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Abstract

Non-covalent complexation interactions are known to occur between bioactive compounds and proteins. While
formulating with these components can have positive outcomes such as stabilization of colors and actives, it can
also result in changes to the structures and physical properties of proteins, affecting product functionality and
sensory attributes. Previous experiments reported measurable changes in the physico-chemical properties of whey
protein isolate (WPI) dispersions upon formulation with Aronia berry extract, ascribing changes to protein-
polyphenol (PP) interactions in the systems. Pure gallotannin, beet extract, and cranberry extract, providing a
diverse variety structures and sizes, were selected for further experimentation and comparison with the effects of
Aronia extract. Concentrated dispersions with varying WPI:sucrose ratios, formulated with several bioactives
contents from multiple different sources were analyzed to identify the effects of different bioactives on physico-
chemical properties of dispersions. Dispersions formulated with cranberry extract demonstrated the largest
increases in surface tensions, viscosities, and particle sizes, while those formulated with beet extract were the least
affected by the presence of bioactives, suggesting that different bioactives and extracts had varying propensities for
complexation interactions with WPI, despite their relatively low levels of addition (0, 0.5, and 1%).
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Introduction

Consumer interest is often a catalyst for the develop-
ment of new and improved products in the food indus-
try. Increased demand for health-supporting and
functional products has driven the development of high
protein foods with bioactives and other nutrients from
fruits and vegetables due to the perceived benefits of
consuming naturally-derived, bioactive compounds that
are thought to positively affect human health (Kapsak
et al. 2011; Banovic et al. 2018; Calderén-Oliver &
Ponce-Alquicira 2017; Gonzédlez 2020; Hansen et al.
2021a, b). In addition to the demand for healthy foods,
consumers have pushed developers to replace synthetic
colorants in foods with naturally derived color com-
pounds (Sigurdson et al. 2017). Fruits and vegetables are
an attractive source of natural pigments that may also
provide health benefits when formulated into food prod-
ucts (Calderén-Oliver & Ponce-Alquicira 2017; Akbar
Hussain et al. 2018; de Mejia et al. 2020), though nat-
ural color compounds, like polyphenols (PP) and
betalains, are known to have low chemical stability in
foods during storage (Miguel 2018; de Mejia et al.
2020; Hansen et al. 2021a, b).

Polyphenols are a family of compounds ubiquitous in
fruits and vegetables reported to have strong antioxidant
properties, are most commonly found as glycosides with
sugar units on the polyphenol structures, and can be di-
vided into monomeric and polymeric PP categories
(Tsao 2010; Hansen et al. 2021a, b). Monomeric PP,
such as phenolic acids and flavonoids, are relatively
small compounds; anthocyanins are a common flavonoid
varying in color from orange to purple, and are the

primary bioactive pigment compounds found in Aronia
berries (Dabas 2016; Xie et al. 2016, 2017). Polymeric PP
are larger compounds with greater molecular masses
and can be categorized as condensed or hydrolysable
tannins. Condensed tannins are more abundant in the
human diet and include proanthocyanidins, the main
bioactive pigment compounds lending the red-purple
color to cranberries and other fruits and vegetables
(Oliveira et al. 2013). Hydrolysable tannins such as
gallotannin, while less common in the human diet,
can be found in almonds and mango peel (Girard &
Awika 2020). Betalains, while relatively small and
water-soluble, are nitrogenous and not chemically or
structurally related to anthocyanins. They can be di-
vided into betaxanthins and betacyanins, including
betanin, the main bioactive compound imparting the
deep red-violet color in beets (Miguel 2018; de Mejia
et al. 2020).

Polyphenols and betalains have been reported to pos-
sess innate abilities to complex with proteins in neutral
and acidic pH formulations primarily via weak, non-
covalent hydrophobic interactions and hydrogen bonds
to varying extents, depending on the compound (Gad &
El-Salam 2010; Schneider 2016; Girard & Awika 2020;
Zhao et al. 2020; Hansen et al. 2021a, b). When consid-
ering polymeric PP such as gallotannin and proantho-
cyanidins, structural characteristics including higher
degrees of polymerization, larger molecular sizes, more
conformational flexibility, and larger numbers of hy-
droxyl groups and hydrophobic regions available may be
indicative of greater volumes and strength of protein-PP
interactions (Hagerman 1989; Harbertson et al. 2014;
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Ropiak et al. 2017; Girard & Awika 2020; de Mejia et al.
2020). Girard et al. (2019) reported that the affinity of
condensed tannins for gluten protein interactions was
greater than that of hydrolysable tannins likely due to
the enhanced conformational flexibility of condensed
tannins. Although the interaction affinity between an-
thocyanins and proteins may be more limited due to the
relatively small size of the flavonoids compared to poly-
merized PP and lower relative quantities of hydrophobic
regions and hydroxyl groups present, in previous experi-
ments measurable changes in the physical properties of
protein dispersions with anthocyanin-rich Aronia berry
extract addition were observed, indicative of some extent
of protein-PP interaction (Girard & Awika 2020; de
Mejia et al. 2020; Hansen et al. 2021a, b, c). Despite the
relatively small molecular structures compared to poly-
merized PP, betalains are larger than anthocyanins and
have been reported to have some affinity for protein in-
teractions, likely due to the presence of few hydroxyl
groups and hydrophobic regions present and available
(Martinez et al. 2019; de Mejia et al. 2020; Zhao et al.
2020). Complexation interactions between proteins and
bioactive compounds including PP and betalains are
known to affect protein structures and hydrodynamic
volumes in dispersions (Rawel et al. 2005; Martinez et al.
2019; Seczyk et al. 2019; Zhao et al. 2020), as well as
physico-chemical, functional and nutritional properties
of the products (Girard et al. 2016; Hansen et al. 2021a,
b; Li et al. 2021; Sharma et al. 2021). Additionally, conju-
gation interactions may be useful for bioactives protec-
tion and delivery as well as color retention (Cao &
Xiong 2017; Ma & Zhao 2019; Quan et al. 2019; Zhao
et al. 2020; Baba et al. 2021).

