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1. Introduction

Investigating the suitability of sunflower
press-cake proteins in formulated sports
beverages+

Girotto Francesca, {2 Ceccanti Costanza, (' ® Narra Federica® and Piazza Laura*?

In a context where whey proteins currently dominate the protein sports beverage sector and pea pro-
teins are usually commercialized as protein sources, this study proposes using sunflower press-cake,
which contains approximately 44% protein, as an alternative and sustainable protein source. After the
extraction from the press-cake, sunflower proteins were dispersed in an agueous medium with varying
xanthan gum concentrations (0.2%, 0.4% and 0.6% w/v) to simulate protein-rich sports beverages. Their
performance was compared to that of whey and pea proteins, each at a 10% concentration. To enhance
protein dispersibility and align with the trends of alkaline beverages, a K—P buffer at pH 9 was used as the
dispersion medium, and 0.2% caffeine was included for cognitive benefits. Pasteurized dispersions were
tested for rheological behavior and physical stability at 4 °C. Sunflower proteins, with a total polyphenolic
content (TPC) of 35.2 mgcae 9o - outperformed whey (0.8 mgcae 9os 2) and pea (2.8 Mgcae Ios ™)
proteins. Sunflower dispersions exhibited a significantly lower volatile profile than those enriched with
pea or whey proteins, reducing the need for odor-masking agents. Additionally, sunflower dispersions
had a lower flow index than whey or pea dispersions, indicating easier processing. Despite the promising
flow behaviour and optimal physical stability (stability index < 1.0), in vitro bioaccessibility analysis
revealed a similar percentage of protein bioaccessibility between pea and whey dispersions, while
sunflower ones had the lowest percentage. TPC bioaccessibility followed a similar trend. These findings
highlight the feasibility of incorporating sunflower proteins into sports beverages, broadening options for
formulators and promoting sustainability by repurposing agricultural by-products and adopting plant-
based proteins.

prefer functional beverages due to their convenience and rapid
consumption, especially during training or prolonged athletic

The global market for functional beverages, valued at approxi-
mately USD 175.5 billion in 2022, is projected to reach around
USD 339.6 billion by 2030, growing at a compound annual
growth rate of approximately 8.6% from 2023 to 2030." This
growth reflects a growing consumer interest in health and well-
ness, as functional beverages not only provide hydration but
also offer specific health benefits tailored to various lifestyles.
In particular, athletes and active individuals increasingly
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exertion. Sports beverages are considered functional products
specifically formulated to ensure proper hydration and nutri-
ent intake before, during, and after physical activity. The devel-
opment of new sports beverages is guided by several objectives,
including benefits at both physical and cognitive levels, a
short list of ingredients, and sustainable production prac-
tices.> The evolution of sports beverages has seen a diverse
range of products designed to meet various needs, including
facilitating rapid fluid absorption, supplying carbohydrates for
energy during exercise, and promoting post-workout recovery.”
Given that sports beverages are characterized by their specific
functionalities tailored to different training phases, recent
research has highlighted the importance of protein in these
beverages, particularly post-exercise, for maintaining nitrogen
balance and reducing amino acid oxidation.* Originally
intended for athletes, sports beverages have expanded beyond
their niche market and are now embraced by a broader consu-
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mer base, fueled by the increasing demand for healthy and
protein-rich diets worldwide. Companies are strategically
developing and marketing a wide array of protein-rich bev-
erages, typically with 6-10% protein content,* capitalizing on
the allure of the health claims associated with these products.

The formulation of these beverages typically includes water,
sweeteners, vitamins (particularly B-complex vitamins for
energy metabolism), and antioxidants.” Key fortifying ingredi-
ents such as omega-3 fatty acids, caffeine, and resveratrol are
sought after for their cognitive health benefits.” Regarding the
protein source, protein supplementation in beverages initially
stemmed from cost-effective by-products of oil and cheese
manufacturing processes,” such as whey, the residual liquid
from cheese production, and soy protein isolates, extracted
from soybeans typically after soy oil extraction. Nowadays, the
preferred sports beverages by athletes are prepared using whey
proteins.® Egg proteins such as ovotransferrin, ovomucin, and
ovalbumin with a complete amino acid profile are also being
used in the development of ready-to-drink protein beverages
for physical strength and muscle building.” Aligned with con-
cerns regarding food security, animal welfare, and low environ-
mental impact, plant-derived proteins have shown promise for
the production of high-quality beverages. Legumes, pulses,
seeds, and nuts are often highlighted as great sources of
protein, mainly oil industry by-products, like press-cakes,
which are protein-rich, but still poorly explored as food.®
Nevertheless, just a few brands stand out promoting vegetable
protein sources, mainly pea and soy proteins.

