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animal-derived proteins to provide texture to foods [8–10]. 
However, only limited number of studies on complex coac-
ervation with pea proteins are available [11–19]. These 
studies demonstrated that pea proteins can be complexed 
with alginate [12], chitosan [11], gum arabic [14, 20], and 
pectins [13, 15–19].

In general, the complex coacervation describing the asso-
ciative phase separation of biopolymers in diluted regime 
is induced predominantly by electrostatic interactions 
[3–5, 7] as was also demonstrated in the investigations on 
the pea protein – polysaccharide complexes [11–19]. This 
phenomenon occurs when biopolymers carry opposing net 
charges, thus facilitating formation of biopolymer complex 
and solvent-rich liquid phases. The physicochemical prop-
erties of the complex coacervates depend on intrinsic and 
extrinsic factors such as the biopolymer characteristics (e.g., 
type, molecular weight, charge density), system composi-
tion (concentration, mixing ratio), solvent conditions (e.g., 
solvent type, pH, ionic strength), and environmental fac-
tors (e.g., temperature) [7]. Changing intrinsic and extrin-
sic factors affected the complex coacervation behavior in 
mixtures composed of pea proteins and different types of 
polysaccharides [11–19]. Even within the same class of 

Introduction

Biopolymer complexes composed of different types of pro-
teins and polysaccharides have been established as a use-
ful tool for creating novel food structures, and functioning 
as encapsulation and delivery systems, gelling and film 
forming agents, and fat replacers [1–7]. So far, most of the 
past investigations have focused on animal-based proteins 
such as whey proteins, β-lactoglobulin and gelatin. How-
ever, increasing demand for vegan products has shifted the 
interest in complex formation with plant-based proteins. 
Peas (Pisum sativum L.) with high nutritional value and 
functional properties are emerging as an alternative for 
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Abstract
Complex formation (leading to either coacervation or precipitation) offers a tool to generate plant-based novel food struc-
tures and textures. This study investigated the formation of complexes between soluble pea proteins and apple pectin upon 
varying the protein-to-pectin ratio (r = 2:1 to 10:1), pH (3–7), and temperature (25 and 85  °C) with a total biopolymer 
concentration set to 1% (w/w). The results showed that predominantly soluble biopolymer complexes were formed at pH 
5, and at low ratio (r = 2:1), whereas lowering the pH to more acidic condition, and to higher ratios (r = 4:1–10:1) induced 
the formation of more insoluble biopolymer complexes. In general, the mean particle sizes of the biopolymer complexes 
ranged between approximately 20 and 100 μm. Upon heating to 85 °C, the amount of insoluble biopolymer complexes 
increased at pH 3–5 at all ratios, except at r = 2:1. In addition, the complex sizes became somewhat larger at r = 2:1 to 6:1 
upon heat treatment, whereas only trivial size changes were observed at higher ratios (r = 8:1 to 10:1). Overall, electrostatic 
and hydrophobic interactions played a major role in the complex formation between the soluble pea proteins and apple 
pectin. These findings are important for designing solely plant-based food structures.
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allow a sufficient number of biopolymers to increase the 
probability of polymer-polymer interactions, but still allow 
a free movement of the molecules to undergo associative 
phase separation. The pH range was selected to assess the 
influence of different biopolymer net charge properties on 
the complexation behavior beyond and close to the isoelec-
tric point (pI) of the protein. We expected that the highest 
electrostatic attraction and highest yield of complex coac-
ervates would be at pH slightly below the pI of the proteins 
due to the high charge difference between the anionic pec-
tin and cationic patches of the pea proteins. In case of the 
protein-polysaccharide ratio, we hypothesized that low pro-
tein concentrations will limit the number of positive charges 
available for the electrostatic interactions with the negatively 
charged pectin, and the electrostatic attraction will be low or 
not sufficient in forming stable biopolymer complexes. At 
high protein concentrations, on the other hand, enough posi-
tive charges are present to neutralize the negatively charged 
pectin molecules, which leads to associative phase sepa-
ration and formation of large particles. Heating above the 
denaturation temperature of the proteins was hypothesized 
to induce protein unfolding and increase protein aggrega-
tion that would increase hydrophobic interactions, and lead 
to formation of smaller biopolymer complexes.

Materials & Methods

Materials

Pea protein isolate (Pisane C9) with a dry matter content of 
95.7% was obtained from Cosucra (Groupe Warcoing S.A., 
Warcoing, Belgium), and contained 66.9 ± 0.4% proteins, 
9.1 ± 0.1% moisture, 5.9 ± 0.1% ash, and 0.4 ± 0.0% fat, 
and had a mineral composition of 0.002% Al, 0.041% Ca, 
0.016% Fe, 0.192% K, 0.045% Mg, 0.001% Mn, 1.643% 
Na, 0.820% P, 0.816% S, and 0.006% Zn. Apple pectin 
donated by Herbstreith & Fox KG (Neuenbürg, Germany) 
had a 62% degree of esterification (DE), a molecular weight 
of 73.7  kDa, and a galacturonic acid content of 74%. 
Hydrochloric acid, sodium hydroxide, and sodium azide 
(purity ≥ 99%) were purchased from Carl Roth GmbH & 
Co. KG (Karlsruhe, Germany). Double distilled water was 
used for the preparation of all solutions.

