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Effects of Aronia polyphenols on the
physico-chemical properties of whey, soy,
and pea protein isolate dispersions
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Abstract

Bioactive compounds including polyphenols (PP) have been observed to naturally form non-covalent complexation
interactions with proteins under mild pH and temperature conditions, affecting protein structures and functionality.
Previously, addition of Aronia berry PP to liquid dispersions containing whey protein isolate (WPI) and sucrose was
found to alter characteristics including viscosity, surface tension, and particle sizes, with changes being attributed to
protein-PP interactions. In this study we aimed to investigate whether Aronia PP would interact with soy and pea
protein isolates (SPI and PPI, respectively) to a similar extent as with WPI in liquid protein-sucrose-PP mixtures. We
hypothesized that formulations containing PPI (comprised of larger proteins) and hydrolyzed SPI (containing more
carboxyl groups) may exhibit increased viscosities and decreased aggregate sizes due to enhanced protein-PP
interactions. Concentrated liquid dispersions of varied ratios of protein to sucrose contents, containing different
protein isolates (WPI, SPI, and PPI), and varied Aronia PP concentrations were formulated, and physical properties
were evaluated to elucidate the effects of PP addition. PP addition altered physical characteristics differently
depending on the protein isolate used, with changes attributed to protein-PP interactions. SPI and PPI appeared to
have higher propensities for PP interactions and exhibited more extensive shifts in physical properties than WPI
formulations. These findings may be useful for practical applications such as formulating products containing fruit
and proteins to obtain desirable sensory attributes.

Keywords: Whey protein, Soy protein, Pea protein, Polyphenols, Concentrated dispersions, Physico-chemical
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Introduction
As consumers’ interest towards bioactives-containing
health foods grows, so does the demand for novel prod-
ucts with high protein contents and fruit components.
Bioactives can be defined as natural compounds that
may affect human health (González 2020). Globular bo-
vine whey proteins, especially whey protein isolate
(WPI) with its wide range of functionality, continue to
be favored for developing products with high nutritional

value (Kulmyrzaev et al. 2000; Cao & Xiong 2017;
Hansen et al. 2021a). However, consumers are also dem-
onstrating increased interest in shifting their diets away
from animal-sourced proteins for health, social, and en-
vironmental reasons, placing higher demand on plant-
based nutritional options (Aschemann-Witzel & Peschel
2019). Soybeans are a rich alternative source of high-
quality but inexpensive globular proteins, and soy pro-
tein isolates (SPI) are increasingly popular for product
development (Li 2005). Also globular in nature, pea pro-
tein isolates (PPI) provide another alternative in formu-
lated food products. As constituent protein sources are
changed, the functional properties of the resulting food
products will also be altered due to variations in the
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composition and physicochemical properties of the dif-
ferent protein sources.
Fruits are a rich source of polyphenols (PP), bioactive

compounds with strong antioxidant and anti-
inflammatory activities linked to a host of positive health
outcomes (Mink et al. 2007; Li et al. 2017). Good
sources of PP like fresh produce often have short shelf
lives, and PP are known to be chemically unstable in
storage and highly susceptible to degradation (Zhao
et al. 2019; Cao et al. 2021). A propensity for complex-
ation exists between PP and proteins, with weak, non-
covalent van der Waal’s interactions, hydrogen bonding,
and hydrophobic interactions commonly occurring in
foods with neutral and acidic pH (Schneider, 2016).
Complexation of PP with proteins has been reported to
significantly change protein structures at room
temperature (Rawel et al. 2005), and may potentially aid
in the protection and delivery of bioactives (Cao &
Xiong 2017; Ma & Zhao 2019; Quan et al. 2019). Add-
itionally, plant-based protein sources including SPI and
PPI tend to retain low levels of lipids that can oxidize
over time, and complexation with PP may help mitigate
negative effects due to their antioxidant activity.
Water hydration capacity (WHC) is a measurement of

a protein powder’s absorption and retention of water
and is indicative of its functionality as an ingredient
(Quinn & Paton 1979). WHC is influenced by the sur-
face properties of proteins interacting with water, the
charges on protein molecules, functional groups ex-
posed, molecular flexibility, molecular masst, and amino
acid composition, and values may vary depending on
how it is measured (Kneifel et al. 1991; Zayas, 1997).
Proteins interact with water via hydrogen bonds with
polar, hydroxyl, and carboxyl groups, electrostatic inter-
actions with charged amino acid side chains, and hydro-
phobic interactions via nonpolar, hydrophobic groups
exposed at the surface (Morr 1990). Proteins interact
non-covalently with polyphenols at many of the same
sites (Kanakis et al. 2011; Bohin et al. 2012; Le Bourvel-
lec & Renard 2012; Chung et al. 2015; Oancea et al.,
2017). WHC is used to describe protein isolate interac-
tions with water, but it may also serve as an indicator
for the likelihood of protein-PP interactions.
While the consequences of non-covalent protein-PP

interactions are not as extensively reported as those of
covalent interactions (Cao & Xiong 2017; Xue et al.
2020), liquid formulations containing WPI, sucrose,
and Aronia berry extract (a rich source of PP) were
found to exhibit measurable changes in physicochemi-
cal properties, attributed to non-covalent complexation
interactions formed between PP and proteins (Hansen
et al. 2021a). The aim of this study is to investigate
whether Aronia PP interact with plant-based SPI and
PPI to a similar extent as with WPI in liquid protein-

