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Abstract: Interactions between wine proteins and polysaccharides have the capacity to regulate
the stability, shelf-life, and turbidity of red wines. Understanding these macromolecular interac-
tions helps with maintaining stability and reproducing high quality wines. Model polysaccharides
(carboxymethyl cellulose, mannoproteins, and fruit pectin) and model proteins (egg white and oat
protein) were selected to assess protein–polysaccharide interactions within a model wine solution.
The wine-like solution was created to simulate the correct pH, ethanol strength, and pigment content.
Any interactions with polymeric pigments—anthocyanins and tannins—can also be investigated
in this matrix. To analyze the aggregative potential of the macromolecules, particle size and Zeta-
potential (ζ-potential) measurements were recorded for the samples with increasingly complex
compositions. Carboxymethyl cellulose was found to increase particle sizes, likely binding more
than proteins, but also improved the overall stability of the solution. Fruit pectin and mannoprotein
were effective at causing precipitation while not removing the color of the model wine. The use of
mannoprotein ensued in overall smaller particles for both suspended aggregate and precipitate sizes,
indicating higher selectivity. Fruit pectin increased precipitate sizes and decreased suspended aggre-
gate sizes. This study implements model proteins to evaluate complex macromolecular interactions
using measurements of ζ-potential and particle size.

Keywords: macromolecule; protein; carboxymethylcellulose; pectin; mannoprotein; fining; precipitate;
red wine

1. Introduction

Protein presence in wine, even in low concentrations, can significantly impact the
stability and turbidity of the product [1]. However low the concentration, protein interac-
tion with other wine constituents, especially phenolic compounds and polysaccharides,
is the primary provenance of haze formation [2]. Regardless of the grape variety, the
haze-causing proteins left after the winemaking process are pathogenesis-related (PR). PR
proteins actually contribute to an elevated disease resistance in grape cultivars, but their
presence leads to instabilities in the finished wine [3].

Egg whites are predominately used in red wine to remove harsh precipitable tan-
nins [4], though their use is tedious as the protein denatures and precipitates rather
quickly [5]. Egg white proteins are a blend of twelve or more differing proteins; how-
ever, in comparison to wine proteins, they are chemically similar. The molecular masses of
the egg white proteins range from 14 to 76 kDa, while their isoelectric points range from 3.9
to 10.7 [1]. This is very similar to the molecular masses of wine proteins ranging from 11 to
65 kDa and possessing isoelectric points from 4.1 to 8.0 [1,6], so egg white makes a beneficial
model wine protein, in addition to their use as a fining agent. Sommer et al. estimate
85% of egg white proteins to be of the same range as wine proteins. Egg white proteins
comprise approximately 66% albumin, 2–8% globulin, 11% ovomucoid, 3.5% ovomucin,
3.4% lysozyme, and several other proteins [1].

Oat is a favorable source of protein as it presents no common allergic characteristics
and can function as an antioxidant, among other functions [7]. Oat protein, depending on
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the variety, is composed of 70–80% globulin, 4–15% prolamins, 1–12% albumin, and <10%
glutenin, which is a type of glutelin [7]. This is markedly similar to the grape endosperm
protein content found by Gazzola et al. [8], who reported 58.4% globulin and albumin with
the rest being prolamin and glutelin. The molecular masses of oat proteins fall between 10
and 90 kDa, with the majority between 54 and 60 kDa [7], which is also very similar to the
wine proteins. Oat proteins also have very comparable isoelectric points, ranging from 4 to
7.5 [9].

Polysaccharides are the primary contributors to the organoleptic properties of wines
but also influence stability and clarity [10]. The polysaccharides commonly found in wine,
such as pectin from the berry cell wall, are very diverse, and their size, structure, and
type all influence the interactions of polysaccharides with other constituents. Certain
polysaccharides have been able to reduce or slow haze formation by interfering with
particle charge interactions [11], and their interaction with other wine constituents can
create “protective colloids” [10], which can be used to prevent precipitation of pigments,
tannins, and anthocyanins.

Carboxymethyl cellulose (CMC) has been used within wines to stabilize tartrate salt
and control the growth of potassium bitartrate crystals [12]. CMC has been known to
interact with the majority of other wine components and is likely to increase protein
turbidity [12,13]. Another common issue with CMC is the observed color loss, which has
been identified as the consequence of a protein-bridged reaction with anthocyanins [13].