The objective of this study is to investigate the extent
of interactions between whey protein isolate (WPI) and
bioactive compounds from various sources, indicated by
measurable changes in the physical properties of con-
centrated, liquid feed dispersions with varied formula-
tions, including flow properties, viscosity, particle size
distribution, pH, centrifuge separation, and microstruc-
ture imaging. Bioactives sources including pure gallotan-
nin and Aronia berry, beet, and cranberry extracts were
selected for their health-promoting properties and var-
iety of predominant compounds with diverse molecular
structures and sizes for comparison. Extracts known to
have predominantly larger-sized bioactive compounds
with higher flexibility and degrees of polymerization and
more hydroxyl groups and hydrophobic regions (such as
cranberry extract or gallotannin), would be expected to
interact with proteins more extensively than extracts de-
livering smaller-sized bioactive compounds with fewer
potential sites for interactions (such as Aronia and beet
extracts) in the same concentration in dispersions (de
Mejia et al. 2020; Girard & Awika 2020). More extensive
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protein-bioactive interactions may result in greater
changes in the physical properties of dispersions mea-
sured such as viscosity, particle size distribution, flow
properties, etc., compared to formulations containing ac-
tives with lower propensities for interactions with pro-
teins. This work furthers previous experimental findings,
providing additional information regarding the effects of
different bioactive compound addition to the physico-
chemical properties of concentrated whey protein dis-
persions, and the potential for non-covalent protein-
bioactive interactions. We presented multiple processes
for producing dry, stable beads intended for the encap-
sulation of bioactives from concentrated WPI-sucrose
dispersions in earlier experiments (Hansen et al. 2020,
2021c). This study focuses on alterations of the physico-
chemical properties of the dispersions intended for bead
formation as different bioactives are added to mixtures
and subsequent interactions occur between matrix com-
ponents. These findings might inform developer’s deci-
sions regarding the addition of even small amounts of
natural extracts as colorants or sources of bioactives to
protein-containing food matrices, as sensory properties
could be jeopardized with changes in the physical prop-
erties of products.

Materials and methods

Materials

IsoChill 9000 WPI was provided by Agropur, Inc.
(Luxemburg, WI, USA), comprised of approximately
91.6% protein (dry basis), 4.6% water, 0.7% fat, and
3.1% ash. Extra fine, granulated, pure can sucrose was
obtained from Domino Foods, Inc. (Yonkers, NY,
USA). Pure gallotannin in crystalline solid form (=
98% purity) was purchased from Cayman Chemical
Company (Ann Arbor, MI, USA). Standardized Aronia
berry (chokeberry) powder comprised of 55.6% total PP
and a minimum of 15% anthocyanins, and Standardized
cranberry powder with a minimum of 15% proanthocyani-
dins were provided by Artemis International (Fort Wayne,
IN, USA). Red beet extract containing 30.2% betanins and
approximately 50% total betalains was provided by Future-
Ceuticals, Inc. (Momence, IL, USA). Gallotannin and all
extracts were stored in light-blocking, airtight packaging
in the dark at — 18 °C. Deionized (D.1.) water was used in
all dispersion preparation.

Dispersion preparation

Similar to the dispersion preparation methods described
in previous work (Hansen et al. 2021a, b, c), dry WPI or
WPI-sucrose blends were first mixed into D.. water,
and aliquots of 50% gallotannin or extract solutions (gal-
lotannin and extract powders mixed into D.I. water to
obtain a 50% solids content in solution) were subse-
quently added (when appropriate) and mixed to form
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completed dispersions. As the different bioactives
sources had varying bioactives contents, different quan-
tities of extract solutions were required to reach the de-
sired bioactives concentrations in final dispersions; in
cases where more extract solution was required, the total
quantities of WPI or WPI-sucrose blends added to mix-
tures were reduced (ratios remained the same) to main-
tain a constant % total solids in feeds. A FiveEasy Plus
pH/mV meter with InLab® Viscous Pro-ISM probe (Met-
tler Toledo, Hampton, Schwerzenbach, Switzerland) was
calibrated at pH 4.0 and 7.0 prior to pH measurements
for dispersions.

Dispersions with eighteen different formulations were
prepared three times each for randomized triplicate ana-
lysis in a factorial design with four sources of bioactives,
three bioactives contents, and two WPI-sucrose ratios
(Table 1). Total solids content (35%), extract/bioactive
contents, and WPI-sucrose ratios (1:0 and 1:1) used were
determined based on results from previous experiments
(Hansen et al. 2020, 20214, b, c). Dispersions formulated
with 1:0 WPI:sucrose had virtually double the WPI and
subsequent protein concentrations (ranging from 27 to
34% protein) compared to those formulated with 1:1
WPLsucrose (ranging from 14 to 17% protein), given
that all dispersions maintained 35% total solids contents.
Samples were analyzed after a minimum of one hour for
defoaming at room temperature.
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Feed characterization

Flow testing

As dispersions were pumped at a constant speed
through a benchtop peristaltic pump (120 S/DV, Watson
Marlow, Falmouth, England; silicon tubing 85 cm length,
2 mm bore, 1 mm wall, BUCHI Labortechnik AG, Flawil,
Switzerland), the time needed to deposit 10 mL of dis-
persion, the mass of 10 mL of dispersion, individual drop
masses, and the number of drops deposited per 1 min
were measured in triplicate, as presented in previous ex-
periments (Hansen et al. 20214, b, c). Subsequently, feed
densities, mass and volume flow rates, and drop surface
tensions, diameters, and volumes were calculated from
the flow data collected (Hansen et al. 2020, 2021a, b, ¢).