Fractionation of pea protein isolate

An aqueous pea protein isolate solution (5% w/w, pH 7.4) 
was hydrated at 2-5  °C for 4–8  h followed by twice per-
formed centrifugation at 17,000  rpm at 4  °C for 30  min 
(Avanti J-30 I, Beckmann Coulter GmbH, Krefeld, Ger-
many). The fractionation was carried out at the native pH of 

polysaccharides such as pectins, the differences in the 
intrinsic pectin characteristics changed the complex forma-
tion behavior [13, 15–19], demonstrating that the behavior 
is biopolymer specific. The previous complex coacervation 
studies on pea protein – pectin mixtures included the use of 
low- and high-methoxyl pectins derived mainly from cit-
rus [13, 15, 16, 19, 21], whereas only a few studies with 
sugar beet [16, 18] or apple pectins [16] exist. Therefore, 
this study focused on using apple pectin to investigate the 
complex coacervation and precipitation with pea proteins 
to gain more insights into their behavior, especially to iden-
tify opportunities for improving the colloidal stability of pea 
proteins which are known to be prone to precipitation. This 
is especially important as the structural variations of pectins 
from different sources can improve or alter the complex for-
mation and complex characteristics.

Briefly, the pectin structures typically vary between 
structures comprising linear homogalacturonan, branched 
rhamnogalacturonan (I, II) and/or xylogalacturonan back-
bones esterified with different types and number of car-
boxyl, methyl, and acetyl groups [22, 23]. For detailed 
descriptions of pectin structures, the reader is referred to 
literature [22, 23]. Apple pectin contains substantial seg-
ments of highly branched rhamnogalacturonans-I and II and 
xylogalacturonans as well as high amounts of neutral sugars 
(15–30%), making it a rather compact structure [22–24]. 
In comparison, citrus pectin is made of up to 90% linear 
homogalacturonans with some rhamnogalacturonans-I and 
minor segments of rhamnogalacturonans-II, but contains 
low amounts of neutral sugars (≤ 1%) [22, 25]. This less 
branched structure makes it less compact than apple pectin 
[24]. Sugar beet pectin, on the other hand, typically con-
tains up to 45% highly branched rhamnogalacturonans-I 
[22] with a high content of neutral sugars (~80%) and feru-
lic acid [26]. The homogalacturonan regions rich in acetyl 
groups are typically unbranched, and the overall galact-
uronic acid content is lower (~55–58%) in sugar beet pectin 
than in apple and citrus pectins [27].

In this study, we used a commercially available apple 
pectin product. In general, one of the advantages of using 
pectins for complex coacervation is that they are widely 
used in food industry as gelling and thickening agents [28, 
29], and different pectin types are available in commercial 
scale. In addition, we used a commercially available pea 
protein isolate product that was further processed to remove 
the insoluble protein fraction. The obtained water-soluble 
fraction entitled soluble pea proteins was investigated for its 
complex coacervation behavior with high-methoxyl apple 
pectin upon changing the pH (3–7), biopolymer ratio (r = 2:1 
to 10:1) and temperature (25 and 85 °C). The total biopoly-
mer concentration was kept constant in a dilute region at 
1% (w/w). This biopolymer concentration was selected to 
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manually a few times during the set time. Then the samples 
were cooled down under stirring for 1–2 h until they reached 
room temperature.

Protein Solubility

The pea protein isolate and soluble pea protein solutions 
(0.5% w/w) at pH 3–7 were centrifuged at 20,000 rpm for 
30 min (Z 32 HK, Hermle Labortechnik GmbH, Wehingen, 
Germany). The protein content of the supernatant was mea-
sured by applying the Dumas combustion method using 
a Dumatherm N Pro device (Gerhardt GmbH & Co. KG, 
Königswinter, Germany). A nitrogen-to-protein conversion 
factor of 5.36 [38] was used. The protein solubility was cal-
culated as follows (Eq. 1):

	
Solubility (%) =

Protein contentsupernatant

Protein contentsolution
× 100

� (1)

ζ-Potential

The samples were diluted 1:10 with appropriate pH-adjusted 
water to prevent multiple scattering effects. Electrophoretic 
light scattering (Nano ZS, Malvern Instruments, Malvern, 
UK) was used to measure the ζ-potential of the samples at 
25 °C.

Transmittance

Transmittance of the samples was determined using a UV-
Vis 8453 spectrophotometer (Hewlett Packard, Waldbronn, 
Germany) at 630 nm at 25 °C. Double distilled water was 
used as a blank.

Particle Size

Static light scattering (Horiba LA-950, Retsch Technology 
GmbH, Haan, Germany) was applied to determine the mean 
volume diameters (d43) and particle size distributions of 
the samples that were diluted with appropriate pH-adjusted 
water. The refractive indices were set at 1.52 for the dis-
persed biopolymer phase and at 1.33 for the dispersant.

Optical Microscopy and Visual Observation

The microstructure of the samples was assessed by light 
microscopy using an Axio Scope A1 light microscope (Carl 
Zeiss AG, Jena, Germany) equipped with a Canon Power-
shot G10 digital camera (Canon, Tokyo, Japan) at magni-
fication of 40x. Photographic images of the samples were 

7.4 of the pea protein isolate to (i) ensure enhanced solubil-
ity at a pH above the pI of the proteins as known from lit-
erature [8, 30] and verified by the solubility and net charge 
data (Fig. 1a,b), and (ii) ensure an easy and straightforward 
process. The supernatant was collected and freeze-dried in a 
Sublimator 15 freeze dryer (Zirbus technology GmbH, Bad 
Grund, Germany) to obtain a powder that is referred to as 
‘soluble pea proteins’. The soluble pea proteins contained 
57.7 ± 0.6% protein, 9.8 ± 0.1% water, 16.1 ± 0.1% ash 
comprising 0.001% Al, 0.079% Ca, 0.012% Fe, 0.584% K, 
0.105% Mg, 0.001% Mn, 4.855% Na, 1.943% P, 1.690% 
S, and 0.005% Zn, and 1.0 ± 0.3% fat. The rest (~15%) of 
the unidentified solids in the soluble pea proteins may be 
attributed to carbohydrates such as starch or fiber found in 
pea [31, 32].