Unfortunately, a limitation of the inclusion of vegetable
protein sources in protein-rich beverages is their lower bioac-
cessibility when compared to animal protein sources,’ as indi-
cated by a protein digestibility-corrected amino acid score
(PDCAAS) that can be as low as half that of animal sources."®
At the same time, the advantage of using a plant protein
source is its well-known richness in phenolic compounds and
other antioxidant molecules which enhance the beverage
quality."* For these reasons, researching new plant-based
protein sources is again more important and stimulating.

Considering the sustainability objectives mentioned above,
and as a follow-up to our previous research,'? the study aimed
to investigate the potential upcycling of sunflower press-cake
as a sustainable and allergen-friendly protein source into
protein beverages. This study entailed comparing dispersions
formulated with sunflower, pea, or whey protein concentrates
using a concise list of ingredients consisting of soy lecithin,
xanthan gum, sucralose, and salt. The dispersions were pre-
pared in a buffer solution with pH 9, selected to enhance
protein solubility and absorption within the human body."?
This alkaline environment is known to support optimal phys-
iological functions, such as hydration, acid-base balance, and
anaerobic exercise performance.'* Flow behaviour and physical
stability responses were evaluated. Additionally, protein and
polyphenol bio-accessibility was assessed, along with the
sensory attributes of colour and odour measured through lab-
oratory instrumentation. Flavour adaptation and sensory ana-
lysis were beyond the scope of the present study.

This journal is © The Royal Society of Chemistry 2025
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2. Materials and methods
2.1 Protein materials and chemical reagents

Dehulled sunflower press-cake (DSPC) was provided by Savi
Italo Srl (Fiorenzuola d’Arda, Piacenza, Italy). Press-cake was
collected after cold press oil expression (in a range between 30
and 40 °C) from dehulled seeds using a single helix screw
press and stored under vacuum at room temperature. Whey
and pea protein concentrates were kindly provided by Biovita
Srl (Vicenza, Italy) and Cargill Incorporated (Minneapolis,
USA), respectively. Ketrol® RD (xanthan gum) was provided by
CP Kelco (Atlanta, USA). Soy lecithin, sucralose, and chemicals
were purchased from Sigma-Aldrich (St Louis, USA), Fisher
Scientific (Massachusetts, USA), and Merck KGaA (Darmstadt,
Germany).

2.2 Protein extraction from dehulled sunflower press-cake

Micronization, a process commonly achieved through mechan-
ical means that reduces the average diameter of a solid
material’s particles to enhance the surface area, was applied to
DSPC through a KMX-500 ultra-fine milling device (Separ
Microsystem, Brescia, Italy) operating at a frequency of 70 Hz.
This technique produced micronized flour with particles with
a diameter smaller than 700 pum, effectively breaking down
plant cell walls to improve access to intracellular proteins for
extraction.

Sunflower proteins were extracted at their isoelectric point
using the method of Zaky et al.'® Micronized DSPC was mixed
with distilled water at a meal to solvent ratio of 1: 10 (w/v). The
pH of the mixture was adjusted to 9.5 by using 1 N NaOH and
stirred for 2 h at room temperature. Subsequently, the mixture
was centrifuged (10 000g for 10 min at 4 °C). The supernatant
was collected, and the pH was adjusted to 4 using 1 M HCI.
After 30 min, the solution was centrifuged again (10 000g for
10 min at 4 °C), the supernatant was discarded, and the preci-
pitated proteins were collected and neutralized to pH 7 using 1
N NaOH. They were freeze-dried for 72 h using a LIO-5PDGT
lyophilizer (5pascal S.r.l., Milano, Italy) and stored at room
temperature until use.