sucrose-PP mixtures, as demonstrated in our previous
work. Given that WPI is known to have low WHC
(Kneifel et al. 1991; Resch & Daubert, 2002) and was
still found to interact with Aronia PP, we expect that
protein sources with different structures, such as SPI &
PPI, would have different WHC and propensities for in-
teractions with Aronia PP. Varying extents of protein-
PP interactions would likely result in measurable
changes in physicochemical properties of the disper-
sions. We hypothesize that PPI formulations comprised
of proteins with larger molecular masses (average
for WPI ~ 17 kDa, PPI ~ 260 kDa) may exhibit enhanced
viscosities, and aggregate sizes may be reduced with en-
hanced PP interactions (Lam et al. 2018; Ma & Zhao
2019). It would be expected that the hydrolyzed SPI,
though typically imparting reduced viscosity due to
smaller protein fractions (< 35 kDa), would interact
with PP more extensively due to the presence of more
carboxyl groups for potential hydrogen bonding and
electrostatic interactions, allowing for increased water
holding, enhanced viscosities, and reduced particle sizes
(Li et al. 2021). In earlier work, we presented a continu-
ous process to form dry beads from concentrated dis-
persions of WPI and sucrose, with the goal of utilizing
these structures for bioactives encapsulation in subse-
quent experiments (Hansen et al. 2020). In later studies,
we developed a modified process for dry bead forma-
tion from concentrated dispersions containing Aronia
PP (Hansen et al. 2021b). Preparation methods for the
concentrated feed dispersions remain virtually un-
changed, and this work investigates the interactions oc-
curring in dispersions and the changes in physical
behaviors of the feeds that would be prepared for sub-
sequent dry bead formation. This work would build on
the findings from previous experiments, providing
insight into the non-covalent interactions between
plant-based proteins and polyphenols and their effects
on the physico-chemical properties of dispersions. This
information may be used practically for further applica-
tions such as stabilization and delivery of actives, as
well as inform the formulation and processing steps in
the development of foods containing mixtures of pro-
teins and fruit such as sports drinks, nutritional bars,
smoothies, and yogurt, as well as puddings and frozen
desserts in order to obtain desirable sensory properties.

Materials and methods
Materials
WPI (IsoChill 9000), was supplied by Agropur, Inc.
(Luxemburg, WI, USA) containing 4.6% water, 91.6%
protein (dry basis), 0.7% fat, and 3.1% ash. SPI (Pro-
Fam® 781, hydrolyzed), was supplied by Archer Dan-
iels Midland Co. (Decatur, IL, USA) containing 3.7%
water, 94.7% protein (dry basis), 0.4% fat, and 1.2%
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ash. PPI (VITESSENCE™ Pulse 1803), was supplied by
Ingredion™ (Westchester, IL, USA) containing 8%
water, 80% protein (dry basis), 7.8% fat, and 4.2% ash.
Sucrose (pure cane, extra fine, granulated sugar) was
supplied by Domino Foods, Inc. (Yonkers, NY, USA).
Standardized Aronia berry (Chokeberry) powder, con-
taining a minimum of 15% anthocyanins, 10%
proanthocyanidins, and 55.6% total PP, was supplied
by Artemis International (Fort Wayne, IN, USA) and
stored in the dark at − 18 °C. A similar extract exam-
ined in other studies was found to have high quan-
tities of cyanidin-3-galactoside and cyanidin-3-
glucoside anthocyanins, as well as high levels of
chlorogenic acid (Xie et al., 2016, 2017; Hansen et al.,
2021a). Technical data sheets for the extract reported
< 5% water content, 2.13% protein, 1.3% fiber, 0.85%
sugars, 0.29% fat, and a reconstituted pH of 3–4. De-
ionized (D.I.) water was used throughout all
experiments.

Protein isolate powders characterization
Water hydration capacity
WPI, SPI, and PPI powders were evaluated for their re-
spective WHC by modifying the two-step method pre-
sented by Quinn and Paton (1979). The first step, used
to obtain an approximate WHC for each protein isolate,
was performed in triplicate. The test involved the grad-
ual wetting of 5 g of protein powder with unmeasured
amounts of deionized (D.I.) water in 50mL centrifuge
tubes, mixing vigorously with a spatula until the samples
were thoroughly wetted and mixtures had paste-like
consistencies. Tubes were placed in a Sorvall® RC 26
Plus centrifuge (Sorvall Products, L.P., Newtown, CT,
USA) and spun at 5100 rpm (~ 2000 x g) for 10 min at
20–25 °C. The small quantities of supernatant formed
were decanted and tubes were weighed to determine the
masses of water absorbed by the powders. Triplicate data
were averaged and crude WHC values obtained were
used to determine water addition levels for step 2. A
minimum of 5 tubes containing 5 g of protein powder
were prepared as described for step 1, but with a range
of known water contents in 1 g increments, both above
and below the approximate WHC. After centrifugation
under the same conditions, tubes were evaluated to de-
termine the water addition level at which a supernatant
was formed, giving more exact WHC values within 1 g.

Dispersion preparation
Dispersions were prepared as described in previous work
(Hansen et al. 2021a), where dry protein-sucrose blends
were dispersed in D.I. water, then aliquots of Aronia ex-
tract solution were added to form the final mixtures at
room temperature. pH was measured with a FiveEasy
Plus pH/mV meter with InLab® Viscous Pro-ISM probe

(Mettler Toledo, Hampton, Schwerzenbach, Switzerland)
after calibrating the electrode at pH four and seven at
room temperature, < 25 °C.
Twenty-seven formulations of varied compositions

were prepared in triplicate for subsequent, randomized
triplicate analysis in a 3x3x4 factorial design (Table 1);
the 9 remaining WPI-based formulations were prepared
and analyzed previously, and the data were used for
comparison (Hansen et al. 2021a). Protein to sucrose ra-
tios and total solids contents of dispersions were selected
based on findings from previous work (Hansen et al.
2020, 2021a). We aimed to compare dispersions without
the active (0%) to formulations with three different con-
centrations of PP, selecting concentrations to build upon
the findings from previous studies (Hansen et al. 2021a).
Dispersions defoamed at room temperature for a mini-
mum of 1 h before analyses.

Feed characterization
Flow testing
Flow properties of dispersions including the time re-
quired to deposit 10 mL of dispersion, the number of
drops deposited per 1 min, the mass of 10 mL of disper-
sion, and individual drop masses were measured at room
temperature, as detailed in previous work (Hansen et al.
2020, 2021b), while pumping dispersions at a constant
rate through a benchtop peristaltic pump (120 S/DV,
Watson Marlow, Falmouth, England; silicon tubing
85 cm length, 2 mm bore, 1 mm wall, BÜCHI Labor-
technik AG, Flawil, Switzerland). Those measurements
provided the data necessary to calculate mass and
volume flow rates, dispersion densities, drop surface
tensions, drop diameters, and drop volumes (Hansen
et al. 2020, 2021a).