Mannoproteins are polysaccharides derived from Saccharomyces cerevisiae yeast cells
and have been used to stabilize proteins, tartrates, and wine color [11,14]. Protective and
haze-reducing properties, although potentially not long-term [15], have also been observed
in mannoproteins [2,16]. They can inhibit the crystallization of tartrate salts, reducing
precipitate formation [15], and have been reported to improve thermal stability of the
wine [17]. However, various yeast sources do have different compositions, so they can
behave differently depending on the mannoprotein’s origin [18].

Pectic polysaccharides affect wine clarity and viscosity but have been identified in-
teracting with phenolic components [2]. Studies have reported that pectin fragments can
lead to competitive dissociation with tannin–protein interactions [12] and interact with
anthocyanins to form colored compounds that can be resistant to polymerization [19]. It
should be acknowledged that, like mannoproteins, the method of extraction and source of
pectin can lead to significant compositional or structural variation [20].

Tannins, obtained from the skins and seeds of grapes, contribute to the structure,
taste, color, and aging process of red wines. They are categorized as either condensed
or hydrolysable [10]. Condensed tannins can have an astringent or bitter taste, so they
heavily contribute to wines’ flavor profiles [21]. Anthocyanins are water-soluble flavonoids
that are the source of color in red grapes and wines [22]. They are also known to aid in
wine and foam stability, as well as stabilize tannins and improve wine color [10]. Poly-
meric pigments, consisting of anthocyanins, tannins, and other phenolic compounds, are
more resistant to sulfite bleaching than their smaller counterparts, and therefore, provide
the stable color of aged red wines [23]. The most recent classification of polymeric pig-
ments differentiates between protein-precipitable (PP) and non-precipitable pigments (NP).
Pigments may precipitate with the other wine constituents, specifically polyphenols and
polysaccharides [24].

Zeta-potential (ζ-potential) measurements are representative of the electrokinetic
potential of colloidal dispersions; therefore, these values can be used to assess the stability
of the system [25]. The ζ-potential values are measured at the boundary between the
stern and diffuse liquid layers of the particles within the suspension. The charge of the
value denotes the overall charge of particles within the sample. Large values, regardless of
charge, signal a high repulsion amongst particles, and therefore, a lower probability that the
particles would aggregate [26], while low ζ-potential values indicate a greater possibility of
precipitation. The isoelectric point (pI) is also the pH level at which the ζ-potential would
theoretically equal zero. Since ζ-potential values also represent the charge of suspended
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particles, the impact particle charge has on the macromolecular interactions can also be
evaluated. Sommer et al. indicates that precipitation is greatly affected by the suspended
particle charges [13]. Since pH levels higher than the IEP generate a negative charge and
levels lower than the IEP create a positive charge [27], Sommer also concluded that pH can
drive precipitation reactions [13]. The same conclusion of charge-driven interactions was
reached by Graves and Sommer during their evaluation of protein–polyphenol interactions,
specifically in the presence of polysaccharides [28].

Aggregate size measurements are exceedingly important when evaluating aggregation
and precipitation tendencies of the macromolecules. This assessment provides insights
into the polysaccharide–protein interactions and how each influences haze or precipitation.
Describing macromolecular and wine constituent behaviors can provide knowledge for
adjustments within the winemaking process to produce and replicate stable, high-quality
wines [1]. The most direct, effective method to clarify and stabilize wine would be to remove
the macromolecules causing instability and haze formation. This common wine clarification
technique uses fining agents, absorptive substances, to remove wine constituents that
contribute to haze or precipitate formation. The inorganic fining agent bentonite has an
unfavorable influence on wine quality but is currently the most frequently used fining
agent [2,10]. Some beneficial wine constituents and positively charged compounds are
removed due to bentonite and most other fining agents, which are non-protein specific [2].
This can reduce the organoleptic properties that improve the quality of the wine. This same
issue arises with ultrafiltration methods that are used for protein stabilization [2,29]. More
investigation is required to determine the success of potential alternative fining agents.
Sommer and Tondini examined carboxymethyl cellulose, chitosan, polystyrene, and a
Saccharomyces paradoxus yeast strain in comparison with bentonite. Chitosan and the yeast
strain both proved promising for selective fining. Carboxymethyl cellulose and polystyrene
require further examination regarding their interactions with wine proteins [30]. Further
research is also being conducted on the potential for mannoproteins as fining agents [10,29].
Egg albumin, milk caseinates, and fish gelatine are other alternatives that are used to bind
larger polymeric materials, but knowledge of their selectivity for and interactions with
wine proteins is limited [10].