Particle size distribution

Particle size distributions were measured in triplicate
with methods detailed in earlier studies (Hansen et al.
2021a, b, ¢) via Malvern Mastersizer 2000 (Malvern
Instruments Ltd., Worcestershire, UK.), adding disper-
sions dropwise into a Hydro 2000S liquid sampler.

Opttical light microscopy

Diluted dispersions were observed as detailed in previ-
ous experiments (Hansen et al. 2021a, b, c¢), at 40 and
200x magnification, via Nikon Eclipse FN1 optical
microscope (Nikon Instruments Inc., Melville, NY, USA)

Table 1 Density and estimated drop diameters from flow tests data and measured diameters (mm) of frozen drops formed from
feed dispersions with varied WPI:sucrose, bioactives sources and concentrations, and pH

WPI-sucrose ratio Bioactives source [bioactives] pH Density Diameter (calculated) Diameter (frozen)
- - % wiw - kg/m? mm mm

1:0 n/a 0 6.33 1062+9 451+0.02 448 +£0.11
111 n/a 0 6.22 1057+ 11 454 +0.02% 436+ 0.13%
1:0 Pure gallotannin 0.5 6.20 1055+ 15 458 +0.08 452+0.13
1:1 Pure gallotannin 0.5 6.15 1055+6 4.65+£0.02% 445+0.13*
1:0 Pure gallotannin 1 6.19 1062 +13 455+0.10 447 +0.14
1: Pure gallotannin 1 6.00 1061 +£13 4.67 +0.04* 4.53+0.05*
1:0 Aronia extract 0.5 6.19 1030+ 17 459 +0.04* 450+0.14
111 Aronia extract 0.5 6.14 1052+ 3 459+001* 451 +0.06*
1:0 Aronia extract 1 6.05 1042 £17 4.60 £0.02% 443 £0.08*
1:1 Aronia extract 1 581 1033+ 15 4.64 +0.02% 445+ 0.07*
1:0 Beet extract 0.5 6.17 1023+9 459+ 0.03 452+0.11
11 Beet extract 05 6.02 1038+ 10 4.56 +0.03% 446 +0.07*
1:0 Beet extract 1 6.11 1019+ 14 458 +0.04 453+0.10
11 Beet extract 1 587 1038+ 11 457 +0.02* 432+ 0.09*
1:0 Cranberry extract 0.5 595 1044 £ 26 4.67 £0.06* 456 +£0.10%
11 Cranberry extract 0.5 5.51 837+ 179 496 £0.37* 442 +0.16*
1:0 Cranberry extract 1 549 n/a n/a n/a

1:1 Cranberry extract 1 4.96 58017 563 007" 591+0.19*

*indicates significant differences between calculated and measured diameters
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with Nikon Digital Sight DS-U3 camera control unit
(ver. 1).

Viscosity

Small-strain oscillatory measurement methods detailed
in previous experiments (Hansen et al. 2021a, b, ¢) were
modified for triplicate complex viscosity measurements
via DHR-2 rheometer (TA Instruments, New Castle, DE,
USA). Dispersions were oscillated under 0.2% strain at 1
Hz frequency once strain sweeps confirmed that 0.2%
strain was within their linear viscoelastic region (LVR;
not shown).

Centrifuge separation

As detailed in previous work (Hansen et al. 2021a, b, c),
small portions (1.25 g) of seven times diluted dispersions
and 1% solutions made from each source of bioactives
were added to 1.5mL tubes (graduated with flat caps,
Fisherbrand®, Fisher Scientific, Hampton, NH, USA),
centrifuged at 13,523 x g and 20 °C for 20 min (Centri-
fuge 5424 R with FA-45-24-11 rotor, Eppendorf, Ham-
burg, Germany), and subsequently observed.

Frozen drop preparation

As detailed in earlier studies (Hansen et al. 2021a, b, ¢),
dispersions were deposited dropwise into pans filled with
liquid nitrogen (LN,) (100% purity; Airgas, Madison,
WI, USA), held for ~5min to harden, and diameters
were measured immediately upon removal.

Frozen drop diameters

Digital Vernier calipers (0—150 mm; Stainless Hard) were
used to measure the diameters of frozen beads as
described in earlier experiments (n=9) (Hansen et al.
2021a, ¢).

Statistical analysis

Data from triplicate experiments, analyzed in triplicate
(n=9), were used to calculate mean and standard devi-
ation values. Mean values were compared by analysis of
variance (2 and 3-way ANOVA; Tukey’s HSD test) and
independent measures t-tests (equal variance not as-
sumed) performed with JMP® Pro version 15.0.0 (SAS
Institute Inc., Cary, NC, USA) when appropriate, with
the level of significance determined at p < 0.05.