Viscosity
Utilizing methods reported in previous work (Hansen
et al. 2021a), where 1% strain was determined to be
within the LVR of dispersions measured, a DHR-2 rhe-
ometer (TA Instruments, DE, USA) was used to measure
the rheological properties of dispersions at 25 °C in trip-
licate with small-strain oscillatory measurements; com-
plex viscosity values were recorded.

Particle size distribution
Using the methods explained in Hansen et al. (2021a),
particle size distributions of dispersions were measured
with a Malvern Mastersizer 2000 (Malvern Instruments
Ltd., Worcestershire, U.K.) in triplicate, by injecting
drops of dispersions at room temperature into a Hydro
2000S liquid sampler with D.I. water as the dispersant
until dilutions reached obscurations between 11 and
15% (WPI refractive index 1.545, D.I. water refractive
index 1.33, absorbance 0.001).
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Optical light microscopy
Protein particles and protein-PP complexes in di-
luted dispersions at room temperature were ob-
served with a Nikon Eclipse FN1 optical microscope

(Nikon Instruments Inc., Melville, NY, USA) and a
Nikon Digital Sight DS-U3 camera control unit
attached (ver. 1), as reported in previous work
(Hansen et al. 2021a).

Table 1 Formulations

Protein:sucrose Protein isolate [PP] pH Density Diameter (calculated) Diameter (frozen)

– – % w/w – kg/m3 mm mm

0.75 WPI 0 6.03 1019 ± 10 4.59 ± 0.02 4.45 ± 0.09

1 WPI 0 6.08 1019 ± 6 4.60 ± 0.02 4.58 ± 0.10

1.25 WPI 0 6.01 1014 ± 15 4.54 ± 0.03 4.48 ± 0.05

0.75 WPI 0.5 5.73 1015 ± 11 4.67 ± 0.03 4.63 ± 0.03

1 WPI 0.5 5.94 994 ± 25 4.67 ± 0.04 4.63 ± 0.09

1.25 WPI 0.5 5.95 993 ± 28 4.65 ± 0.06 4.55 ± 0.14

0.75 WPI 1 5.57 994 ± 15 4.65 ± 0.08* 4.39 ± 0.08a

1 WPI 1 5.72 1021 ± 10 4.70 ± 0.03 4.50 ± 0.12

1.25 WPI 1 5.84 1020 ± 8 4.67 ± 0.05 4.65 ± 0.02

0.75 WPI 1.5 5.29 1026 ± 30 4.67 ± 0.06 4.57 ± 0.15

1 WPI 1.5 5.36 1012 ± 7 4.69 ± 0.01a 4.47 ± 0.09a

1.25 WPI 1.5 5.41 1006 ± 12 4.64 ± 0.07a 4.53 ± 0.12a

0.75 SPI 0 6.56 1041 ± 13 4.52 ± 0.02a 4.45 ± 0.07a

1 SPI 0 6.52 1051 ± 9 4.41 ± 0.05a 4.50 ± 0.09a

1.25 SPI 0 6.55 1037 ± 14 4.50 ± 0.02 4.52 ± 0.14

0.75 SPI 0.5 6.30 1021 ± 13 4.51 ± 0.07 4.49 ± 0.07

1 SPI 0.5 6.32 1032 ± 11 4.47 ± 0.04a 4.39 ± 0.09a

1.25 SPI 0.5 6.35 1021 ± 11 4.50 ± 0.03 4.51 ± 0.12

0.75 SPI 1 6.03 1022 ± 11 4.54 ± 0.03 4.57 ± 0.11

1 SPI 1 6.09 1016 ± 14 4.53 ± 0.03a 4.41 ± 0.13a

1.25 SPI 1 6.21 1021 ± 21 4.49 ± 0.06 4.50 ± 0.14

0.75 SPI 1.5 5.84 844 ± 164 4.86 ± 0.34a 4.54 ± 0.08a

1 SPI 1.5 5.98 956 ± 92 4.63 ± 0.14 4.55 ± 0.13

1.25 SPI 1.5 5.98 788 ± 94 4.79 ± 0.23a 4.39 ± 0.18a

0.75 PPI 0 6.85 1043 ± 20 4.39 ± 0.10 4.31 ± 0.07

1 PPI 0 6.75 1042 ± 21 4.21 ± 0.03a 4.53 ± 0.15a

1.25 PPI 0 6.96 976 ± 24 4.29 ± 0.07a 4.58 ± 0.17a

0.75 PPI 0.5 6.67 1037 ± 15 4.51 ± 0.10a 4.75 ± 0.15a

1 PPI 0.5 6.46 1039 ± 15 4.31 ± 0.05a 4.57 ± 0.19a

1.25 PPI 0.5 6.58 1019 ± 32 4.20 ± 0.09a 4.67 ± 0.14a

0.75 PPI 1 6.15 1021 ± 27 4.67 ± 0.05a 4.81 ± 0.16a

1 PPI 1 6.22 1025 ± 35 4.60 ± 0.08 4.68 ± 0.22

1.25 PPI 1 6.42 1020 ± 15 4.46 ± 0.05a 4.71 ± 0.26a

0.75 PPI 1.5 5.82 1027 ± 20 4.65 ± 0.04 4.64 ± 0.21

1 PPI 1.5 6.03 1029 ± 18 4.62 ± 0.04a 4.92 ± 0.23a

1.25 PPI 1.5 6.26 1028 ± 15 4.54 ± 0.02 4.72 ± 0.27

*values with superscript letters showed significant differences between calculated and measured diameters
values in italics were from previous work (Hansen et al., 2021a; averaged data reported, n = 6, 3 for frozen diameters)
Density and estimated drop diameters measured and calculated from flow tests data and measured diameters (mm) of frozen drops (averaged data reported, n =
9) formed from feed dispersions with varied protein:sucrose, protein isolates, polyphenols (PP) concentrations, and pH
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Centrifuge separation
Slightly modifying sample preparation methods from
previous studies (Hansen et al. 2021a), 1.25 g aliquots of
5-times diluted dispersions were pipetted into tubes (1.5
mL graduated tubes with flat caps, Fisherbrand®, Fisher
Scientific, Hampton, NH, USA) and centrifuged at
12,000 rpm (~ 13,523 x g) and 20 °C for 20 min in a
microcentrifuge (Centrifuge 5424 R with FA-45-24-11
rotor, Eppendorf, Hamburg, Germany). Tubes were ob-
served after centrifugation.