The objective of this study was to demonstrate the use of ζ-potential and particle size
measurements in a wine model system to identify interactions on a molecular level. The
technique evaluates both the suspended particles and those that have precipitated out
of solution. The suspended particles present information as to how the polysaccharides
and proteins interact and aggregate, while any focus on the precipitates can illuminate
any potential as additives or fining agents. Precipitate size measurements also grant a
closer look at whether the polysaccharides could be binding mostly proteins or the other
suspended macromolecules that are important to a wine’s profile.

2. Materials and Methods

The three model polysaccharides selected for macromolecular interaction analysis
were carboxymethyl cellulose (AEB-Group, Brescia, Italy), Sure-Jell Premium Fruit Pectin
(KraftHeinz Sure-Jell, Northfield, IL, USA), and MANNOSTAB™ LIQUIDE 200 (Laffort,
Petaluma, CA, USA). To simulate the proteins occurring in wine, two model proteins were
selected: egg white protein (The Barry Farm, Wapakoneta, OH, USA) and oat protein
(Lantmännen, Norrköping, Sweden). The particle sizes of the polysaccharides and proteins
were considered as they had to be well suited for measurement by the Malvern Nanoseries
Zetasizer (Malvern Panalytical, Worcestershire, UK).

The model wine solution created contained 103 g/L of 200 proof ethanol, 2.7 g/L
tartaric acid, 2.0 g/L malic acid, and 0.15 g/L potassium metabilsulfite (all chemicals from
Sigma-Aldrich, Burlington, MA, USA). The pH was then adjusted to 3.5 with potassium hy-
droxide using the HI2209-01 Benchtop pH/mV Meter (HANNA Instruments, Woonsocket,
RI, USA). Then, 1.0 g/L anthocyanin extract (non-commercial as described in [13]), and
1.0 g/L grape skin tannins (UvaTan™, Scott Laboratories, Petaluma, CA, USA) were added
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to the solution. This solution had slight precipitate formation with minimal-to-no haze, so
the solution was centrifuged—using the 5804 R Benchtop Centrifuge (Eppendorf, Ham-
burg, Germany)—prior to the addition of the model polysaccharides and proteins. The
precipitates within the model wine were discarded to ensure that any precipitates formed
during the study were the result of polysaccharide or protein addition.

Each macromolecule was dissolved, individually, at 0.25%, 0.5%, and 1.0% concen-
tration in 10 mL of deionized water at neutral pH—and then within 10 mL of the model
wine solution. The individual assessments indicate the influence of the concentration on
the system’s stability and individual particle sizes prior to evaluating any macromolec-
ular interactions. The 0.25% concentration levels resulted in the most accurate, accord-
ing to sample standard deviation, particle size and ζ-potential measurements. This also
promotes better dissolution of the macromolecules within the model. As such, 0.25%
concentrations of macromolecules were used for the samples with any combination of
macromolecules. Varying concentration measurements were considered to better under-
stand any significant interactions.

The macromolecules were dissolved in 10 mL of the wine-like solution at room tem-
perature, maintaining the individual 0.25% concentrations, in 15 mL tubes. To prevent
denaturation, mechanical agitation was used to dissolve the samples, and heat and ultra-
sounds were avoided. These samples were then stored overnight at 4 ◦C.

The Malvern Nanoseries Zetasizer recorded particle size and ζ-potential measure-
ments. The ‘Protein’ Standard Operating Procedure (SOP) was used for the samples with
a refractive index of 1.450 and absorption value of 0.001. The temperature was set to
25 ◦C and the equilibration time to 120 s. The measurements were performed in the same
cuvette and capillary cells, supplied by Sarstedt Küvetten (Sarstedt, Nümbrecht, Germany)
and Malvern Nanoseries (Malvern Instruments, Worcestershire, UK), respectively. Three
measurements were recorded for both particle size and ζ-potential. It should be noted that
precipitates were either settled or centrifuged prior to the ζ-potential measurements being
recorded. Therefore, the stability evaluation is of the suspended particles post-precipitation,
not the stability prior to precipitation.