Chemical Composition Analysis of Apple Pectin

The apple pectin was analyzed for protein content by deter-
mining elemental nitrogen (Dumatherm N Pro, Gerhardt 
GmbH & Co. KG, Königswinter, Germany) according to 
Dumas method [33] by applying a nitrogen-to-protein con-
version factor of N x 6.25. The ash and fat content was 
analyzed according to AS § 64 LFGB 06.00–4 and AS § 64 
LFGB 06.00–6, respectively [34], mineral composition 
and quantification according to methods of 2.1.3 [35] and 
8.10 [36], respectively, and total sulfur according to ISO 
15178:2000 [37].

Preparation of Individual Biopolymer Solutions

Aqueous solutions of pea protein isolate, soluble pea pro-
teins, and apple pectin (0.5% w/w) were stirred at 25 °C for 
4–8 h. After hydration, the pH of the solutions was adjusted 
to pH 3.0–7.0 using 0.1 and/or 1 M sodium hydroxide or 
hydrochloric acid solutions.

Formation of Biopolymer Complexes

Pea protein isolate, soluble pea proteins, and apple pectin 
(1% w/w) were dissolved in water containing 0.02% sodium 
azide to prevent microbial growth, and stirred at 25 °C for 
4–8 h. The hydrated protein and pectin solutions were ini-
tially adjusted to pH 7.0 using 0.1 or 1 M sodium hydroxide, 
and stirred for 30 min. Next, the biopolymer solutions were 
mixed at protein-to-pectin ratios r of 2:1, 4:1, 6:1, 8:1, 10:1 
to obtain a final biopolymer concentration of 1% (w/w), and 
stirred another 30 min. Then the mixtures were adjusted to 
pH 3.0–7.0. Additional tests were also carried out for heat 
treated biopolymer mixtures. For this, 30 mL of sample was 
inserted in a 50 mL Schott bottle with a closed screw cap, 
and placed in a water bath (85 °C) for 20 min, and stirred 
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fraction remained above 80% even at pH 3–5, however, the 
extraction included the use of 2% NaCl and a dialysis step.

Apple pectin. The compositional analysis showed that 
the apple pectin product contained – besides pectin − 8.8 ± 
0.1 % water, 6.4 ± 0.0% minerals, 1.0 ± 0.1% protein, and 
0.2 ± 0.1% fat. It had a mineral composition of 0.001% Al, 
0.482% Ca, 0.007% Fe, 1.768% K, 0.017% Mg, 0.0003% 
Mn, 0.239% Na, 0.034% P, 0.001% S, and 0.0003% Zn. 
The 0.5% (w/w) aqueous solutions of apple pectin carried 
a negative charge over the whole pH range tested (Fig. 1b), 
which is typical for pectins due to their high number of 
galacturonic acid moieties (pKa = 3.4) [39]. The visual 
observations (data not shown) and transmittance measure-
ments (Fig.  1c) showed that the aqueous pectin solutions 
were water soluble, which can be attributed to the charged 
galacturonic acid groups in the pectin molecules [28]. In 

taken after 24 h of preparation using an iPhone 6s (Apple 
Inc., Cupertino, CA, USA).

Statistical Analysis

All characterization measurements were performed in trip-
licate with freshly prepared solutions. Complex formation 
was performed with a freshly prepared mixture, and the 
measurements were performed twice with a minimum of 
three repetitions. The results are shown as means and stan-
dard deviations.

Results & Discussion

Characterization of individual biopolymers

Pea proteins. The soluble pea proteins obtained from the 
pea protein isolate by water fractionation showed a slightly 
improved protein solubility between pH 3 and pH 5 com-
pared to the pea protein isolate, however, their solubility 
increased substantially at pH 6 and 7 (Fig.  1a), resulting 
in miscible solutions as demonstrated by the high levels of 
light transmission through the samples (Fig. 1c). At pH 3–5, 
the proteins were at or near their pI (Fig. 1b), which explains 
their low solubility (Fig.  1a) and high turbidity (Fig.  1c). 
At pI, the net charge of the proteins is zero, which favors 
protein-protein interactions over protein-water interactions 
[30], leading to formation of protein aggregates as corrobo-
rated by the transmittance measurements (Fig. 1c) and visual 
observations (data not shown). The pea protein isolate had a 
pI at pH ~ 4.6, whereas the soluble pea proteins had a lower 
pI at ~ 3.7 (Fig. 1b). This can be explained by the higher 
ionic strength (I) of 21 mM in the soluble pea protein solu-
tion (0.5% w/w) that concentrated up in the sample upon 
water fractionation compared to that of the pea protein iso-
late (I = 8 mM) and affected the charge properties via elec-
trostatic screening. The ionic strength I was calculated from 
the mineral composition of the raw materials (6% minerals 
in pea protein isolate, and 16% minerals in the soluble pea 
proteins) as follows (Eq. 2):