Frozen drop preparation
Beads were frozen solid as described in previous work
(Hansen et al. 2021a), by dropping dispersions into li-
quid nitrogen (LN2) (100% purity; Airgas, Madison, WI,
USA). Drops were allowed to solidify for ~ 5min prior
to removal from the LN2 and immediate diameter
measurements.

Frozen drop diameters
As in previous work, digital Vernier calipers (0–150mm;
Stainless Hard) were used to measure the diameters of
frozen beads (Hansen et al. 2021a). Measurements were
performed in triplicate for each formulation replicate
(n = 9).

Statistical analysis
Experiments were performed three times and analyzed
in triplicate (n = 9); mean values and standard deviations
were calculated from the data collected. To compare
mean values, analysis of variance (3-way ANOVA;
Tukey’s HSD test) and independent measures t-tests
(equal variance not assumed) were performed using
JMP® Pro version 15.0.0 (SAS Institute Inc., Cary, NC,
USA). The level of significance was determined at p <
0.05.

Results and discussion
Protein isolate powders characterization
Water hydration capacity
WHC is indicative of a protein powder’s functionality as
an ingredient. WHC values for WPI, SPI (hydrolyzed),
and PPI powders are reported in Table 2. As reported in
previous studies, WPI solubilized well in D.I. water and

after centrifugation a single, viscous phase remained, giv-
ing a WHC value of 0 g of water absorbed per gram of
WPI (Kneifel et al. 1991; Resch & Daubert 2002). Five
grams of SPI absorbed between 6.5 and 7.5 g of water (~
1.4 g/g), and five grams of PPI absorbed between 14.1
and 15.1 g of water (~ 2.9 g/g), in agreement with the
ranges of capacities reported by Owusu-Ansah and
McCurdy (1991) and Zayas (1997). Fleming et al. (1974)
reported higher water absorption values for commercial
SPI powders, ranging from 4.15–7.75 g water absorbed
per g SPI; it is possible that the commercial powders
studied underwent greater extents of hydrolysis than
ours, resulting in higher quantities of carboxyl groups
present for interactions with water. Sosulski and
McCurdy (1987) reported water holding capacity values
of 2.65 and 2.52 g of water per gram of SPI and PPI at
21 °C, respectively. Swanson (1990) reported that at neu-
tral pH, SPI retained 4–5 times its initial weight of
water, and 2.7–2.8 times its weight for PPI. Fuhrmeister
and Meuser (2003) reported WHC values of 4.6 g water
per g commercial SPI, and 4 g water per g commercial
PPI. It is likely that the isolates used in this study have
different properties from those used in other work, thus
resulting in differing WHC data.
As there is substantial overlap between the locations

where proteins can interact with water and interact non-
covalently with PP (Morr 1990; Kanakis et al. 2011;
Bohin et al. 2012; Le Bourvellec & Renard 2012; Chung
et al. 2015; Oancea et al. 2017), WHC, typically used to
describe interactions with water, might also be able to
describe the potential for protein-PP interactions. Given
that WPI had the lowest WHC of the proteins studied, it
is possible that WPI would have the least interactions
with PP. SPI and PPI, with higher WHC values imparted
by their differing structures with more sites available for
interactions, may interact more extensively with the
Aronia PP and yield greater measurable changes in phys-
icochemical properties than WPI formulations.

Feed characterization
pH
As reported in earlier work (Hansen et al. 2021a), pH of
the dispersions was observed to decrease slightly with in-
creasing PP concentration (Table 1). Variations in pH
may influence the structure of proteins in solution, de-
termining which side groups are exposed and how many
bindings sites may be available for intermolecular inter-
actions and binding (Rawel et al. 2005), as well as affect
functional properties of dispersions including viscosity
and particle size (Spencer et al. 1988; Saluja & Kalonia
2005; Cao & Xiong 2017; Hong et al. 2018). As the pH
of dispersions approaches the protein isoelectric point
(pI), proteins are more likely to undergo intermolecular

Table 2 Water hydration capacity

Protein isolate Water hydration capacity

– (g water absorbed per g powder)

Whey 0

Soy (hydrolysate) 1.4

Pea 2.9

Water hydration capacity of WPI, SPI (hydrolyzed), and PPI powders, reported
as grams of water absorbed per gram of protein isolate powder
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interactions and aggregate, which can result in increased
viscosity (Song 2009; Coupland 2014).
Use of 1.5% Aronia PP in WPI dispersions induced pH

to near the pI values reported in the literature for
constituent β-lactoglobulin (pI ~ 5.2–5.3; the major pro-
tein fraction in WPI), though values for α-lactalbumin
(~ 4.2–4.8) were not reached (Table 1) (Kilara &
Harwalkar 1996; Demetriades & McClements 1998; Jean
et al. 2006). pH of SPI dispersions was found to decrease
with increasing PP concentration and approach the
range of pI values reported for β-conglycinin, the minor
7S protein fraction in SPI (pI ~ 5.2–6.4; Table 1). The pI
of the major 11S protein fraction, glycinin (pI ~ 4.8), was
not nearly reached (Petruccelli & Añón 1995; Li 2005).
pH values of PPI dispersions were also reduced with in-
creased PP concentration (Table 1), but did not ap-
proach the pI values reported in the literature for
constituent vicilin (pI ~ 5.5) or legumin (pI ~ 4.8) pro-
tein fractions (Owusu-Ansah & McCurdy 1991; Lam
et al. 2018). Assuming a range of pI for WPI, SPI, and
PPI, it is possible that the reduced pH values could play
a minor role affecting the physical properties of these
dispersions.