Results and discussion

Feed characterization

pH

As solution pH affects protein structures, exposed
groups available for intermolecular interactions, and
consequent functionality, pH measurement was a critical
analytical tool for comparing the effects of bioactives
and extracts on the physico-chemical properties of
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dispersions with different formulations, as discussed in
previous work (Hansen et al. 2021a, b, c¢). Dispersions
containing higher protein contents (1:0 WPLsucrose ra-
tios) had slightly higher pH values than those with equal
parts protein and sucrose (1:1 WPIL:sucrose ratios) (Table
1), likely due to enhanced pH buffering effects in the
system from the additional protein present (Hansen
et al. 2021c). In agreement with the results from previ-
ous studies (Hansen et al. 2021a, b, ¢), pH was reduced
when dispersions were formulated with increasing bioac-
tives or extract contents. If pH is reduced so much that
values reach the isoelectric point (pI) of proteins (major
WPI protein fraction- [-lactoglobulin, pI ~5.2-5.3,
minor WPI protein fraction-a-lactalbumin, pI ~4.2—
4.8), protein-protein repulsions are minimized, resulting
in aggregation and precipitation that may impact phys-
ical properties of dispersions including particle size dis-
tribution and viscosity (Kilara & Harwalkar 1996;
Demetriades & McClements 1998; Song 2009; Coupland
2014; Hansen et al. 20214, b, ¢). In the case of pure gal-
lotannin, Aronia berry extract, and beet extract, pH re-
ductions with increasing bioactives concentrations were
unlikely to elicit notable changes in the physical proper-
ties of dispersions, as pH values did not approach the pl
of WPI proteins. Dispersions formulated with cranberry
extract showed the most extensive pH reductions, al-
though only one formulation approached the pI of WPI
proteins (1:1 WPIL:sucrose, 1% cranberry PP), with pH
reaching the pl of -lactoglobulin being further reduced.
In this case, it is likely that the reduced protein content
in the dispersions did not buffer pH as effectively as
higher protein concentrations and may be responsible
for some of the aggregation and precipitation observed
for dispersions with that formulation, affecting particle
size distributions and viscosities measured.

Surface tension and droplet size

The surface tension forces of a dispersion acting around
the circumference of the outlet tubing must be exceeded
by the force of gravity pulling on an emerging drop for
it to detach, identifying the effect of surface tension on
drop size (Hansen et al. 2021a, b, c), with some studies
reporting direct relationships between surface tension
and drop diameters (Chan et al. 2009; Lee & Chan
2013). Of the eighteen different dispersion formulations
studied, all but one were able to pump under the experi-
mental conditions; dispersions with 1:0 WPL:sucrose and
1% cranberry extract PP were too viscous to pump and
form individual droplets, likely due to extensive interac-
tions occurring in the dispersions at pH values near pro-
tein. As such, flow data could not be obtained for those
samples, and multiple separate statistical analyses were
required to assess the data collected due to the loss in
degrees of freedom from missing data preventing
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analysis of all data together. Additionally, because as all
dispersion formulations shared common ‘0% bioactives’
data points, separate statistical analyses were required to
qualify trends observed within formulations with the
same bioactives source.

Figure la depicts the effects of bioactives content (%)
on the surface tensions of dispersions, though effects of
WPIL:sucrose ratios may also be observed. Data plotted
with solid connecting lines (1:1 WPI:sucrose) are often
slightly higher than those plotted with dotted connecting
lines (1:0 WPLsucrose), indicating that dispersions con-
taining less WPI and thus less total protein had slightly
higher surface tensions than those with more protein.
This was observed for samples prepared with pure gallo-
tannin, Aronia extract, and cranberry extract (0.5% PP),
and the two-way ANOVAs and Student’s t-tests used to
analyze data confirmed that formulations with 1:0 WPIL:
sucrose ratios had significantly lower (p <0.05) surface
tensions than those with 1:1 WPIL:sucrose. Dispersions
formulated with beet extract did not have significant
changes in surface tension with different WPLsucrose
ratios (p >0.05), which can also be observed in Fig. la
for data with triangle markers. While these results gen-
erally make sense, as increasing the protein content in
dispersions would likely have greater surface tension-
reducing effects (Kitabatake & Doi 1988), the differences
between the mean values for different WPIL:sucrose ra-
tios were very slight, indicative of little-to-no meaning-
ful, overall effects on surface tension. Results reported
are generally in agreement with the findings from previ-
ous experiments, and it is possible that the changes in
WPI concentrations of dispersions with 35% total solids
were not strong enough to drive notable changes in sur-
face tension (Hansen et al. 2021a, b, ¢).

While some data plotted in Fig. 1a show very slightly
increasing surface tensions with increasing bioactives
concentrations, an increasing trend is most clearly ob-
served for dispersions formulated with 1:1 WPIL:sucrose
and cranberry extract (circle markers connected by solid
lines). The surface tensions of feeds prepared with gallo-
tannin had significantly (p < 0.05) higher surface tensions
than feeds without bioactives (0%). Similarly, surface
tensions also increased significantly (p <0.05) with in-
creasing Aronia PP concentrations in dispersions. Sur-
face tensions of dispersions also increased significantly
(p <0.05) with increasing cranberry PP concentrations,
seen clearly in Fig. 1a for data with circle markers. Dis-
persions containing 1% bioactives were reported to have
significantly higher surface tensions (p < 0.05) than those
with 0.5% bioactives, although in this case, the ANOVA
was strongly influenced by the data for dispersions with
1:1 WPILsucrose and cranberry extract, as that is the
most clear example in Fig. 1a of a significant increase in
surface tension with increasing bioactives
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concentrations. Interestingly, no significant changes in
surface tensions of dispersions were observed with chan-
ging beet extract bioactives concentrations (p >0.05),
demonstrating the negligible effects of beet extract on
the surface tension of dispersions. These findings are
also in good agreement with those from earlier work,
where dispersions containing WPI experienced increas-
ing surface tensions with increasing Aronia PP concen-
trations under some conditions, with others exhibiting
no meaningful trends (Hansen et al. 20214, b, c).