	
I =

1
2

n∑

i=1

ciz
2
i

� (2)

where ci is the molar concentration of ion i (mol/m3), and 
zi is the charge number of the specific ion. Similar pH depen-
dent behavior in protein solubility has been reported for pea 
proteins between pH 4 and 5 [8]. Adebiyi et al. [8] reported 
similarly high protein solubilities (80–90%) above the pI 
for water soluble pea protein fractions. They also reported 
that the protein solubility of the water-soluble pea protein 

Fig. 1  Protein solubility (N x 5.36) (a), ζ-potential (b), and transmit-
tance (c) of individual biopolymer solutions as a function of pH. The 
legend in (b) applies also for (c)
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Similar behavior has also been observed at pH 6–7 in pea 
protein isolate mixed with different types of pectins at spe-
cific mixing ratios [13, 16], alginate [12], chitosan [11], and 
gum arabic [14]. Although the soluble pea protein – apple 

addition, no sedimentation was observed in the 0.5% (w/w) 
aqueous apple pectin solutions.

Soluble Pea Protein – Apple Pectin Complexes

In this set of experiments, we investigated the influence 
of pH (3–7), protein-to-pectin ratio (r = 2:1 to 10:1), and 
temperature (25 and 85 °C) on the complexation behavior 
of soluble pea protein – apple pectin mixtures with a final 
biopolymer concentration set to 1% (w/w). State diagrams 
(Fig. 2) based on the test tube images (Fig. 3) were plotted 
to summarize the phase behavior of the samples.

Influence of pH

At pH 6–7, the soluble pea protein – apple pectin mix-
tures were miscible (Fig.  2a) and showed no aggrega-
tion, sedimentation or phase separation as determined by 
visual observation (Fig.  3), transmittance measurements 
(T = 20–65%), and optical microscopy imaging (Fig.  4a). 
This indicated that no electrostatic complex formation had 
occurred between the biopolymers or that the complexes 
formed were too small to be detected. This co-solubility can 
be attributed to the negatively charged soluble pea proteins 
(ζ = -32 to -33 mV) and apple pectin (ζ = -44 to -46 mV) 
at this pH range (Fig. 1b), resulting in overall electrostatic 
repulsion between the molecules that limited their associa-
tion to only potential positive charged patches on the pea 
proteins. This was confirmed by the net negative charge of 
the biopolymer mixtures at pH 6 and 7 (Fig. 5a) that were in 
the similar range as the individual biopolymers or slightly 
intermediate between pectin and pea protein (Fig.  1b). 

Fig. 3  Visual appearance of unheated (25 °C) and heat-treated (85 °C) 
1% (w/w) pea protein – apple pectin mixtures at different ratios r as a 
function of pH 2–7

 

Fig. 2  State diagrams of unheated (25 °C) (a) and heat-treated (85 °C) (b) 1% (w/w) pea protein – apple pectin mixtures at different protein-to-
pectin ratios as a function of pH
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nearly electroneutral complexes (ζ = -4 to -8 mV) (Fig. 5a). 
At the pH of the electrical equivalence, the complex for-
mation is at its optimum [3, 4]. Previous literature reported 
that the electroneutrality of pea protein isolate – pectin com-
plexes occurred at pH 2.5–4.2 when the pI of the pea protein 
isolates was at pH ~ 4.6–4.8 [13, 16, 18]. The decreasing 
magnitude of the net negative charges on the biopolymer 
complexes upon lowering the pH (Fig.  5a) demonstrates 
that the protein aggregates are mostly encased by pectin 
molecules, which agrees with previous research on elec-
trostatically associated protein-polysaccharide complexes 

pectin mixtures at pH 6–7 showed the presence of predomi-
nantly large particles with volume-based mean particle sizes 
(d43) of around 300–780 μm (Figs. 5a and 6), the reliability 
of these measurements is poor as the static light scatter-
ing analysis based on Mie theory assumes the presence of 
particles with spherical shape [40]. In this case, the opti-
cal microscopy is better suited to determine the presence 
(and size) of materials with large aspect ratios. However, no 
presence of particulate matter was observed in the optical 
microscopy images besides some minor cellular particles 
(Fig. 4a), confirming that the samples were miscible.

Lowering the pH to 5 led to formation of turbid disper-
sions with or without sedimented layers (Figs.  2a and 3). 
This indicated association of the biopolymers due to elec-
trostatic attraction between the pectin molecules (ζ = -41.5 
± 0.6 mV) and soluble pea proteins (ζ = − 19.1 ± 1.1 mV) 
(Fig. 1b), resulting in formation of biopolymer complexes 
with net charges between those of the individual biopoly-
mers (Fig. 5a). Even though the soluble pea proteins had a 
net negative charge at pH 5 (Fig. 1b), the pea protein mol-
ecules carry an increasing number of positively charged 
amino groups upon lowering the pH closer to the pI of the 
protein due to protonation that allows electrostatic attraction 
to the negatively charged galacturonic acids in the pectin 
backbone. The existence of charged patches on the protein 
surface is more important for complex coacervation than 
the overall net charge [41]. The complex formation was 
also verified by the optical microscopy images showing the 
presence of some aggregates (Fig. 4a) and by transmittance 
analysis indicating that light could not pass through the 
highly turbid samples anymore (T = 0.01–0.02%). Increased 
turbidity and formation of soluble complexes around pH 5 
has been reported for biopolymer mixtures comprising, for 
example, pea protein isolate and different pectins [15, 16], 
and pea protein isolate and alginate [12].