As the majority of samples contained precipitation, and the Nanoseries Zetasizer
only measures particle sizes from 0.3 nm–10 µm, the Malvern Mastersizer 3000 (Malvern
Panalytical, Worcestershire, UK) was required to report the size of the precipitates formed as
it measures particle sizes from 10 nm to 1000 µm. The hazy samples, precipitates included,
were transferred to the Mastersizer. The preset ‘Protein’ SOP was selected with a refractive
index of 1.450, particle density of 1.03, and absorption index of 0.001. The dispersant used
was deionized water, and its index was 1.33. A total of five measurements were taken and
then averaged.

The data analysis and visualization of suspended aggregates were generated using the
Malvern Nanoseries Zetasizer operating software (Malvern Instruments, Zetasizer software
v7.12, Worcestershire, UK). The Mastersizer and ζ-potential statistical visualizations were
created via SigmaPlot 11.2 (Systat Software Inc., San Jose, CA, USA). Statistical data analysis
was also performed with SigmaPlot 11.2.

3. Results and Discussion
3.1. Individual ζ-Potential and Particle Size Baseline Measurements in Neutral pH

The dissolution of egg white proteins (EWPs) in deionized water indicated slightly
better stability at lower concentrations. The ζ-potential at 0.25% and 1.0% EWP measured
−21.2 mV and −18.3, respectively. There was little to no difference in the particle sizes
measured between these two concentrations. EWP aggregate size peaks were measured at
183.4, 6.757, and 4314 nm.

Oat proteins (OP) also had very minimal differences between ζ-potential values:
−30.65 mV at 0.25% OP, and −31.5 mV at 1.0% OP. There was also little to no difference
between the particle sizes measured at the individual OP concentrations. At 0.25% OP, the
particle size peaks were measured at 299.2 and 45.3 nm, which were smaller values than
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those for the suspended EWP aggregates. The oat proteins did not completely dissolve
within the neutral pH sample, so the insoluble particles were excluded post-centrifugation.

Burken and Sommer (2024) previously determined that, according to ζ-potential
measurements, carboxymethyl cellulose (CMC) was more stable in higher concentrations,
but did possess larger particle sizes. Both the fruit pectin (FP) and mannoprotein (STAB)
had better stability at lower concentrations. The particle size peaks for 0.25% CMC, 0.25%
FP, and 0.25% STAB were measured at 291.9, 318.8, and 337.8 nm, respectively [31].

3.2. Individual ζ-Potential and Particle Size Measurements in Model Wine

The macromolecules were individually analyzed within the model wine solution to
assess how their varying concentrations might affect the ζ-potential value and particle size
measurements. The baseline ζ-potential of the model wine, without any added polysac-
charides or protein, was −9.75 mV. The only suspended particle size measurement was
averaged at 314.4 nm. This size measurement would correspond to the anthocyanins and
grape skin tannins that remained suspended after centrifugation. After centrifugation of
the model wine, no precipitates remained in the sample, so any later precipitation is due to
the presence of polysaccharides or protein. For this reason, the precipitates in the model
wine were not measured.

The dissolution of EWPs in the model wine reliably resulted in precipitate and some
haze formation within the samples. Though the model wine solution possesses a negative
ζ-potential, the addition of EWPs ensued in a positively charged system. The positive
charge is due to the isoelectric point of the majority of egg white proteins being greater
than 3.5. The overall stability of the system was reduced by EWP addition. The 0.25% EWP
sample possessed a 6.77 mV ζ-potential, less stable compared to the starting −9.75 mV
ζ-potential. There was a negligible change between the 0.25% and 1.0% EWP concentrations.
The 1.0% EWP ζ-potential only differed 0.45 mV from the 0.25% EWP sample, and the 0.5%
EWP sample was 1.5 mV higher for both the 0.25% and 1.0% concentrations, so no clear
trend in stability was observed with the change in EWP concentration. The suspended
particle sizes increased as the EWP concentration increased. At 0.25% EWP, the particles
measured 488.7 nm (Figure 3), while at 1.0% EWP, the particles measured 1151 nm. This
demonstrates the increased aggregation of the egg white proteins at higher concentrations.
The precipitates were sized at 6720 and 82.35 nm when EWP was present in the model wine
(Figure 4). The Mastersizer somewhat negates changes in concentration as the sample is
dispersed in the deionized water, so the samples present nearly the same precipitate sizes.

