charged groups of HMP are found in excessive 
amounts at  pHc, due to the limited amounts of patches 

Table 1 Z-average and poly dispersity index (PDI) of HMP/NaCas 
at R = 4:1 and CT = 0.4% w/v as functions of pH*

* Alphabetic letter was used to show the significant difference among the 
sample (P < 0.05)

pH values Z‑average (μm) PDI

2.70 9.963 ± 1.267c 0.408 ± 0.107c

3.00 12.918 ± 2.483b 0.348 ± 0.207d

3.30 33.212 ± 12.825a 0.589 ± 0.380a

3.70 6.237 ± 0.528d 0.490 ± 0.146b

4.00 0.391 ± 0.007e 0.264 ± 0.034e

4.50 0.289 ± 0.008f 0.233 ± 0.036e

5.00 0.295 ± 0.005f 0.255 ± 0.016e
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with a positive charge in molecules of NaCas. Therefore, 
the  pHc value is dependent on the NaCas concentration 
rather than the HMP concentration. Nonetheless, at  pHφ, 
enough amounts of positively charged NaCas groups 

can be combined with HMP [1]. Overall, the  pHmax was 
dependent on CT, and it was also shifted from 3.00 to 
3.30 by increasing the ratio from 1:1 to 8:1, discovering 
the interpolymer interactions are effectively enhanced 
[52].

At higher concentrations of polysaccharides, the 
assumed intra-polymeric and inter-polymeric interac-
tions and aggregation in protein/polysaccharide mix-
tures declined or even stopped. Compared to protein 
molecules in protein/polysaccharide mixtures, the mol-
ecules of polysaccharides are of less contribution to light 
scattering [20]. When the protein/polysaccharide ratio 
declines, the nanoparticle sizes are reduced, denoting 
that higher concentrations of polysaccharide can safe-
guard more NaCas aggregates from further aggregation 
[40].

A plot of turbidity reduction at 10  min vs. the mass 
ratio of NaCas/HMP mixture is depicted to correlate the 
turbidity decrease with the CC of NaCas/HMP (Fig. 4c). 
As it was shown, the most significant turbidity reduc-
tion was achieved at R = 2:1, which is consistent with 
the stoichiometric ratio of coacervates identified by tur-
bidimetry. However, there was no turbidity reduction at 
the other ratios. A similar ratio of 1.8:1 for Lysozyme/β-
conglycinin coacervate has been obtained in the previ-
ous works [26, 56]. As a result, the degree of turbidity 
reduction reflected the tendency of coacervation and 
rearrangement, and showed that the unique turbidity 
reduction behavior of NaCas/HMP was meaningful. Fur-
thermore, it can be stated that the ratio of 2:1 protein: 
polysaccharide (Pr:Ps) has the highest turbidity reduc-
tion, which requires further investigation in the other 
mixtures.

FTIR features of NaCas–HMP coacervates
FTIR analysis confirmed the electrostatic interactions 
between NaCas and HMP formed between amino groups 
of protein and carboxyl groups of HMP, as shown in 
Fig. 5. Polysaccharides such as pectin have a free carboxyl 
group that imparts a negative charge to these molecules. 
During CC, carboxyl groups in polysaccharides interact 
with amino groups in proteins to form a complex that 
contains amide. FT-IR analysis was carried out to con-
firm the formation of amide due to the interaction of free 
carboxyl and amino groups present in HMP and NaCas, 
respectively. Actually, the interactions of functional 
groups at the molecular level can result in new peaks and 
changes in the intensity or location of absorption bands 
(i.e., shifting) in FTIR spectra [12, 47, 57, 58].

The peaks at 1651, 1539, and 1417   cm−1 for NaCas 
belong to the amide I and II (stretching vibration of 
C = O, C–N, and bending vibration of N–H) absorp-
tion bands, and the signal peaks at 1647, 1224, and 
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1051   cm−1 for HMP belong to the stretching vibration 
signals of S = O, S–O, and C–O, respectively. By coacer-
vation at  pHmax = 3.30, the signals at 1539 and 1417  cm−1 
for NaCas shifted to 1533 and 1456   cm−1, respectively, 
while the 1224 and 1051   cm−1 for HMP shifted to 1232 
and 1076   cm−1, and acidification had little change on 
the HMP peaks. Since no bond formation and rupture 
are observed for the coacervate, the covalent binding of 
NaCas to HMP does not exist in the coacervation system.

Thermal characteristics of coacervates
To further investigate the thermal properties of NaCas/
HMP coacervates, TGA was applied as the percentage 
mass loss from 20 to 520 °C. As shown in Fig. 6a, approx-
imately 5% mass loss of NaCas, HMP, and coacervates at 
different pH values was observed at about 200  °C, and 
then settled down, which can be attributed to the loss of 
free and bound water in the samples [59]. However, the 
TGA curves of NaCas and HMP showed steep loss when 
the temperature rose from 210 to 500  °C, but the coac-
ervates showed a monotonous reduction in mass loss. 
The more sharp reduction in mass loss of HMP at about 
200–280 °C relates to the carboxyl group decomposition 
and dehydration of saccharide rings [12]. Furthermore, 
the coacervates showed less weight loss below 200 °C as 
well as above 280 °C. In addition, less mass loss occurred 
for NaCas/HMP coacervate at pH 4.50.

Typical DSC graphs corresponding to NaCas, HMP, 
and their coacervates at different pH values are provided 

in Fig.  6b. Although thermographs of HMP showed 
endothermic processes developing at around 80, 160, 
and 210  °C, NaCas also showed less endothermic pro-
cesses at these temperatures. The endothermic process at 
the first temperature within 60–90 °C was related to the 
intrinsic water eliminated during the process. However, 
the NaCas/HMP coacervates presented less endother-
mic properties at the same temperature range for NaCas 
and HMP. Consequently, the complex coacervates were 
inferred to have higher thermal stability compared with 
NaCas and HMP at temperatures below 220 °C, which is 
in line with the TGA results.