2.3 Chemical analysis of the protein concentrates: whey, pea,
and sunflower

The total solids, ash, fat, and protein contents of whey, pea,
and sunflower protein concentrates were determined accord-
ing to the specific methods outlined by the AOAC."” In particu-
lar, for protein quantification, the Kjeldahl method was
employed, using a nitrogen-to-protein conversion factor of 6.36
for whey,'® 5.4 for pea protein,”® and 5.6 for sunflower
protein®® to accurately estimate the protein content.

Total phenolic content (TPC) was measured using the
Folin-Ciocalteu assay following the method outlined by
Dewanto et al.>' with few modifications. Methanolic extracts
were prepared by dispersing 1 g of protein concentrate into
20 mL of 70% (v/v) aqueous methanol. The mixtures were soni-
cated (Bandelin Sonorex RK31, GmbH & Co. KG, Berlin,
Germany) for 30 min, followed by an additional 30 min of stir-
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ring. The extracts were then filtered using Whatman No. 4
filter paper and suitably diluted with 70% (v/v) methanol. To
measure TPC, 0.5 mL of the diluted samples were mixed with
0.5 mL of the Folin-Ciocalteu reagent. After 3 min, 2 mL of
10% Na,CO; and 7 mL of distilled water were added to the
mixture. The resulting mixtures were shaken and stored in the
dark for 90 min. Absorbance was read at 750 nm
(Spectrophotometer V-650, Jasco, Japan). The data were com-
pared to a gallic acid standard curve and TPC was calculated
as mg gallic acid equivalents (GAE) per g of dry weight (DB).
All measurements were carried out in triplicate.

2.4 Dispersion preparation

Considering the specific protein content of each ingredient,
dispersions simulating protein-rich beverages were formulated
incorporating whey, pea, or sunflower proteins, as detailed in
Table 1. To align with the highest protein content typically
found in commercial sports beverages, which ranges from 6 to
10 g of proteins per 100 g of product, the three protein concen-
trates under study were added to achieve a 10% (w/v) protein
concentration within the beverage.

Instead of utilizing mineral water, protein concentrates
were dispersed into a potassium-phosphate (K-P) buffer
solvent at pH 9 (12.8 mM). To prepare the buffer, 1.74 g of
KH,PO, and 2.23 g of K,HPO, were dissolved in approximately
900 mL of distilled water. The pH was adjusted to 9.0 with
K,HPO,, and the final volume was adjusted to 1 L with dis-
tilled water. Soy lecithin (0.5% w/v) was added as an emulsifier
to all samples. Moreover, to resemble the composition of com-
mercial sports protein beverages, sodium chloride (0.15% w/v)
was included in the formulations. Sucralose (0.35% w/v) was
chosen as the sweetener due to its thermal stability, lack of cal-
ories, neutral taste, and its proven ability to enhance the bio-
availability of polyphenols.?” Based on the regulatory limits set
by the Food and Drug Administration on caffeine added to
beverages, such as energy drinks, at a concentration of 0.02%
and on the recommendation of the European Food Safety
Authority to limit the daily intake of caffeine up to 400 mg,
0.02% caffeine concentration was incorporated in the protein
dispersion under investigation.

For each protein type, three different formulations with
varying xanthan gum (XG) concentrations were prepared,
namely 0.2%, 0.4%, and 0.6% (w/v). XG is commonly added to

Table 1 Ingredients used in the preliminary protein-rich dispersions
prepared using a K—P buffer at pH 9

Ingredient % (W/v)

Protein ingredient 14.2 - sunflower proteins
12.5 - pea proteins

10.4 - whey proteins

Xanthan gum 0.0-0.2-0.4-0.6
Soy lecithin 0.5

Sucralose 0.35

Caffeine 0.02

Salt 0.15
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commercial food products at concentrations of 0.05-0.5%,
though higher levels have also been reported.>* Testing various
concentrations allowed an evaluation of their effect on the vis-
cosity and physical stability of the dispersions. The nine dis-
persions were mildly pasteurized at 58 °C for 30 min and then
refrigerated at 4 °C for at least 3 h before analysis. The mild
pasteurization step was conducted at 58 °C to avoid the onset
of protein gelation (Tonser), as indicated by the preliminary
temperature ramp data (ESI - Fig. S1}). Tonset Was 61.2, 61.5,
and 63.2 °C for sunflower, pea and whey dispersions,
respectively.