Interfacial tension
An individual drop will form when the gravitational
forces acting on it overcome the surface tension forces
around the circumference of the tubing tip, confirming
surface tension as a major determinant of the sizes of
drops produced (Hansen et al. 2021a). The ANOVA re-
ported that changing the ratio of protein to sucrose had
a significant effect (p < 0.05) on calculated surface ten-
sions of dispersions. Tukey’s HSD tests clarified further,
indicating that as protein:sucrose ratios increased, sur-
face tensions significantly decreased (p < 0.05), and all

three ratios had significantly different surface tension
values (Fig. 1a). Sucrose is not thought to appreciably
affect surface tension, as sugars are not particularly
surface-active; proteins are known surfactants and may
adsorb to liquid-gas interfaces and decrease surface ten-
sions (Kitabatake & Doi 1988). In previous studies, chan-
ging the ratio of WPI to sucrose in dispersions did
not meaningfully impact surface tension (Fig. 1a sam-
ples marked*; Hansen et al. 2021a); this observation
was confirmed by additional data for WPI dispersions
containing 1.5% PP. Similarly, altering SPI:sucrose ra-
tios in dispersions did not notably affect surface ten-
sion. Surface tensions of PPI dispersions decreased
with increasing PPI concentrations, regardless of PP
concentration (Fig. 1a).
Changing the type of protein isolate in formulations

between WPI, SPI, and PPI also had a significant ef-
fect (p < 0.05) on surface tension, according to the
ANOVA. Corresponding Tukey’s HSD tests indicated
that WPI dispersions had the highest surface tensions,
while PPI formulations had the lowest, and all three
protein isolates were significantly different from each
other. In ranking the surfactant abilities to reduce
surface tensions of dispersions, WPI would be lowest
and PPI highest; these mirror the findings for WHC,
which may indicate the differing extent to which the
isolates interact with water.
According to the ANOVA, changing the PP concen-

trations in dispersions had a significant effect on surface
tension (p < 0.05). Tukey’s HSD tests provided more de-
tail, specifying that increasing PP concentrations resulted
in significantly increased surface tensions (p < 0.05), and
the values for all four PP concentrations were signifi-
cantly different from each other (Fig. 1b). This trend was
observed most clearly in dispersions formulated with

Fig. 1 Effect of protein:sucrose ratio (A) and PP content (%) (B) on the calculated surface tension (N/m) of dispersions at 25 °C; (averaged data
plotted, n = 9). Legend entries marked * contain data reported in previous work (Hansen et al., 2021a; averaged data plotted, n = 6). Lines are for
guiding purposes only
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PPI, while many conditions, including WPI formulations
and some SPI dispersions, showed no meaningful trends.
These findings build on those from earlier studies, where
increasing PP concentrations in WPI-sucrose dispersions
resulted in increased surface tensions under few condi-
tions, but many conditions showed no meaningful trends
(Fig. 1b samples marked* with unfilled markers; Hansen
et al. 2021a). As in previous work, variations in trends
observed may be attributed to air entrapped in disper-
sions giving altered surface tension calculations. With
optimal PP and protein types and environmental condi-
tions, protein-PP complexation interactions may be en-
hanced with increased PP, forming complexes that can
grow into larger aggregates (Spencer et al. 1988;
Charlton et al. 2002; Rawel et al. 2005; Ozdal et al.
2013). As discussed in previous studies (Hansen et al.
2021a), the increased incidence of large protein-PP
aggregates in dispersions would likely generate more
intermolecular interactions, and liquids containing
higher quantities of strong, attractive intermolecular
forces are known to have higher surface tensions (He
et al. 2011; Tro et al. 2014); this may explain the ris-
ing surface tensions observed with increasing PP. It is
also possible that, as PP increased, the surfactant abil-
ities of proteins in dispersions to lower surface ten-
sion were reduced as a result of enhanced protein-PP
interactions occurring and occupying sites available
for other interactions. This may also explain the in-
creased surface tensions with increasing PP.

Previous studies have indicated that drop diameters
and surface tensions are directly related; as surface
tensions decrease, so do the diameters of the resulting
drops (Chan et al. 2009). The best fit line applied
upon plotting the calculated diameters of drops
against the calculated surface tensions of dispersions
showed a positive slope (Fig. 2), indicative of a direct
correlation (R2 = 0.72), as described by Lee and Chan
(2013) and observed in previous work (Hansen et al.,
2021a). As discussed in earlier work, the few data
points scattered from the correlation may be caused
by inaccurate drop diameter and surface tension cal-
culations based on density measurements that can
vary with the inclusion of air bubbles in the protein-
containing dispersions, as well as the inherent vari-
ation within food ingredients (Hansen et al. 2021a).
Corresponding density data indicates relatively con-
sistent amounts of entrapped air in dispersions, with
few formulations showing enhanced air holding abil-
ities and thus lower measured densities, which may
affect the scatter (Table 1).
As reported in earlier studies, more specific methods

of surface tension measurement could potentially pro-
vide more accuracy than the drop mass method
employed (Worley 1992). However, these methods
would not be compatible with the dispersions in focus
due to their viscosities, stickiness, turbidity, entrapped
air, and dark colors when Aronia is present (Hansen
et al. 2021a).

Fig. 2 The relationship between the average surface tensions (N/m) of feed dispersions containing protein:sucrose ratios of 0.75, 1.0, and 1.25, PP
contents of 0, 0.5, 1, and 1.5%, and protein isolates including WPI, SPI, and PPI at 25 °C and average calculated diameters (mm) of drops
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Viscosity
Viscosity is related to the fluid flow properties of disper-
sions and can strongly influence processing and manu-
facturing operations (Johnson et al. 1975; Hartel et al.
2018; Hansen et al. 2021a). According to the ANOVA,
the ratio of protein to sucrose had a significant (p < 0.05)
effect on viscosity, where increases in ratios resulted in
increased viscosities. Tukey’s HSD tests clarified that all
ratios had significantly different viscosities from one an-
other. These ANOVA results are only visually demon-
strated in Fig. 3a for PPI formulations containing 0 and
0.5% PP and SPI dispersions with 1.5% PP; those few for-
mulations most strongly influenced the ANOVA results,
despite the majority of formulations showing no major
changes in viscosity with increasing protein:sucrose ra-
tios. Earlier work also reported significant increases in
dispersion viscosities with increasing WPI:sucrose ratios,
but only when dispersions total solids contents were
greater than 35% (Hansen et al. 2021a). These results are
generally in agreement with those from previous experi-
ments, where dispersions containing 25% total solids did
not show major shifts in viscosity with changing WPI:su-
crose ratios, as the effect of changing protein:sucrose ra-
tios was thought to be relatively weak compared to the
effect of % total solids. The increases in dispersion vis-
cosities observed with increasing PPI:sucrose ratios and
low PP concentrations may be due to the large molecu-
lar mass proteins at higher concentrations having in-
creased opportunities for overlapping, intermolecular
protein-protein interactions, and network formation
(Song 2009; Coupland 2014); lower PPI:sucrose ratios
may have a diluting effect on the protein-protein net-
works and thus behave more similarly to other, less vis-
cous WPI and SPI dispersions.