Upon lowering the pH to 4, the soluble pea protein – apple 
pectin mixtures formed stronger electrostatic complexes (ζ 
= -25 to -27 mV) (Fig.  5a) due to the stronger attractive 
forces between the almost zero-net charged (ζ = -3.3 ± 1.5 
mV) soluble pea proteins close to their pI and negatively 
charged apple pectins (ζ = -29.3 ± 1.2 mV) (Fig. 1b). The 
stronger electrostatic attraction made the complexes also 
denser [42], and they began to sediment to a larger extent 
compared to pH 5 (Fig. 3). This was in agreement with the 
optical microscopy imaging, showing that more particles 
were present (Fig. 4a). In addition to the electrostatic inter-
actions, water structuring via hydrogen bonding and hydro-
phobic interactions due to the presence of hydrophobic 
areas on the biopolymers can also play a role in increasing 
the density of the biopolymer complexes [42].

At pH 3, the biopolymer attraction was highest due to the 
opposite net charges (Fig. 1b), resulting in the formation of 

Fig. 4  Optical microscopy images of unheated (25 °C) (a) and heat-
treated (85 °C) (b) 1% (w/w) pea protein – apple pectin mixtures at 
different ratios r as a function of pH. The scale bar is 10 μm
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large sizes were due to hydrated and loosely-formed bio-
polymer clusters or due to protein aggregates that still had 
enough electrostatic forces to prevent extensive attraction 
to pectin molecules. The formation of such unstable soluble 
biopolymer complexes at pH 5 with high particle polydis-
persity has been reported for whey protein - citrus pectin 
complexes [44], which can be attributed to weak molecular 
interactions between the proteins and polysaccharides [5]. 
To our knowledge, no investigations on the particle sizes 
of pea protein – polysaccharide complexes are available. In 
the case of the biopolymer complexes at r = 6:1, only minor 
sedimentation occurred as the complexes had smaller mean 
particle sizes (d43 = 25 ± 2 μm) (Fig. 5a) with more narrow 
particle size distribution compared to the other samples 
(Fig. 6c), which prevented gravitational separation. On the 
other hand, the biopolymer complexes at r = 4:1, 8:1, and 
10:1 sedimented after 24 h, leaving a slightly turbid phase 
on top (Fig. 3). This behavior indicated that these biopoly-
mer complexes had to be larger in size, making them more 
prone to gravitational separation. This was verified by the 
particle size measurements, showing narrowly distributed 
complexes (Fig.  6b,d-e) with mean sizes ranging from 
33  μm at r = 4:1 to 69  μm at r = 10:1 to 81  μm at r = 8:1 
(Fig. 5a).

At pH 4, the biopolymer complexes at r = 2:1 were smaller 
(d43 = 21 ± 1 μm) (Fig. 5a) and less polydisperse compared 
to pH 5 (Fig. 6a), indicating that a lower pH was needed 
for complexation at this biopolymer ratio. This agrees with 
previous studies showing that the critical pH for forming 
either soluble or insoluble complexes was lower at lower 
pea protein-to-pectin ratios [13, 16]. This behavior has 
also been observed for other biopolymer complexes such 
as those between pea protein isolate and gum arabic [14], 
and pea protein isolate and alginate [12]. The reason for the 
biopolymer ratio dependance on the pH can be explained 
by self-aggregation of the proteins near their pI, and their 
subsequent association with individual polysaccharide mol-
ecules [14, 45]. The particle size distribution data of the pea 
protein – apple pectin mixtures at r = 2:1 revealed the pres-
ence of a minor number of small particles at ~ 0.45 μm and 
larger particles at ~23 μm (Fig. 6a) that may be attributed to 
differently sized biopolymer complexes. It is unlikely that 
these small particles were protein aggregates as the static 
light scattering measurements of the soluble pea proteins 
showed the formation of larger protein aggregates ranging 
between 10 and 500 μm sizes at pH 3–5 (data not shown). 
An earlier study on 0.4% whey protein isolate – pectin 
(DE 36%, 100  kDa, plant origin not given) complexes at 
r = 2:1 and at pH 4 reported the formation of mean com-
plex sizes at ~ 25 and ~ 70 μm for mixtures acidified after 
or before mixing the biopolymers together, respectively 
[2]. However, no data on the polydispersity of the complex 

[2, 6, 12–14, 16, 43]. Nevertheless, some proteins may also 
be attached on the surface of the pectin backbone as pro-
posed previously [4, 6]. This also partly explains why the 
complexes can become electroneutral or positively charged 
at pH < <pI as the amino and acid groups in the proteins 
become increasingly protonated. The other reason is the 
protonation of the carboxyl groups in the polysaccharide 
at pH < pKa, resulting in the loss of the negative charges, 
which will also lead to dissociation of the complexes due 
to the loss of attractive electrostatic forces between the 
biopolymers.

Influence of Biopolymer Ratio

The data showed that the biopolymer ratio affected the 
complex behavior of the soluble pea protein – apple pectin 
mixtures at pH 3–5. At pH 6–7, no complexation occurred 
independent of the ratio applied (Figs.  2a and 3) as dis-
cussed in section “Influence of pH”. In a study by Lan et al., 
[13], on the other hand, the mixing ratio affected the phase 
behavior already at pH 6–7 when mixing 1% (w/w) pea pro-
tein isolate with 0.05-1% (w/w) high-methoxyl citrus pec-
tin (DE 81%, galacturonic acid 38%, 110 kDa) at r = 1:1 to 
20:1. For example, the biopolymer mixtures at r = 1:1 (ctotal 
= 2%) and 2:1 (ctotal = 1.5%) formed turbid solutions with 
a sedimented layer at pH 6.5-7 that the authors attributed 
to thermodynamic incompatibility [13]. On the other hand, 
transparent solutions were formed at r = 5:1 (ctotal =1.2%) 
to 10:1 (ctotal =1.1%) at pH 7, but lowering the pH to 6 
resulted in formation of turbid biopolymer solutions [13]. 
This shows that the composition and properties of the indi-
vidual biopolymers and applied conditions play a major role 
in phase behavior.