Samples were labelled as follows: S-0.2x, S-0.4x, S-0.6X,
P-0.2x, P-0.4x, P-0.6x, W-0.2x, W-0.4x, and W-0.6x; ‘S’ stands for
sunflower, ‘P’ for pea, and ‘W’ for whey protein sources and
the numbers indicate the percentages of xanthan gum (x)
added to the dispersions. For example, S-0.2x represents a sun-
flower protein dispersion with 0.2% xanthan gum.

2.4.1 Colour measurement. Dispersions’ colour was
measured using a tristimulus colorimeter (Chroma Meter II
Reflectance, Konica-Minolta, Tokyo, Japan). Calibration was
performed with Konica Minolta ceramic white pad 99%.
Colours were expressed in the CIE L*a*b* space, where L*
corresponds to lightness (0 = black; 100 = white), a* to the red-
green component (—128 = green; 127 = red), and b* to the
yellow-blue component (—128 = blue; 127 = yellow).

Eqn (1) was adopted to calculate the total colour difference
(AE) of pea and sunflower protein dispersions compared to
whey protein ones. Chroma (C*) and hue angle (%°) were calcu-
lated according to eqn (2) and (3), respectively.>®

AE = /(Lo — L)* + (@n — a0)? + (b — bo)* (1)
c*=(a"+b™2)"? (2)
b
B =tan™' (= 3
an (57) ()
Reported results are the average of seven replicates for each

sample.

2.4.2 E-nose. The volatile profile of the three protein dis-
persions was assessed using a commercial e-nose (PEN3,
WinMuster Airsense Analytics Inc., Schwerin, Germany). The
device consists of a sampling apparatus, a detecting unit with
a sensor array, and appropriate pattern-recognition software
(Win Muster version 1.6.2.17, Airsense Analytics GmbH) for
data recording and elaboration. The sensor array is composed
of 10 metal oxide semiconductor (MOS) type chemical sensors
whose characteristics are reported in Table 2. The sensor
response corresponded to the fractional value obtained by
dividing the resistivity of the sample (R; Ohm) by the resistivity
of the baseline (R,; Ohm). A volume of 15 mL was placed in a
40 mL airtight vial provided with a pierceable silicone Teflon
disc on the cap.

Since the pasteurized dispersions simulate a refrigerated
product, the analysis was conducted at 4 °C. After being
left overnight at 4 °C to allow the headspace to equilibrate

This journal is © The Royal Society of Chemistry 2025
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Table 2 Description of e-nose sensors

Sensor Sensitive substances Reference

S1 Aromatic compounds Toluene, 10 ppm
S2 Broad range sensitivity, nitrogen oxides NO,, 1 ppm

S3 Ammonia, aromatic compounds Benzene, 10 ppm
S4 Mainly hydrogen H,, 100 ppb

S5 Alkanes, aromatic compounds, less polar compounds Propane, 1 ppm
S6 Methane, broad range sensitivity CH3;, 100 ppm

S7 Sulphur compounds, H,S 0.1 ppm. Sensitive to terpenes and sulphur organic compounds, limonene, pyrazine H,S, 1 ppm

S8 Alcohols, partially aromatic compounds, ketones CO, 100 ppm

S9 Aromatic compounds, sulphur organic compounds H,S, 1 ppm

s10 Reacts at high concentrations >100 ppm, methane CH3;, 100 ppm

with the volatile compounds, the measurement started. The
headspace air, carrying the volatiles, was pumped over the
sensor surfaces for 60 s (injection time) at a flow rate of
300 mL min'; the sensor signals were taken at their
maximum value. After sample analysis, the sensors were
purged for 600 s with filtered air (purge time) and then, before
the next sample injection, the sensor baselines were re-estab-
lished for 5 s. Reported results are the average of seven repli-
cates for each sample.

2.4.3 Flow behaviour characterization of the dispersions.
The flow behaviour characteristics of the nine different protein
dispersions (with different xanthan gum concentrations) were
studied by performing shear flow tests using a CMT rheometer
(DHR-2, TA Instruments, USA), equipped with a 40 mm dia-
meter cone-plate geometry. Dispersions were subjected to
deformation within the shear rate range of 0.1-100 s™* (ref. 26)
to mimic the shear rates in the oral cavity. The apparent vis-
cosity at 50 s~ (174,50) was considered as the reference viscosity
for the swallowing process.”” The flow index was calculated
through the Power law model, which is defined according to
the following eqn (4):

n=rkxy"! (4)

where 7 stands for the shear viscosity (Pa s), k is the consist-
ency index (Pa s"), y is the shear rate (s™') and 7 is the flow
index. While n = 1 is characteristic of Newtonian fluids, values
of n < 1 indicate shear-thinning behaviour, where the viscosity
decreases with increasing shear rate, and values of n > 1
signify shear-thickening behaviour, where the viscosity
increases as the shear rate increases, leading to enhanced re-
sistance to flow.