Figure 1b displays the average surface tension values
of all dispersions containing each respective bioactives
source for comparison; cranberry extract was found to
impact the surface tensions of dispersions most strongly,
giving the highest average surface tension compared to
other bioactives sources. The one-way ANOVA used to
compare dispersions with 1:0 WPI:sucrose and 0.5% bio-
actives confirmed that bioactives source had a significant
(p <0.05) effect on surface tension. Tukey’s HSD tests
specified, showing that dispersions formulated with
cranberry extract had significantly higher surface ten-
sions than those formulated with Aronia and beet ex-
tracts (p<0.05), but not pure gallotannin (p>0.05).
Surface tensions of dispersions with gallotannin were
also not significantly different from those with Aronia
and beet extracts (p > 0.05). Comparing dispersions with
1:1 WPLsucrose and 0.5 and 1% bioactives reported that
the surface tensions of dispersions with pure gallotannin
and Aronia, beet, and cranberry extracts were all signifi-
cantly different from one another (p < 0.05). Dispersions
formulated with cranberry extract had the highest sur-
face tensions, followed by pure gallotannin, Aronia ex-
tract, and then beet extract, mirroring the data in Fig.
1b.

Figure 2 depicts the results of plotting calculated drop
diameters against calculated surface tension values de-
rived from flow tests data, and the best fit line applied
indicates a strong, direct correlation (R*=0.89). The one
point with notably higher surface tension and a larger
diameter represents the 1:1 WPIL:sucrose, 1% cranberry
extract PP dispersions, which retained more air than the
other formulations after mixing due to its high viscosity
stabilizing the foam, thus giving a lower density disper-
sion to pump and requiring larger drops to form before
detaching (Table 1).

Particle size distribution

Measuring the particle size distributions of dispersions
with varying compositions is another way to evaluate the
effects of formulation on the physico-chemical properties
of dispersions, as compositional changes may induce con-
formational changes in proteins (Hansen et al. 2021a, b,
¢). Complex-forming interactions between matrix compo-
nents (such as proteins and bioactives) may result,
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forming aggregates of varied sizes depending on the envir-
onmental conditions (Schneider 2016; Hong et al. 2018).
While data trends were difficult to distinguish in Fig. 3a,
statistical analyses indicated that 1:0 WPILsucrose disper-
sions had significantly larger (p <0.05) volume-weighted
mean (d ,3) particle sizes than 1:1 WPLsucrose disper-
sions when Aronia, beet, and cranberry extracts were
present. Overall differences in mean values were never
more than a few microns, indicating that the changes were
very slight. Interestingly, comparison of dispersions for-
mulated with pure gallotannin found that 1:0 WPILsucrose
dispersions had significantly (p <0.05) smaller average
particle sizes than dispersions formulated with 1:1 WPIL:
sucrose ratios. These findings may potentially indi-
cate excesses of protein in the systems for complex-
ation, though optimization was not the focus of this
experiment. As a whole, these results are in good
agreement with the findings of previous experiments,
where the changes in average particle sizes with
changing protein:sugar ratios were either insignifi-
cant or very small, indicating that sugars were un-
likely to affect protein or protein-PP interactions and
simply dissolved into solutions (Hansen et al. 2021a,
b, ©).

Most formulations in Fig. 3a show no notable changes
in particle size with changing bioactives concentrations.
A minority of the formulations- dispersions containing
cranberry extract (circle markers) and dispersions com-
prised of 1:1 WPLsucrose with pure gallotannin (x
markers connected by solid lines)- show increasing

particle size trends to differing extents. The two-way
ANOVAs and Tukey’s HSD tests used to analyze disper-
sions with pure gallotannin and cranberry extract re-
ported that the average particle sizes of dispersions
steadily and significantly (p <0.05) increased with in-
creasing bioactives concentrations at each level of
addition. In dispersions with Aronia extract, the only
significant increase (p <0.05) occurred between 0.5 and
1% PP, and the changes in mean sizes were notably
smaller (only a few microns). Dispersions containing
beet extract underwent no significant changes in particle
size with changing bioactives concentrations (p > 0.05),
in accordance with the results of Martinez et al. (2019),
indicating no changes in aggregate sizes upon complex-
ation of betalains with proteins. The three-way ANOVA
used to compare all dispersions containing bioactives in-
dicated that particle size increased with increasing bioac-
tives concentrations, despite most formulations (often
those containing Aronia and beet extracts) not exhi-
biting the same extent of change. The increases in
particle size data observed for the few formulations
containing cranberry extract and 1:1 WPI:sucrose with
pure gallotannin in Fig. 3a strongly influenced the
ANOVA report to the point where it was not repre-
sentative of the majority of dispersions examined.
These results are in overall agreement with those
from earlier works, where changes in average particle
sizes of WPI dispersions with changing Aronia PP
concentrations were typically slight (only a few mi-
crons difference), even when identified as ‘significant’
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by ANOVA analyses (Hansen et al. 2021a, b, c¢). Re-
sults also align with the observations made when
Giloy juice to was added to goat milk, resulting in
slightly larger particle sizes in beverages (Sharma
et al. 2021).