At pH 5, the pea protein – apple pectin mixtures at r = 2:1 
and 6:1 showed the appearance more of a homogenous 
dispersion without distinct sedimented layers after 24  h 
(Fig. 3), suggesting that the formed biopolymer complexes 
may be more water soluble due to a looser complex struc-
ture attributed to weak electrostatic attraction. Indeed, the 
biopolymer complexes at r = 2:1 with a net charge of -37 ± 
1 mV were the weakest electrostatic complexes among the 
samples (Fig. 5a). However, the net charges were not that 
different from the other biopolymer complexes at pH 5 (ζ = 
-34 to -36 mV) (Fig. 5a), indicating that all the biopolymer 
complexes at pH 5 were rather loosely bound. This homog-
enously turbid appearance of the biopolymer complexes at 
r = 2:1 showed the presence of polydisperse particles with 
small (d43 ~ 200 nm), intermediate (d43 ~ 40 μm) and large 
sizes (d43 ~ 200  μm) (Fig.  6a). The optical microscopy 
images, however, showed no presence of large aggregates 
in the sample (Fig. 4a), which suggests that not all the bio-
polymer molecules at r = 2:1 had formed complexes, and the 
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(at pHopt) increased upon increasing the protein-to-pectin 
mixing ratio until a plateau was reached, with a subsequent 
decrease in the turbidity at higher mixing ratios that was 
attributed to less complex formation because of excess of 
proteins. Moreover, the turbidity changes as a function of 
mixing ratio were dependent on the pectin type applied and 
the turbidity generally increased with increasing the degree 
of methyl esterification and degree of blockiness of the pec-
tin [16].

At pH 3, the particle sizes of the biopolymer complexes 
at r = 2:1 shifted to higher number of smaller sizes around 
150 nm, with some larger particles still present (Fig. 6a). As 
these smaller particles were not affected by gravity, no sedi-
mented layer was observed (Fig. 3a). The absence of large 
detectable particulate matter at r = 2:1 was also confirmed 
by the optical microscopy (Fig. 4a). In a study by Bedie et 
al. [2], mean complex sizes of 75–200 μm were reported for 
whey protein isolate – pectin (DE 36%, 100 kDa, no data 
on the plant origin was given) complexes at r = 2:1 at pH 3 
depending on the sequence of mixing and pH adjustments. 
The soluble pea protein – apple pectin complexes at r = 4:1 
to 10:1, however, showed increasing amount of sedimenta-
tion (Fig. 3), indicating the formation of increasing amounts 
of insoluble complexes at the pH around the electrical neu-
trality (Fig. 5a). This corroborated with the optical micros-
copy images showing the presence of more aggregates at 
pH 3 (Fig. 4a).

These results indicated that increasing the protein ratio 
from r = 2:1 to 10:1 enhanced the stability of the biopoly-
mer complexes. This agrees with literature showing that 
increasing the protein concentration favored the formation 
of insoluble biopolymer complexes over the formation of 
soluble complexes [13].

Influence of Temperature

Heating is a commonly applied treatment in foods, and 
therefore it is important to assess the influence of elevated 
temperature on the biopolymer complexation. Heat treat-
ment of the individual soluble pea proteins and apple pectin 
solutions showed negligible impact on their visual appear-
ance and transmittance at the tested pH range of 3 to 7 com-
pared to the unheated ones (data not shown). Upon heat 
treatment at 85 °C for 20 min, some differences in the com-
plex behavior between the soluble pea proteins and apple 
pectin were observed.

At pH 6–7, the soluble pea protein – apple pectin mixtures 
after the heat treatment were co-soluble, and no sedimenta-
tion or phase separation was observed (Figs. 2b and 3). Nev-
ertheless, some minor particulate matter was detected in the 
optical microscopy analysis (Fig. 4b). This particulate mat-
ter can most likely be attributed to either cellular particles 

sizes was given [2]. The biopolymer complexes at other 
ratios formed either slightly bigger complexes (d43 = 53 μm 
at r = 4:1; d43 = 70 μm at r = 6:1) or the mean sizes did not 
change much (d43 = 92 μm at r = 8:1; d43 = 72 μm at r = 10:1) 
when compared to pH 5 (Figs. 5 and 6). At r = 8:1 and 10:1, 
the samples showed a bimodal particle size distributions 
with highest volume frequency peaks at ~ 20 and ~ 100 μm 
sizes. This suggests the formation of complexes with differ-
ent sized protein aggregates embedded mostly in the “core” 
of the complex with pectin molecules bound around it or 
formation of flocs or aggregates of interacting complexes. 
These size variations were also visible in the optical micros-
copy images (Fig. 4a). Increasing the protein-to-polysaccha-
ride mixing ratio has been reported to increase the amount 
of protein in whey protein – gum arabic coacervates [46]. 
The mixing ratio has also been shown to affect the polydis-
persity and size distribution of β-lactoglobulin – acacia gum 
complex coacervates at pH 4.2 [43] and whey protein – pec-
tin complexes at pH 4.0 [6]. In the study of Krzemiski et al. 
[6], the authors suggested that the increasingly larger par-
ticles detected within the whey protein – pectin complexes 
from r = 2:1 to 5:1 to 8:1 were due to precipitated protein 
aggregates and lower availability of pectin to interact with 
the protein aggregates at increasing mixing ratios. Similar 
results were also reported in another study [16] showing that 
the turbidity of the pea protein isolate - pectin complexes 