An additional parameter evaluated was the yield stress,
derived by fitting the stress versus shear rate curves (ESI -
Fig. $21) according to the Casson model (eqn (5)):*®

TO,S — TOO.S + (np % };)0.5 (5)
where 7 is the shear stress (Pa), 7, is the yield stress (Pa), n;, is
the plastic viscosity (Pa s) and y is the shear rate (s™).

All tests were conducted at 4 °C. Data were elaborated
through software TRIOS 3.0.2.

2.4.4 Multiple light scattering. To study the physical stabi-
lity of the protein dispersions, multiple light scattering ana-

This journal is © The Royal Society of Chemistry 2025

lysis was performed using a MultiScan MS 20 (DataPhysics
Instruments GmbH, Filderstadt, Germany), an instrument
commonly used for evaluating the stability of commercially
marketed industrial products. The apparatus comprised three
sample stations and a detection head equipped with a near-
infrared light source (4,;; = 870 nm) scanning the length of the
sample’s height and acquiring transmission and backscatter-
ing spectra every 20 pm.>® The intensity of the backscattered
light read by two synchronous optical detectors depended on
the diameter and volume of the particles and on the relative
refractive index between the dispersed and continuous phases.
The analysis enabled identifying any instability phenomena
because any change due to a particle size variation (floccula-
tion, coalescence) or a local volume fraction variation because
of migration phenomena (creaming, sedimentation) was
detected by the optical device. Additionally, the instrument
recorded the alteration rate of the dispersions throughout the
test, providing insights into the particle migration velocities,
defined as the rate at which particles moved within the
dispersion.

For each sample, an aliquot of about 20 mL was placed into
flat-bottomed cylindrical glass vials (27.5 mm diameter,
70 mm height), avoiding air bubble formation. The analysis
was carried out at 4 °C for a period of 3 days (acquiring back-
scattering light spectra every 3 min for the first 4 h, every
6 min for the following 8 h, every 11 min for the next 24 h, and
every 30 min until the end of the testing period).

The Stability Index (SI) was calculated by applying the fol-
lowing formula (eqn (6)):

where n corresponds to the number of scans, X; corresponds to
the mean backscattering and transmission for each scan in the
experiment, and Xps is the average value of X;. SI values can
vary within the range from 0 to 100, with higher values indicat-
ing increasing instability. Low SI values correspond to minor
phase separation and are, therefore, typical of stable
dispersions.’>*' Data were elaborated using software MSC
v2.2.123.228 (DataPhysics Instruments GmbH). The analysis

Food Funct., 2025,16,1992-2003 | 1995
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was conducted as a single measurement, following standard
industry practices.

2.4.5 Protein and polyphenol bioaccessibility

2.4.5.1 Simulated gastrointestinal digestion. The in vitro
digestion process was conducted following the standardized
protocol established by the INFOGEST consensus method, as
described by Brodkorb et al.,** with few modifications. In vitro
digestion was simulated on sunflower, pea, and whey protein
dispersions characterized by 10% of protein content and pre-
pared as described in paragraph 2.4, without the addition of
xanthan gum. All the digestions were carried out in triplicate.
The in vitro digestion method involved the use of simulated
salivary fluid (SSF), simulated gastric fluid (SGF), and simu-
lated intestinal fluid (SIF) that were prepared using different
amounts of stock electrolyte solutions, previously prepared, to
replicate the environments of the three main consecutive
steps; oral, gastric and intestinal phases. An amount of 2.5 g
of each protein dispersion was mixed with an equal volume of
SSF in a 1:1 (v/v) ratio. The mixture was then incubated at
37 °C for 2 min with continuous shaking to simulate the
chewing process. The resultant mixture from the oral phase
(oral bolus) was subsequently combined with SGF in a 1:1
(v/v) ratio, and the pepsin enzyme (2000 U ml™") was added to
the mixture. The pH of the oral bolus was adjusted to 3 using
1 M HCI and then incubated at 37 °C for 2 h with continuous
shaking to replicate the conditions of gastric digestion.
Consequently, the gastric chyme resulting from the gastric
phase was combined with SIF in a 1:1 (v/v) ratio, to which the
pancreatic enzyme mixes (100 U ml™"), and bile salts (10 mM)
were added and the pH was adjusted to 7 with 1 M NaOH. The
samples were then incubated under the same conditions
described in the previous gastric step to simulate the environ-
ment and conditions of intestinal digestion. After completing
the intestinal phase, the digestion mixtures were centrifuged
at 14 000g for 15 min and the supernatants were collected and
freeze-dried for 48 h. After freeze-drying, the digested protein
samples were ground to a powder that was subsequently used
for bioaccessibility analyses of TPC and protein content.