Changing the protein isolate in formulations be-
tween WPI, SPI, and PPI had a significant effect (p <
0.05) on viscosities of dispersions, according to the
ANOVA. Tukey’s HSD tests provided further detail,
reporting that WPI dispersions had the lowest average
viscosities, while PPI dispersions had the highest, and
the average viscosities of dispersions containing each
protein isolate were significantly different from each
other. These findings generally agree with those re-
ported by Krstonošić et al. (2020), where aqueous so-
lutions of whey protein concentrate at varied
concentrations had lower viscosities than pea and soy
protein isolate solutions. In comparing the different
protein isolates abilities to reduce surface tensions of
dispersions, WPI was found to have the lowest effi-
cacy and PPI the highest, mirroring the findings for
the WHC of the isolates. Similarly, WPI had the low-
est impact on viscosities of dispersions, indicative of
adequate electrostatic repulsion between proteins,
while PPI had the highest impact on viscosity, likely
due to its large average molecular mass and the in-
creased likelihood of protein-protein interactions.
Additionally, PPI dispersions may have differing vis-
cous properties due to the varied extents of hydration
undergone by each protein isolate; PPI appears to
have undergone a lesser extent of protein hydration
prior to testing, as indicated by the presence of large
insoluble PPI particles in dispersions.
According to the ANOVA, increasing PP in disper-

sions was found to have a significant effect (p < 0.05) on
viscosity, where viscosities generally decreased with in-
creasing PP until increasing at 1.5% PP. Corresponding
Tukey’s HSD tests indicated that dispersions with differ-
ing PP had significantly different viscosities from one an-
other. The decreasing viscosity relationship with

Fig. 3 Effect of protein:sucrose ratio (A) and PP content (%) (B) on the complex viscosity (Pa*s) of dispersions at 25 °C; (averaged data plotted,
n = 9). Legend entries marked * contain data points reported in previous work (Hansen et al., 2021a; averaged data plotted, n = 6). Lines are for
guiding purposes only
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increasing PP reported by the ANOVA is strongly deter-
mined by a small minority of the formulations studied;
this trend is only observed for 1.25 PPI:sucrose disper-
sions with 0 and 0.5% PP, though 1.0 PPI:sucrose disper-
sions at the same PP concentrations have slightly higher
viscosities than the majority of formulations studied.
When PP concentration is greater than 0.5%, viscos-
ities of PPI dispersions resemble those of the other
formulations (Fig. 3b). The relatively high viscosities
measured for PPI dispersions with low PP concentra-
tions (< 1% PP) may be due to the presence of large
insoluble protein particles remaining in dispersions
during measurements. As PP increase in the system,
there may be more opportunities for protein-PP com-
plexation interactions resulting in aggregates that are
smaller than the unhydrated particles and thus redu-
cing system viscosity.
Increased viscosities at 1.5% PP are only demon-

strated in Fig. 3b for 1.0 and 1.25 SPI:sucrose disper-
sions, while the majority of formulations showed no
meaningful variation in viscosity with increasing PP.
The 1.0 and 1.25 SPI:sucrose dispersions, while a mi-
nority of the formulations studied, strongly influenced
the ANOVA results reported as their viscosities were
significantly higher than the other formulations stud-
ied. The hydrolyzed SPI was designed to disperse
more readily in water with minimal aggregation. Hy-
drolyzed protein structures have more potential sites
available for PP complexation interactions as well, but
it appears that a concentration threshold must be met
for the SPI in order to start forming an interaction
network at high PP concentrations. High PP concen-
trations likely gave rise to increased intermolecular
interactions in the system upon the formation of
protein-PP complexes, resulting in increased viscos-
ities and behavioral complexity of the dispersions. Sig-
nificant increases in viscosity were not observed to
occur in formulations with the same SPI:sucrose ra-
tios at lower PP concentrations, indicating that the
extreme increase at 1.5% PP is likely due to a strong
network forming with protein-PP complexation at
high protein and PP concentrations. Results reported
are generally in agreement with those from earlier ex-
periments, where increasing PP resulted in slight
shifts in viscosity for dispersions containing 25% total
solids (Hansen et al. 2021a).

Particle size distribution
Particle size analysis is useful for evaluating protein-PP
interactions in dispersions, as the introduction of PP
changes protein structures, conformation, and electro-
static repulsion, thus affecting the extent of aggregation
and resulting particle size distributions of dispersions
(Bandyopadhyay et al. 2012; Le Bourvellec & Renard,

2012; Coupland 2014; Schneider 2016; Hong et al. 2018;
Hansen et al. 2021a). According to the ANOVA, protein:
sucrose ratio had a significant effect (p < 0.05) on the
average particle size (volume-weighted mean, d4,3) of
dispersions. Tukey’s HSD tests clarified that increasing
protein:sucrose ratios from 0.75 to 1.0 resulted in signifi-
cantly increased average particle sizes (p < 0.05), but the
slight increase observed from 1.0 to 1.25 protein:sucrose
was not significant (p > 0.05). Despite the ANOVA
reporting some apparently significant changes in particle
size with changing protein:sucrose ratios, plotting the
data in Fig. 4a indicated that the shifts were small. These
observations are generally in agreement with results
from earlier experiments, where WPI:sucrose ratio did
not strongly impact the average particle sizes of disper-
sions (Hansen et al. 2021a).
Changing the protein isolate in formulations between