Fig. 5  Mean particle size d43 (gray symbols) and ζ-potential (black 
symbols) of unheated (25  °C) (a) and heat-treated (85  °C) (b) 1% 
(w/w) pea protein – apple pectin mixtures at different ratios r as a func-
tion of pH
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amounts of pea protein aggregates induced by denaturation as in the case of unheated samples, or formation of minor 

Fig. 6  Mean particle size 
distribution (d43) of unheated 
(25 °C) (black lines) and heat-
treated (85 °C) (gray lines) 1% 
(w/w) pea protein – apple pectin 
mixtures at different ratios r as a 
function of pH
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of biopolymer complexes at r = 4:1 from 33 μm (25 °C) to 
49 μm (85 °C) (Fig. 5). The optical microscopy images con-
firmed that some larger aggregates were present in the sam-
ple after heating compared to the unheated system (Fig. 4). 
At r = 6:1 to 10:1, on the other hand, a clear phase separation 
to a biopolymer-rich and solvent-rich phases was detected 
after heat treatment (Fig. 3). At r = 6:1, the biopolymer com-
plexes increased in size after heating from 25 μm (25 °C) to 
73 μm (85 °C) (Fig. 5), that was also evident from the par-
ticle size distribution data (Fig. 6c) and optical microscopy 
images (Fig. 4b). Subsequently, they were also prone to sed-
imentation (Fig. 3). At r = 8:1 and 10:1, the mean particle 
size and size distribution of the soluble pea protein – apple 
pectin complexes did not change substantially after the heat 
treatment (Figs. 5 and 6).

At pH 4 − 3, heating did not influence the biopolymer 
complexation at r = 2:1, and the complexes remained poly-
disperse (Fig.  6a) and showed the appearance of homog-
enously turbid dispersion similar to before heating (Fig. 3). 
This agreed with the optical microscopy images showing 
the absence of aggregates (Fig. 4b), thus indicating the pres-
ence of soluble complexes. At r = 4:1, the heat treatment led 
to formation of some larger complexes (d43 = 90–100 μm) 
(Figs. 5b and 6b) that sedimented more than the unheated 
ones (Fig.  3). This agreed with the optical microscopy 
images that showed the presence of more particulates 
(Fig. 4b), indicating the presence of insoluble complexes. At 
r = 6:1, the properties of the biopolymers complexes at pH 4 
did not substantially change after heat treatment (Figs. 4b, 
5b and 6c). At pH 3, on the other hand, the biopolymer com-
plexes at r = 6:1 phase separated into clear biopolymer-rich 
and solvent-rich phases (Fig.  3), indicating that the com-
plexes became either denser or larger. The static light scat-
tering data showed that the mean size of the complexes at 
pH 3 increased from 45 (25 °C) to 95 μm (85 °C) upon heat 
treatment (Fig. 5). This was in agreement with the micro-
structure which showed the presence of more aggregates 
(Fig. 4b). At r = 8:1 and 10:1, the heat treatment did not lead 
to any major changes in the particle sizes and net charges 
(Fig. 5b), or microstructure (Fig. 4b). On the other hand, the 
test tube images showed that the biopolymer complexes at 
pH 4 had more soluble complexes present than before heat 
treatment (Fig. 3).

Previous studies on protein-polysaccharide complexes 
have shown that heating often results in formation of sub-
micron sized complexes, especially those comprising milk 
proteins and pectins [1, 5] which is in contrast to our results. 
Nevertheless, heating may still result in larger than submi-
cron sizes upon changing the mixing ratios of the biopoly-
mers as demonstrated in heated (90 °C, 5 min) whey protein 
– citrus pectin (DE 38%) complexes with a constant protein 
concentration of 0.5% [6]. The authors observed submicron 

upon heating [47]. The denaturation temperature for pea 
globulins has been reported to be around 78.5–82.4 °C [47]. 
Denaturation with subsequent unfolding of the protein struc-
ture can affect the optical appearance (i.e. turbidity) of the 
solutions [30], even in solutions at pH > pI [5]. However, the 
turbidity at pH 7 and 6 actually decreased upon heat treat-
ment of the biopolymer mixtures by 6 and 32% at r = 2:1, 
by 29 and 36% at r = 4:1, by 38 and 56% at r = 6:1, by 0 and 
32% at r = 8:1, and by 0 and 17% at r = 10:1, respectively, 
when compared to the unheated mixtures. This suggests 
that either small protein aggregates formed which scattered 
less light, or the effect originated from the pectins. In pec-
tins, some degree of depolymerization due to β-elimination, 
and demethoxylation can occur already at 80-90 °C as was 
observed for high-methoxyl apple pectin (DE 78%) solu-
tions at pH 7 (in 100 mM sodium phosphate buffer) heated 
for 160  min [48]. Depolymerization of the pectins may 
therefore explain the slight decrease in turbidity in the 
heated biopolymer mixtures as it would decrease the light 
scattering. Furthermore, the net charges of the heat-treated 
biopolymer mixtures at pH 6–7 were only slightly less nega-
tive (ζpH 7 = -31 to -37 mV; ζpH 6 = -35 to -38 mV) than those 
of the unheated biopolymer mixtures (ζpH 7 = -36 to -41 mV; 
ζpH 6 = -35 to -39 mV) (Fig. 5), indicating that heating had 
very little influence on the net charges, and therefore on the 
strength of the electrostatic repulsion. Therefore, any inter-
actions between the biopolymers can be mainly attributed 
to increased hydrophobic interactions due to the exposure 
of more hydrophobic groups upon unfolding of the protein 
structures [49]. Overall, the results indicated that the heat 
treatment did not have a major impact of the miscibility of 
the biopolymer complexes or induced any complex forma-
tion at pH 6–7.