Oat protein also resulted in precipitate formation; however, there was no haze with
the OP samples, particularly post-centrifugation. The negative ζ-potential was maintained
within the OP samples, which were more stable at the lower concentrations of oat protein:
−6.36 mV at 0.25% OP, and −4.35 mV at 1.0% OP (Figure 1). These values indicate that
adding oat proteins to the wine solution decreases stability, and therefore, increases the
likelihood of precipitation. The oat protein had much smaller suspended particles than the
egg white protein, and though few, larger precipitates were also detected. The precipitates
were measured at a peak of 81.2 µm (Figure 4). The suspended particle sizes increased with
the concentration of oat protein, measuring 336.2 nm at 0.25% OP, 422 nm at 0.5% OP, and
647.9 nm at 1.0% OP. Despite the clear precipitation, there was very minimal haze seen at
the varying concentrations of oat protein, which is supported by the smaller suspended
particles measured.

CMC was the only polysaccharide that made the suspension more stable, according to
the definition of ζ-potential. It was also the only polysaccharide with a larger ζ-potential
value, indicative of better stability, at higher concentrations. Given the large negative
ζ-potential, it was expected that smaller particles would be detected since larger particles
are less stable and more likely to precipitate. However, CMC gave rise to the largest
suspended particle sizes out of the evaluated polysaccharides (Figure 2). This does suggest
that the interaction between CMC and anthocyanins or tannins is minimal, as previously
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suspected [13]. This is favorable for a fining agent since, ideally, only proteins, which are
not present in this sample, would be removed.
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Figure 1. The individual ζ-potential measurements of the proteins and polysaccharides at 0.25%,
0.50%, and 1.00% concentrations in model wine solution. The error bars represent the variability (stan-
dard deviation) between the three ζ-potential measurements taken for each sample. (EWP: egg white
protein, OP: oat protein, CMC: carboxymethyl cellulose, FP: fruit pectin, STAB: mannoprotein). An
asterisk indicates statistically significant differences (α = 0.05) between concentrations if applicable.
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Figure 2. Zetasizer measurements of the suspended particle sizes formed by the interactions of
polysaccharides—carboxymethyl cellulose (CMC), fruit pectin, and mannoprotein—in the model
wine solution, at pH 3.5, on a logarithmic scale (distributed by intensity).

There was some precipitation, or insoluble particles, observed with fruit pectin (FP)
incorporation into the model wine solution; however, the sample was otherwise clear with
no haze present. The solids observed were measured at 186 and 9.27 µm. There was a
very minimal change in the measured stability. Dissolving fruit pectin in the model wine
resulted in a slightly less stable solution, with a decrease in the absolute ζ-potential from
−9.75 mV to −7.97 mV. Changes in FP concentration did not appear to affect the ζ-potential
values (Figure 1); however, slightly larger suspended particles were observed at lower
concentrations. The measured suspended particle size was 354.0 nm at 0.25% and 259.4 nm
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at 1.0%. Though the change in concentration was minimal, this was unexpected since lower
concentrations would generally lead to less aggregation.

No precipitation was observed for the samples that contained only Mannostab™
(STAB), despite the instability indicated by very small ζ-potential values. The ζ-potential of
0.25% STAB was −3.07, while the value for 1.0% STAB was only slightly lower at −2.74 mV.
Based on these values, increasing concentrations of STAB lead to minor and insignificant
reductions in stability. The higher STAB concentrations also produced slightly larger
suspended particles. Peak particle sizes of 371.1 and 57.17 nm were observed in the 0.25%
STAB sample. Increasing the concentration to 1.0% STAB resulted in a peak at 435.3 nm,
while the smaller measurement was not observed. It was expected that greater amounts
of STAB would increase aggregation, and therefore, the size of aggregates. Given the low
ζ-potential, the inclusion of Mannostab™ in the model wine should result in precipitation
once other macromolecules are introduced.