WPI, SPI, and PPI had a significant effect (p < 0.05) on
the average particle sizes of dispersions, according to the
ANOVA. Tukey’s HSD tests provided further detail,
reporting that WPI dispersions had the smallest average
particle sizes, PPI dispersions had the largest, and the
average particle sizes of dispersions containing each pro-
tein isolate were significantly different from each other.
The differences between the average particle sizes of SPI
and WPI dispersions are best demonstrated in Fig. 4b,
where SPI formulations containing higher PP concentra-
tions (> 0.5%) are shown to have slightly larger average
particle sizes. These findings mirror the trends observed
for WHC and viscosity measurements, with WPI having
the lowest values and PPI having the highest, likely influ-
enced by differences in the average MW of the isolates
and the potential for protein-protein interactions.
While earlier work reported normal distributions for

WPI dispersions (Hansen et al. 2021a), the particle size
distributions for SPI and PPI dispersions were observed
to have different shapes with tails and shoulders to the
left and right of the main peaks, as demonstrated in
Fig. 5. These differences in distribution shapes may be
indicative of the presence of unhydrated particles and
protein-PP conjugates of different sizes in dispersions.
According to the ANOVA, average particle sizes of

dispersions were significantly affected by PP concentra-
tion (p < 0.05); Tukey’s HSD tests expanded on this,
reporting that particle sizes decreased significantly with
the addition of 0.5 and 1% PP to dispersions, with no
further change upon 1.5% PP addition (p > 0.05). While
in agreement with the findings from previous work with
25% total solids WPI dispersions (Hansen et al. 2021a),
these results appear to be strongly influenced by the data
for PPI formulations specifically. Though the results re-
ported by the ANOVA may be observed for PPI disper-
sions in Fig. 4b, trends observed for WPI and SPI
formulations were different; SPI dispersions showed
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slightly increasing particle sizes with increasing PP, while
WPI dispersions generally showed no meaningful trends
or changes, indicative of less extensive protein-PP inter-
actions. Apparently, PPI underwent the least extent of
hydration prior to testing, resulting in the presence of
many large aggregates in dispersions upon measurement
and observation. Formation of protein-PP aggregates in
PPI dispersions, which were smaller than the unhydrated
PPI particles, likely caused the average particle sizes of
dispersions to go down with increasing PP. Additionally,
further hydration may have occurred over time, reducing
the sizes of larger unhydrated particles in dispersions.

The slight increasing trends observed for particle sizes
in SPI dispersions with increasing PP may be due to the
same factors that affected viscosity. The hydrolyzed SPI
used in this study had smaller average MW proteins
than regular SPI; hence, it dispersed easily with minimal
protein aggregation, explaining the small particle sizes
observed when PP were absent. The hydrolyzed protein
structures have more potential sites available for
protein-PP interactions than non-hydrolyzed SPI, which
may explain the steady increase in particle sizes detected
as PP increased in dispersions. While an opposite trend
was observed for changes in particle size by Xue et al.

Fig. 4 Effect of protein:sucrose ratio (A) and PP content (%) (B) on the average particle size (μm) of dispersions at 25 °C; (averaged data plotted,
n = 9). Legend entries marked * contain data points reported in previous work (Hansen et al., 2021a; averaged data plotted, n = 6). Lines are for
guiding purposes only

Fig. 5 Particle size distributions of dispersions with 1.25 protein:sucrose ratios and 1.5% PP contents comprised of WPI, SPI, and PPI at 25 °C;
(averaged data plotted, n = 9)

Hansen et al. Food Production, Processing and Nutrition            (2021) 3:29 Page 10 of 15



(2020) when studying complexation between SPI and
cyanidin-3-galactoside, this may be due to the use of dif-
ferent SPI sources. Thus, increased particle sizes mea-
sured in SPI dispersions may be attributed to enhanced
protein-PP interactions in the system.

Optical light microscopy
As with earlier work, particle size data generated by
Mastersizer light scattering were supported by micros-
copy (Hansen et al. 2021a). Although inherent differ-
ences exist between the methods making direct
comparison of results difficult (Schneider 2016), micro-
scope images depicted Mastersizer data visually, includ-
ing the variations observed in particle size distributions
between dispersions containing WPI, SPI, and PPI (Fig.
5; Fig. 6). Mastersizer data reporting increased average
particle sizes with increasing PP in SPI dispersions were
reinforced with optical light microscopy (Fig. 7), as were
the reduced average particle sizes observed for PPI dis-
persions with increased PP (Fig. 8).

Centrifuge separation
Centrifugation resulted in the easy precipitation of pel-
lets out of diluted dispersions, as observed with earlier
experiments involving WPI (Hansen et al. 2021a). Cen-
trifuged samples without Aronia PP formed clear super-
natants and off-white to tan-colored pellets, while those

containing PP formed dark purple pellets (Fig. 10), in-
dicative of protein-PP complexation, as formation of a
colored precipitate is a crude method to confirm
protein-PP complexation (Van Teeling et al. 1971).
Similar to observations from earlier experiments
(Hansen et al. 2021a), diluted PP-containing disper-
sions formed dark purple, transparent supernatant
fractions after centrifugation.
Precipitated pellets appeared to be smallest for diluted

1.25 protein-sucrose dispersions with 1.5% PP contain-
ing WPI, and largest for PPI (Fig. 9). Comparing obser-
vations from previous experiments (Hansen et al.
2021a), WPI-containing dispersions appeared to form
the smallest pellets upon centrifugation (regardless of PP
concentration), while SPI dispersions formed slightly lar-
ger pellets and PPI formed the largest. Differences in the
relative precipitate sizes of the protein isolates may be
attributed to the differences in size, where proteins with
larger average MW (such as SPI & PPI) may be more
susceptible to precipitating out of solution upon centri-
fugation than smaller MW proteins like WPI.
Pellet sizes generally appeared to increase slightly

with increasing PP in diluted SPI and PPI dispersions
(Fig. 10), akin to observations made in previous work
for WPI dispersions with increasing PP (Hansen et al.
2021a). Negligible precipitate was formed upon centri-
fugation of a diluted 1% Aronia extract solution in

Fig. 6 Optical light microscope images at 200x magnification depicting the microstructures of diluted feed dispersions with a 1.25
protein:sucrose ratio and 1.5% PP formulated with WPI (A), SPI (B), and PPI (C)

Fig. 7 Optical light microscope images at 200x magnification depicting the microstructures of diluted feed dispersions with 1.0 SPI:sucrose with
0% (A), 0.5% (B), 1% (C), and 1.5% PP addition (D)
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previous experiments, indicating that the apparent in-
creases in pellet sizes with increasing PP may be a re-
sult of the formation of larger, aggregated conjugates
precipitating out of solution (Hansen et al. 2021a).