At pH 5, the complex formation between the soluble pea 
proteins and apple pectin was more pronounced than in the 
unheated samples (Fig.  3). The net charges of the heated 
biopolymer complexes did not differ from the unheated 
ones (Fig. 5), which indicated that the hydrophobic interac-
tions played an additional role in the complex formation. At 
r = 2:1, the heat treatment did not have a major impact on 
the visual appearance of the biopolymer complexes as illus-
trated with the one-phase dispersion (Fig. 3), indicating the 
presence of soluble complex coacervates. This was verified 
by the optical microscopy images showing that no aggre-
gates were present (Fig.  4b). The heat treatment also did 
not influence the mean particle size (Fig. 5b), and the com-
plexes remained highly polydisperse (Fig.  6a). At r = 4:1, 
the optical appearance of the biopolymer mixture after heat-
ing was similar to the unheated one, displaying a two-phase 
system with a sedimented biopolymer complex layer and 
a soluble biopolymer complex phase on top (Fig.  3). The 
heat treatment slightly increased the mean particle sizes 
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between the biopolymers overcame the biopolymer-solvent 
interactions, thereby inducing biopolymer complexation. 
Formation of insoluble complexes became more prominent 
upon lowering the pH further, but also by increasing the 
ratio to a higher protein concentration. Heat treatment, on 
the other hand, had less an effect on the biopolymer complex 
sizes opposed to what was hypothesized, as the complexes 
remained similarly sized or even became larger compared to 
the unheated ones and is in contrast to previous research on 
complex coacervation of milk proteins showing formation 
of typically submicron sized complexes. Knowledge of such 
behavior is especially important during food processing to 
control the stability of the food products. Furthermore, this 
study is the first to give insights into the sizes of pea pro-
tein – polysaccharide complexes. Overall, more research is 
needed to understand the complex formation with a larger 
set of plant-based proteins.
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sized complexes at r = 5:1, however, at r = 2:1 and 8:1 larger 
complex sizes of 10 to 100 μm were present whether using 
low (DE 38%) or high-methoxyl (DE 70%) citrus pectins 
that were attributed to interpolymeric complexation [6]. It 
should be noted that the behavior of complex coacervates 
comprising milk proteins and different types of polysaccha-
rides cannot be directly compared to pea proteins and pectin 
used in this study due to the differences in biopolymer struc-
tures, compositions and physicochemical properties. To our 
knowledge, however, no previous studies on heat-treated 
complexes made of pea proteins and pectins exist. It is pos-
sible that the generally higher molecular weight and hydro-
phobicity of the pea protein components such as globulins 
(~ 175–360 kDa) and some of the albumins (~ 5–80 kDa) 
[10] can restrict the formation of smaller particles compared 
to the more hydrophilic milk proteins with smaller molec-
ular weights (α-lactalbumin ~  14  kDa, β-lactoglobulin 
~ 18 kDa, caseins ~ 19–25 kDa) [50].

Overall, the heat treatment increased the amount of insol-
uble biopolymer complexes at pH 3–5 at all ratios, except at 
r = 2:1 (Fig. 3). The biopolymer complex sizes also became 
slightly larger at r = 2:1 to 6:1, whereas only minor particle 
size changes were observed at r = 8:1 to 10:1 (Figs. 5 and 6). 
This can be attributed to increased hydrophobic interactions 
between the non-polar sections of the biopolymer com-
plexes upon heating, thus leading to slightly more aggre-
gated structures (Fig. 4) and slightly larger sizes (Fig. 5). The 
effect was less pronounced at higher ratios (r = 8:1 and 10:1) 
as more protein was available to interact via hydrophobic 
interactions already before heat treatment. The heat treat-
ment can also have less of an impact on the complexes, if 
the proteins are already denaturated. Indeed, the pea protein 
isolate became denaturated during its processing as stated 
by the manufacturer. On the other hand, it is less likely that 
the heat-treatment had a major impact on the high-methoxyl 
apple pectins as they have been shown to be quite stable 
at elevated temperatures of 80-90  °C, showing negligible 
degree of depolymerization and demethoxylation at pH 2–5 
as well as lack of acid hydrolysis at pH 2–3 [48]. Heating, 
however, can induce hydrophobic interactions between the 
nonpolar methoxyl groups of pectins and nonpolar patches 
of proteins [3, 29].

Conclusions

This study demonstrated that that the pH and biopolymer 
ratio affected the associative phase separation of soluble pea 
protein- high-methoxyl apple pectin mixtures as hypoth-
esized. At pH 6–7, the biopolymer-solvent interactions 
dominated due to electrostatic repulsion, keeping the bio-
polymers in solution. At pH 5, the electrostatic attraction 
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