Rheological behaviors
It is obvious that viscosity is notably influenced by the 
size and composition of the aggregates (Lu et al. [62]). 
From the previous sections, it was found NaCas/HMP 
coacervate at a ratio of 4:1% w/w and CT = 0.4% w/v has 
the maximum turbidity and particle size. Therefore, 
the rheological behaviors of NaCas, HMP at pH 5.00, 
and their coacervates at pH values of 3.00, 3.30, and 
3.45 are evaluated and provided in Fig. 7. The apparent 
viscosity was decreased by increasing shear rate (0.1–
100   s−1) revealed the non-Newtonian shear-thinning 
behaviors. Shear-thinning characteristics of the coac-
ervates can be related to the structural rearrangement 
under shear [9, 60]. It was found that a greater viscos-
ity at pH 3.30 (~ 12 mPa.s at γ = 1  s−1) than that of the 
other coacervates at pH values 3.00 and 3.45 in which 
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the viscosity was close to the protein or polysaccha-
ride. Therefore, the more tightly packed structure was 
achieved at pH 3.30 due to the maximum electrostatic 

interactions between proteins and polysaccharide. On 
the other hand, the coacervates do not possess a com-
pletely compact structure at pH values upper or lower 
than the optimum pH and their formation was highly 
pH dependent [61]. Similar findings have been also 
reported for the whey protein/high metoxyl pectin and 
rice bran protein/flax seed gum coacervates [9, 13]. On 
the other hand, it can be stated that the insoluble aggre-
gates at pH 3.45 lead to viscosity reduction through the 
formation of insoluble aggregates. By self-aggregation 
of HMP and denaturation of NaCas at lower pH values, 
particularly 3.30, the viscosity returns to a higher value. 
Similar results have been reported for the lysozyme and 
κ-carrageenan coacervates [62].

Microscopic observation
Optical microscopy was applied to survey NaCas and 
HMP at pH 5.00, and the formation of complex coacer-
vates at pH values of 3.00, 3.30, 3.45,  and 5.00 (Fig.  8). 
At pH = 5.00, no coacervate formation was observed. 
When the pH decreased to 3.45, a slight aggregation of 
coacervates was observed. By further reduction in pH, 
smaller coacervates accumulated to generate larger coac-
ervates and create more compact structures at pH = 3.30 
 (pHmax). The aforementioned findings are in line with the 
results of ζ-potential, turbidity, and particle size.

Coacervation yield
Another important parameter in the optimization of the 
CC process is the yield of complex coacervate [53, 54]. 
The coacervates were obtained by mixing two biopoly-
mers at different ratios and biopolymer concentrations 
of NaCas/HMP after adjusting the pH. It was considered 
as the amount of coacervate to the total mass of both 
NaCas and HMP used to prepare the dispersions, and the 
data are provided in Table 2. By the way, the optimized 
ratio (4:1) illustrated a higher yield than the other ratios 
(P < 0.05). It may be due to the decrement of soluble com-
plexes, the increment of electrostatic interactions, and 
the insoluble complexes. The low yield of complex coac-
ervate resulted from the creation of soluble complexes 
owing to electrostatic interactions and the delicate bal-
ance between charges [11, 54]. Results demonstrated that 
the highest acquired yield of coacervation was 39.8%. 
Although the highest amount of complex coacervates 
 (pHmax = 3.00) has been obtained for sodium caseinate/
low methoxyl pectin at ratio 2:1 [4], but the highest yield 
was achieved at pH 3.30 and R = 4:1 for NaCas/HMP, 
which clearly indicated the effect of esterification of the 
coacervate formation. Furthermore, the effect of the 
biopolymer mixing ratio on the coacervation yield was 
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evident; indicating the higher amount of protein used 
for coacervate preparation means a higher coacervation 
yield. Moreover, it has been found that the coacervate 
yield was drastically diminished at pH values below 3.5 
due to a low degree of ionization of polysaccharide mol-
ecules and at pH values above 5.00 due to the low solubil-
ity of proteins [61].

Conclusion
The current study illustrated the ability of sodium 
caseinate (NaCas) molecules to interact with high 
methoxyl pectin (HMP) molecules and form solu-
ble and insoluble complexes. Light scattering and 
ζ-potential measurements were used to understand 
the formation of the coacervates as a function of pH 
(2.00–7.00) and NaCas/HMP ratio. The NaCas/HMP 

No sign of interaction. Agglomeration of small coacervates 

Development of the compact structures                       Dissociation and dissolution complexes

(b)(a)

(c) (d)

(e) (f) 

Fig. 8 Microscopic image (40x) of: a HMP (0.08% w/v) at pH = 5.00, b NaCas (0.32% w/v) at pH = 5.00, complex coacervates at; c pH 5.00 d pH 3.45, 
e pH 3.30, and f pH 3.00
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interactions caused by acidification resulted in increas-
ing the turbidity and decreasing ζ-potential, which was 
confirmed by particle size and FTIR. The maximum 
yield occurred at a pH of 3.30, a total biopolymer con-
centration of 0.4% (w/v), and a NaCas/HMP ratio of 4:1. 
TGA results indicated that the thermal stability of the 
produced complex coacervates was higher compared 
to each of the polymers. These results showed their 
importance in encapsulating bioactive compounds 
(such as herbal extracts) with direct applications in the 
food and pharmaceutical industries using NaCas/HMP 
complexes.
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