In Fig. 3b, the average particle size values of all disper-
sions containing each respective bioactives source may
be compared. The three-way ANOVA used to compare
dispersions formulated with bioactives reported that bio-
actives sources had a significant (p < 0.05) effect on aver-
age particle sizes. Tukey’s HSD tests clarified, indicating
that dispersions formulated with beet extract had the
smallest average particle sizes, followed by Aronia ex-
tract, then pure gallotannin, and dispersions with cran-
berry extract were found to have the largest average
particle sizes by far compared to the others (Fig. 3b).
Particle sizes of dispersions with Aronia and beet ex-
tracts were not found to be significantly different from
one another (p > 0.05) but were found to be significantly
different (p < 0.05) from both pure gallotannin and cran-
berry extract, which were both significantly different
from one another (p < 0.05). These observations support
our hypothesis, that larger polyphenolic compounds (like
those in the cranberry extract) would result in greater
responses in the functional properties of dispersions.

WPI dispersions have resulted in normal particle size
distributions when measured in previous experiments
(Hansen et al. 2021a, b, c), with peaks representing
unhydrated protein particles remaining in dispersions.
Dispersions formulated with pure gallotannin and Aro-
nia extract also exhibited relatively normal distributions
(Fig. 4), but with small tails at larger sizes. The major
peaks likely continue to represent the unhydrated
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protein particles remaining in solution but present in
slightly smaller volumes; the small tails formed likely in-
clude larger sized complexes formed between proteins
and bioactives. Dispersions containing beet extract
showed virtually no change in particle size distribution
compared to WPI dispersions without bioactives, indi-
cating that very little complexation interactions occurred
in the system (Fig. 4). Dispersions containing cranberry
extract, however, demonstrated very different particle
size distributions compared to the other extracts. The
distribution was very broad with a peak at larger sizes
and a significant, broad shoulder to the left of the peak
(likely representative of unhydrated protein particles
remaining). Dispersions formulated with cranberry ex-
tract exhibited the largest increases in surface tensions
and particle sizes of all formulations, demonstrating the
extent of strong protein-PP complexation interactions
occurring in the system and resulting in large aggregate
formation.

Imaging the diluted dispersions with an optical micro-
scope supported the trends observed with Mastersizer
particle size measurements, as in previous work (Hansen
et al. 2021a, b, c). The significant increases in particle
sizes for dispersions formulated with cranberry extract
are confirmed in Figs. 5, and 6 supports the Mastersizer
data indicating that the largest changes in particle size
occurred in formulations containing cranberry extract.

Viscosity

Small changes in composition can influence the types
and volumes of intermolecular interactions that may
occur in a system, potentially altering the viscosity of a
dispersion and other functional properties as well
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.

Fig. 5 Optical light microscope images at 200x magnification depicting the microstructures of diluted feed dispersions with 1:0 WPI:sucrose with
0% bioactives A, 0.5% bioactives B, and 1% bioactives from cranberry extract C. *COLOR USAGE NECESSARY*

(Hansen et al. 2021a, b, c). In Fig. 7a, viscosity data for
dispersions formulated with pure gallotannin and Aronia
and beet extracts connected with dotted lines (1:0 WPI:
sucrose) were notably higher compared to those con-
nected with solid lines (1:1 WPLsucrose), indicating that
feeds with higher WPI concentrations generally had
higher viscosities. Dispersions deviated from this trend
slightly when cranberry PP were present, showing that
dispersions with 1:1 WPIL:sucrose had higher viscosities,
but only slightly at 1% PP. The two-way ANOVAs and
student’s t-tests used to analyze dispersions prepared
with pure gallotannin, Aronia extract, and beet extract
reported that 1:0 WPILsucrose dispersions had signifi-
cantly (p < 0.05) higher viscosities than those formulated

with 1:1 WPLsucrose, as seen in Fig. 7a. The two-way
ANOVA and student’s t-test used to compare feeds with
cranberry extract reported that dispersions with 1:1
WPILsucrose had significantly higher (p < 0.05) viscosities
than those with 1:0 WPLsucrose, as did the 3-way
ANOVA and Student’s t-test comparing all dispersions
containing bioactives. In this case, the ANOVA report
was strongly driven by the data for dispersions contain-
ing cranberry extract. When cranberry extract was added
to dispersions, viscosities increased notably compared to
other formulations, but most extremely in the case of 1:
1 WPLsucrose dispersions. It is possible that the ex-
treme jump in viscosities of 1:1 WPI:sucrose dispersions
with the addition of cranberry could be attributed in

.

Fig. 6 Optical light microscope images at 200x magnification depicting the microstructures of diluted feed dispersions with 1:0 WPl:sucrose with
1% bioactives from pure gallotannin A, Aronia berry extract B, beet extract C, and cranberry extract D. *COLOR USAGE NECESSARY*
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part to the reduced pH of feeds to the point of pl pre-
cipitation of aggregates that would increase viscosity in
the system, as protein-PP interactions are more abun-
dant near pl, and less protein is present for pH buffering
in the systems. Another possibility is that a synergistic
relationship may occur between WPI and cranberry PP
at those specific levels of use, thus enhancing complex-
ation interactions present. These findings generally make
sense, as previous work has reported that higher protein
contents in dispersions resulted in higher viscosities
under some conditions (Hansen et al. 2020), though no
meaningful trends were observed in many cases (Hansen
et al. 2021a, b, c), likely due to an overall weak effect or

total solids contents that were too low for detectable
shifts.