3.3. ζ-Potential and Particle Size Measurements of Protein–Polysaccharide Interactions in
Model Wine

The egg white protein samples had considerably larger suspended particle sizes than
the oat protein samples. This was most pronounced when in the presence of CMC (Figure 3).
The only exception to their different suspended particle sizes was their isolated interactions
with the fruit pectin or the Mannostab™. The EWP/FP and EWP/STAB suspended particles
were 316.6 and 392.6 nm, respectively, while the OP/FP and OP/STAB sizes were 378.0 and
344.9 nm, respectively. Based on the overall larger suspended particle sizes associated with
the egg white protein, it appears that precipitating the egg white was more challenging
than the oat protein.
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Figure 3. The Zetasizer measurements of the suspended particles developed during the egg white
(a) and oat protein (b) interactions with polysaccharides—carboxymethyl cellulose (CMC), fruit
pectin, and mannoprotein—in the model wine solution, at pH 3.5, on a logarithmic scale (distributed
by intensity).

The precipitate sizes of EWP and OP were actually most similar in the presence of
CMC (Figure 4). The most obvious difference in precipitates was observed with their inter-
actions with fruit pectin and/or Mannostab™. The largest precipitates recorded occurred
between EWP and FP, while the smallest were the result of EWP and STAB interaction
(Figure 4). There were very little differences in the precipitate sizes formed with the oat pro-
tein (Figure 4); OP/FP and OP/STAB had the same peak precipitate measurements—81.2
and 12.7 µm. Overall, the oat protein samples were all very similar, both the precipi-
tate and suspended particle size measurements had little to no change between varying
polysaccharide interactions.
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Figure 4. Mastersizer measurements of the precipitates that resulted from the egg white (a) and oat
protein (b) interactions with polysaccharides—CMC, fruit pectin, and mannoprotein—in the model
wine solution, at pH 3.5, on a logarithmic scale (distributed by volume).

The egg white and oat protein samples had roughly the same overall stability, but
other than in the presence of CMC, the egg white protein systems possessed an overall
positive charge, while the oat protein systems were negative (Figure 5). This would indicate
that the EWPs, or any particles formed from their subsequent interactions, have a lower
isoelectric point than the OP. The oat protein also saw incredibly little variation in size
measurements, unlike the egg white protein (Figures 3 and 4), both before and after the
inclusion of polysaccharides. This could indicate that the egg white proteins more readily
interact with other compounds than the oat proteins.

The majority of CMC interactions produced larger suspended particle sizes compared
to the fruit pectin and mannoprotein (Figures 2 and 3), but the precipitate sizes remained
consistent across the samples. CMC was the only polysaccharide that maintained the nega-
tive ζ-potential despite protein addition and precipitate formation. Since the ζ-potential of
CMC is so negative, and wine pH levels are below the pI of most proteins, it is extremely
likely to bind the proteins present. This can be observed better through its interactions
with FP and STAB, both of which also have a negatively charged system, as they did not
result in precipitate formation. This leads us to believe that its affinity towards proteins is
very strong. However, regarding the fining ability of CMC, the larger suspended particle
sizes are problematic as they are likely to eventually precipitate. The samples containing
a protein and CMC presented obvious color loss, meaning the polymeric pigments were
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precipitated along with the protein(s), which is unsuitable for fining agents. However,
CMC could still be used as a fining agent in white wines.

The samples without the CMC present contained minimal or no haze despite pre-
cipitating. This may be partially due to the greater stability associated with the CMC
samples. According to the definition of ζ-potential [25], particles are more likely to remain
suspended rather than precipitate out of the sample. Given that there are proteins within
the solution, this would potentially lead to more haze formation. CMC also had adverse
effects regarding color removal from the sample. This was not observed with the fruit pectin
and/or mannoprotein samples. Sommer et al. recognized that color loss associated with
CMC was the result of a protein-bridged reaction with anthocyanins [13]. This explains
why total color loss was not observed with CMC alone but once the proteins were included.
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Figure 5. ζ-potential of the oat protein (OP) and egg white protein (EWP) and their subsequent inter-
actions with the polysaccharides—carboxymethyl cellulose (CMC), fruit pectin, and mannoprotein.