Frozen drop characterization
Comparison of diameters
Dispersions were frozen into drops and diameters were
measured to observe the effects of changing protein:
sucrose ratios, protein isolate types, and PP concen-
trations on the sizes of drops formed. According to
the ANOVA and corresponding Tukey’s HSD tests,
changing the protein:sucrose ratios in dispersions did
not have a significant impact (p > 0.05) on frozen
drop diameters (Fig. 11a).
Changing the protein isolate in dispersions between

WPI, SPI, and PPI had a slight but statistically significant
effect (p < 0.05) on the diameters of frozen drops formed,
according to the ANOVA. Corresponding Tukey’s HSD
tests specified that PPI beads had significantly larger diam-
eters than the other isolates (p < 0.05), while the smaller
diameters of SPI and WPI beads were not significantly dif-
ferent from each other. These findings are depicted in
Fig. 11b, where the average frozen diameters of all formu-
lations containing each respective protein isolate are re-
ported. Although surface tension and drop diameters are
reported to be directly correlated, our results for measured
drop diameters are at odds with this; dispersions with the
lowest surface tensions (in this case, PPI formulations)
would be expected to have the smallest drop diameters
but were actually found to have the largest diameters of
the formulations studied. The viscous PPI dispersions
(and few SPI formulations) were observed to drip

irregularly from the tubing tip into nonuniform shapes in-
dicative of more complex fluid behaviors, in contrast to
the spherical drops formed by WPI, contributing to the
higher variation observed in diameters for beads produced
with those isolates.
PP concentration was found to have a significant (p <

0.05) impact on frozen drop diameters, according to the
ANOVA. In line with previous findings (Hansen et al.
2021a), Tukey’s HSD tests reported a significant increase
in diameters (p < 0.05) when PP was increased from 0 to
0.5%, but the minor increases in diameters observed as PP
increased from 0.5 to 1 and 1.5% were not statistically sig-
nificant. Drop diameters generally increased with Aronia
addition, although some scatter was observed; the increas-
ing trend is most clearly demonstrated for dispersions
comprised of PPI:sucrose as PP increased from 0 to 0.5%
in Fig. 11c. These findings are in agreement with the sur-
face tension data, as both surface tension and frozen drop
diameters increase with PP addition, in agreement with re-
ports indicating their direct correlation.
Estimated values calculated from flow testing data

were compared with the measured diameters of frozen
drops (Table 1). While the prediction of drop diameters
by calculations was generally successful in previous work
focused on WPI dispersions (Hansen et al. 2020, 2021a),
the success rates (no significant differences between cal-
culated and measured values; p < 0.05) here were notably

Fig. 8 Optical light microscope images at 40x magnification depicting the microstructures of diluted feed dispersions with 1.0 PPI:sucrose with
0% (A), 0.5% (B), 1% (C), and 1.5% PP addition (D)

Fig. 9 Image depicting the precipitated fractions (highlighted in
boxes) of centrifuged 5x-diluted dispersions with 1.25
protein:sucrose and 1.5% PP with WPI (Left), SPI (Center), and
PPI (Right)

Fig. 10 Images depicting the precipitated fractions (highlighted in
boxes) of centrifuged 5x-diluted dispersions with 1.25 SPI:sucrose (A)
and 5:4 PPI:sucrose (B) and 0% (Left), 0.5% (Center, left), 1% (Center,
right), and 1.5% PP addition (Right)
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lower. No significant differences were found between the
estimated diameters calculated from flow data and the
actual measured diameters 75% of the time for WPI dis-
persions. SPI dispersions had a success rate of 50%, and
PPI dispersions only 33%. It is possible that the esti-
mated calculations became less accurate in predicting
drop diameters because variability increased for the
measured drop diameters of SPI and particularly PPI dis-
persions, when more irregularly shaped, less spherical
drops were observed to form.

Conclusions
To expand on the findings from previous experiments,
where liquid dispersions containing WPI, sucrose, and
Aronia extract were found to exhibit measurable changes
in physicochemical properties attributed to naturally oc-
curring, non-covalent complexation interactions between
PP and proteins, this work aimed to investigate whether
Aronia PP would interact with plant-based SPI and PPI to
a similar extent. The occurrence of non-covalent protein-
PP interactions was found to have different effects in SPI
and PPI dispersions, nevertheless indicative of more

extensive protein-PP interactions than observed in WPI
formulations. Increased viscosities and particle sizes were
observed for SPI dispersions with increasing PP, while PPI
formulations were observed to have reduced viscosities
and particle sizes and increased surface tensions. These
findings build from previous work to contribute to the
body of research describing the physical effects of non-
covalent interactions between non-dairy proteins and PP
under mild pH and temperature conditions. Additionally,
our results provide empirical insight for applications util-
izing concentrated protein-PP mixtures for the develop-
ment of protective delivery vehicles such as the dry, high
protein beads formed by the processes presented in other
experiments (Hansen et al. 2020, 2021b). Findings from
this study may also inform the formulation of functional
foods containing proteins and PP sources like fruit, such
as sports beverages, nutritional bars, smoothies, and yo-
gurts, as well as everyday products including pudding and
frozen desserts, where specific sensory attributes may be
at risk if formulations contain levels of PP and proteins
that would be prone to more extensive complexation in-
teractions in mixtures.

Fig. 11 Effect of protein:sucrose ratio (A), protein isolate type (B), and PP content (%) (C) on the on the diameters (mm) of frozen drops formed
from dispersions; (averaged data plotted, n = 9). Legend entries marked * contain data points reported in previous work (Hansen et al., 2021a;
averaged data plotted, n = 3). Lines are for guiding purposes only [A, B]
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