The only statistically significant (p < 0.05) increases in
viscosities of dispersions containing gallotannin, Aronia,
and cranberry extracts occurred when bioactives con-
centrations increased from 0.5 to 1%. Interestingly, the
complex viscosities of feeds formulated with beet extract
were reported to decrease significantly between each
level of increasing bioactives concentrations (p < 0.05).
Changes in viscosities were only clearly observed for dis-
persions containing cranberry, while changes in feeds
with pure gallotannin, Aronia, and beet extracts ap-
peared too slight to be impactful (Fig. 7a). Overall, these
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findings are similar to those reported in previous studies,
where increasing Aronia PP contents in dispersions re-
sulted in slight increases in viscosities under some con-
ditions (Hansen et al. 2021b, ¢), but not all conditions
resulted in meaningful trends; similarly, results reported
by Sharma et al. (2021) indicated that the addition of
Giloy juice (a natural source of polyphenols) to goats milk
beverages resulted in increased system viscosities, con-
firming protein-polyphenol interactions with microscopy.
In Fig. 7b, the average complex viscosity values of dis-
persions containing each respective bioactives source at
0.5 and 1% are plotted for comparison at 1:0 and 1:1
WPLsucrose ratios. Dispersions containing cranberry ex-
tract underwent the largest changes in viscosity and had
notably higher viscosities compared to dispersions con-
taining the other bioactives sources, which appeared to
have similar average viscosities. The three-way ANOVA
and corresponding Tukey’s HSD test used to analyze
dispersions containing bioactives reported that the only
bioactives source to significantly increase (p <0.05) the
viscosities of dispersions was cranberry extract, while the
viscosities of feeds with pure gallotannin, Aronia extract,
and beet extract were not significantly different from
one another (p > 0.05), as seen in Fig. 7b. These findings
generally agree with the findings of Girard et al. (2019),
where it was found that the viscosities of pastry flour
batters containing proteins were relatively unchanged
with the addition of monomeric polyphenols (catechins),
increased slightly when hydrolyzed tannins (tannic acids)
were added, and significantly increased with the addition
of condensed tannins (proanthocyanidins). Dispersions
formulated with cranberry extract were prepared with
slightly less total WPI and sucrose solids due to the need
for higher levels of extract addition to reach desired bioac-
tives concentrations and maintain a constant % total solids.
Findings from previous experiments indicated that changes
in WPI concentrations in dispersions with similar total
solids contents were slight, insinuating that the viscosities
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of dispersions containing cranberry extract (and thus less
WPI solids) may exhibit only minor, if not undetectable, re-
ductions (Hansen et al. 2020). In contrast, dispersions for-
mulated with cranberry extract experienced large increases
in the viscosities of their continuous phases likely due to
enhanced protein-PP complexation interactions in the sys-
tem forming larger aggregates when protein pl was
approached. Additional complex carbohydrates and oligo-
saccharides (~ 60% of the cranberry extract studied) present
in the systems at higher cranberry PP concentrations may
be a minor contributor to the increased viscosities observed
as well (Coleman & Ferreira 2020). It is likely that the vis-
cosity became so high that the air naturally incorporated
into dispersions by the mixing process was stabilized by the
continuous phase and large aggregates present, rather than
defoaming over time like other dispersions, thus forming
something resembling a stabilized foam with significantly
lower densities than other dispersions (Table 1), which
would have significantly different viscous properties.

Centrifuge separation

Evaluating dispersions for the formation of colored precip-
itates and monitoring the relative size of pellets formed
after centrifugation can be used as a crude method of
identifying the presence of protein-bioactive complexation
interactions and aggregate formation (Van Teeling et al.
1971; Hansen et al. 2021a, b, ¢). Without bioactives
present in dispersions, precipitates were white in color
and very small, and supernatant was off-white and trans-
parent, as observed in earlier work (Hansen et al. 2021a, b,
¢); dispersions with pure gallotannin had similar appear-
ances but slightly larger pellets (Fig. 8a). Dispersions con-
taining Aronia extract also had the same appearances as
described in previous work (Hansen et al. 2021a, b, c),
with deep purple-colored pellets and clear, purple super-
natants. Dispersions with cranberry extract had similar ap-
pearances, but with slightly larger pellets (Fig. 8); those
containing beet extract had pink pellets and deep red,

USAGE NECESSARY*

Fig. 8 Image depicting the precipitated fractions (highlighted in boxes) of 7 times diluted, centrifuged dispersions with 1:0 WPI:sucrose and 0%
(Left), 0.5% (Center), and 1% bioactives (Right) from pure gallotannin A, Aronia berry extract B, beet extract C, and cranberry extract D. *COLOR
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transparent supernatants. Although not pictured, 1:0 WPI:
sucrose dispersions generally had larger pellets than 1:1
WPI:sucrose dispersions, likely due to the larger quantity
of protein present available for precipitation.