Although fruit pectin addition did not produce any haze within the solution, it did
result in a small amount of precipitate. And though few, these precipitates were the largest
recorded amongst the samples. The particles left suspended after centrifugation were much
smaller than those left within the samples containing CMC (Figure 3). Since fining methods
aim to leave the wine more stable, smaller suspended particles would be more favorable.
Adding fruit pectin also left the sample slightly less stable, but given its potential purpose
to precipitate protein, it is reasonable that the stability would be reduced.

STAB reduced the size of suspended and precipitated aggregates in most of the
samples, excluding those with FP present (Figures 3 and 4). This indicates that STAB could
have better selectivity for proteins, likely binding fewer anthocyanins and/or tannins. The
smaller precipitate sizes could suggest that fewer, or smaller, polysaccharide–polyphenol
adducts were formed with STAB presence than with the other polysaccharides, indicating
greater selectivity. However, this might also mean that the proteins may not be fully
removed. The presence of STAB also reduced the stability of each solution, so partial
protein precipitation would be much more likely after a mannoprotein is introduced.

Macromolecular charges are also a major contributor or driving force behind interac-
tions [1]. The strong negative charges of CMC and the positive charges of EWP (Figure 5),
and therefore, attractive electrostatic forces, may also be important contributors to the large
particle sizes observed (Figure 3). The equal but opposite charges between FP and EWP
may contribute to such large precipitations (Figure 4), yet smaller observed particle sizes
(Figure 3). Inspection of charges can also explain the smaller suspended aggregates. Since
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OP is negatively charged in the wine-like solution, like the polysaccharides, this could
help explain the suspended aggregates being consistently smaller than the particles found
within the EWP samples.

It is important to note that the change from a negative to a positive ζ-potential value
consistently resulted in precipitation. As the charge changes from negative to positive, the
ζ-potential value intersects 0 mV, which should be at a pH equal to the macromolecules
isoelectric point (pI). Considering proteins, they are generally least soluble at their pI,
which results in isoelectric precipitation [32]. This is when the change in pH is responsible
for precipitate formation in the sample. For two or more macromolecules with similar
isoelectric points, especially around the model wine pH, the increased acidity reduces
repulsive electrostatic forces [3] and may be the driving force behind the formation of larger
aggregates. This would imply that when the isoelectric point of the dry mixture is reached,
the macromolecules would precipitate out of the solution. This is not a requirement for
precipitation to occur but would be a major contributor.

4. Conclusions

Overall, within the model wine, egg white and oat proteins behaved similarly with
only a few differences. The egg white protein samples possessed a positive ζ-potential,
while the oat protein systems were negative, though they were around the same stability.
The egg white proteins had greater haze formation and variation in particle size measure-
ments than the oat protein. Though not necessarily advantageous for the wine quality, their
effectiveness as a model wine protein depends entirely on their closeness to the behavior of
grape proteins found within real red wines.

None of the polysaccharide–polysaccharide interactions caused visible haze, which
was also supported by the results finding smaller suspended aggregates, so it can be
hypothesized that the haze is the result of protein presence in the sample. There was also
little to no precipitation observed, so it may be assumed that the polysaccharide affinities
for each other are lower than their affinities towards the proteins, both within the model
wine and at a neutral pH [31].

The mannoprotein presence had minimal impact on precipitate formation but did
remove the haze associated with the egg white. There was very little difference in precipitate
sizes from the baseline protein precipitates to the precipitates formed after STAB was
introduced to the sample. This would indicate greater selectivity but perhaps less effective
fining, depending on the composition of the precipitates. The fruit pectin showed promising
fining capability as it affected the protein precipitation. Fruit pectin also left the samples
without haze and slightly more stable than the mannoprotein, both beneficial attributes of
a fining agent. Though CMC did result in precipitation and possessed the greatest stability
post-precipitation, its selectivity is problematic. CMC had adverse effects on the aggregate
sizes and the model wine color.

The usefulness of these polysaccharides is heavily contingent on their selectivity to-
wards proteins. Therefore, assessing the composition of precipitates formed would further
the applicable knowledge of these macromolecules. Since proteins denature with heat,
protein haze is especially common once stored wine is warmed. However, increased tem-
peratures should be evaluated to determine how they affect the stability and precipitation
ability of the polysaccharides. Their stability long term and in the presence of heat are
extremely important considerations for any potential additive or fining agent. Analy-
ses of ζ-potential and particle size are tools providing unmatched insight into molecular
interactions and the resulting overall stability of a complex system like wine.
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