The sizes of pellets formed from centrifuged dispersions
generally increased with increasing bioactives concentra-
tions from all sources (Fig. 8). These findings are in agree-
ment with those from earlier studies using Aronia extract
(Hansen et al. 20214, b, c), but to validate that the growing
pellet sizes could be attributed to greater quantities of
protein-bioactives complexes in dispersions, 1% bioactives
solutions were prepared and centrifuged to determine the
amount of precipitate formed at that level of addition (im-
ages not shown). No precipitate formed after centrifuging a
1% gallotannin dispersion, indicative of complete dissol-
ution in D.I. water, and very small, nearly negligible precipi-
tates formed after centrifuging 1% bioactives solutions with
Aronia and beet extracts. Slightly larger pellets formed from
centrifuging 1% cranberry extract PP solutions, though this
was expected since more extract was required in the solu-
tion to reach the desired 1% bioactives. This assessment
yielded similar findings to previous work (Hansen et al.
2021b), where the minimal precipitation observed after cen-
trifugation of 1% extract solutions supported claims that
the slightly increasing pellet sizes with increasing bioactives
concentrations was attributed to increased complex forma-
tion. Of the precipitates formed by dispersions of varying
composition, those containing gallotannin were typically
smallest, likely because the smallest quantity of extract was
required to reach the desired bioactives concentrations. Pel-
lets formed from dispersions formulated with beet extract
were also small, which may suggest minimal WPI-
bioactives complexation interactions in the system, as indi-
cated by the other analyses in this study. Dispersions made
with Aronia extract had slightly larger pellets, and the lar-
gest precipitates were formed from dispersions containing
cranberry extract, further indicating more extensive
protein-PP interactions in the system (Figs. 8, 9).

Frozen drop characterization

Comparison of diameters

Similar to the findings from earlier work (Hansen et al.
2021c), ten of the seventeen dispersion formulations that
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were able to undergo flow testing were found to produce
frozen beads that had significantly (p <0.05) smaller
measured diameters than predicted with calculations
(Table 1); this was most likely due to the inadequacy of
the correction factor used in calculations of drop diame-
ters to consider the amount of liquid lost upon entering
the LN, bath when small volumes of feeds detach from
the main drop upon impact. Only one dispersion formula-
tion produced drops with diameters that were significantly
(p<0.05) larger than calculated estimates (1:1 WPI:su-
crose, 1% cranberry extract PP). This phenomenon can be
attributed to the notably lower density compared to most
of the other dispersions due to the entrapped air that
could not defoam due to the highly viscous continuous
phase of the matrix (Table 1), thus requiring the drop to
grow larger before gravity caused it to detach from the
tubing tip. These results give an overall ‘success rate’ of
35% for calculations accurately predicting drop diameters,
occurring for six of the seventeen dispersion formulations
pumped. The one- and two-way ANOVAs and associated
Student’s t- and Tukey’s HSD tests used to compare dis-
persions reported little-to-no meaningful effects from
WPLssucrose ratios, bioactives concentrations, or bioac-
tives sources on the diameters of drops formed by disper-
sions. The only exception to these findings was from the
Tukey’s HSD test used to separately evaluate the effects of
bioactives concentrations on drop diameters for disper-
sions containing 1:1 WPLsucrose and cranberry extract,
where the increase in drop diameters between 0.5 and 1%
cranberry extract PP was considered significant. As
already noted, this specific case can likely be attributed to
enhanced viscosities and air-holding in the dispersions.

Conclusions

In these experiments, we aimed to continue our investi-
gation into the effects of bioactives on the physical prop-
erties of dispersions containing different WPI:sucrose
ratios. Mixing with Aronia berry extract elicited measur-
able alterations in the viscosities, surface tensions, and
particle sizes of dispersions in earlier studies, with
changes being attributed to non-covalent protein-PP
complexation interactions (Hansen et al. 2021a, b). To
build from these findings, we identified a variety of

Fig. 9 Image depicting the precipitated fractions (highlighted in boxes)

extract (Left). *COLOR USAGE NECESSARY*

of 7 times diluted, centrifuged dispersions with 1:0 WPI:sucrose and 0%
bioactives (Left) and 1% bioactives from pure gallotannin (Center, Left), Aronia berry extract (Center), beet extract (Center, Right), and cranberry
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bioactives sources that possessed diverse structures and
sizes for comparison with Aronia extract, including pure
gallotannin, beet extract, and cranberry extract. We hy-
pothesized that bioactives/extracts with larger molecular
sizes and more hydroxyl groups and hydrophobic re-
gions (such as proanthocyanidins from cranberry extract
and pure gallotannin) would be likely to interact more
extensively with WPI, which may result in greater meas-
urable changes in physico-chemical properties of disper-
sions. We observed the largest shifts in the surface
tensions, viscosities, and particle size distributions for
dispersions formulated with cranberry extract, with the
predominant bioactive compound present being
proanthocyanidins, condensed tannins that are known to
have a high propensity for protein-PP complexation in-
teractions. Dispersions formulated with beet extract,
with the predominant bioactive compound present being
relatively small-sized betanins, exhibited the least extent
of changes in physical properties, likely due to the low
relative quantities of hydrophobic regions and hydroxyl
groups available for interactions. This work expands on
earlier reports, providing more information on the phys-
ical effects of adding different bioactive compounds to
concentrated WPI dispersions, and continuing the in;
.vestigation into the potential for non-covalent protein-
bioactive interactions in these feed systems that are ul-
timately intended for dry bead formation as potential
bioactives delivery vehicles (Hansen et al. 2020, 2021c).
These findings may inform the formulation and process-
ing stages in the development of functional and nutri-
tional products with high protein contents and natural
extracts used as colorants or sources of bioactives, as
significant changes in the physical properties due to the
addition of relatively low levels of some types of bioac-
tives may compromise desired sensory attributes.
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