2.4.5.2 Determination of in vitro bioaccessibility. Digested
samples were analyzed for their protein content and TPC to
assess their in vitro bioaccessibility. The protein content was
determined as described for the undigested samples in para-
graph 2.3. TPC was assessed using the Folin-Ciocalteu assay
as reported by Dewanto et al>' with few modifications as
reported in paragraph 2.3. TPC was calculated as mg of GAE
per g of fresh basis (FB), considering the different appropriate
dilutions between digested and undigested samples.

Bioaccessibility percentage was calculated as follows (eqn

(7))
. - Ca
Bioaccessibility(%) = C. X 100 (7)
u
where Cq4 is the concentration of protein or phenolic com-
pounds after the in vitro digestion whereas C, is the concen-

tration of the same molecules in the methanolic extract of the
undigested samples.

1996 | Food Funct., 2025, 16, 1992-2003
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2.5 Statistical analysis

Data represent the mean of replicate analyses + their standard
deviation. JMP 5.0 software (SAS Institute Cary NC, USA) was
used for the statistical analysis of chemical composition and
the colour results of sunflower, pea, and whey protein concen-
trates and dispersions by one-way analysis of variance (ANOVA)
with Tukey-Kramer HSD with the level of significance set up at
p < 0.05 value. E-nose data were elaborated by Principal
Component Analysis (PCA) using the R studio ©2009-2024
Posit Software, PBC. The statistical analysis of bioaccessibility
results was performed by two-way ANOVA considering diges-
tion and different protein matrices as variability factors using
the Least Significant Difference (LSD) post-hoc test with the
level of significance set up at p < 0.05 value. The percentage of
bioaccessibility was analysed by one-way ANOVA with the LSD
post-hoc test with the level of significance set up at p = 0.05
value. GraphPad software (GraphPad, La Jolla, CA, USA) was
used for the statistical analysis of bioaccessibility data.

3. Results and discussion

Considering the saturation of the market with sports beverages
made from whey proteins and the growing presence of vegan
brands offering pea protein-based alternatives, this study
focused on promoting another vegan protein source derived
from the upcycling of sunflower press-cake. The tested formu-
lations account for consumer preference for sucralose over
other sweeteners in protein beverages,*® and the use of a K-P
buffer not only aligns with dietary recommendations for a
balanced intake of essential minerals but also offers additional
benefits, such as supporting optimal physiological functions,
due to the alkaline environment it creates.'* Furthermore,
caffeine was incorporated for its well-known advantages for
athletes, including enhanced endurance, improved focus, and
heightened alertness during physical activity.

Dispersions without xanthan gum were subjected to colour
measurement, protein and total phenolic content (TPC) bioac-
cessibility testing, and e-nose analysis. This approach enabled
a focused investigation into the impact of each specific protein
source on the colour and odour properties of the dispersions,
as well as their bioaccessibility. In contrast, the flow behaviour
and physical stability of the protein-rich dispersions were com-
pared using three different concentrations of xanthan gum
(0.2-0.4-0.6% w/v), allowing for an evaluation of how varying
thickener levels affect the overall texture and stability of the
formulations.

Despite the differences in processing methods, freeze-
drying for extracted sunflower proteins, and spray-drying for
commercial whey and pea proteins, the primary goal of this
research was to assess the feasibility of incorporating sun-
flower proteins into a protein-rich drink formulation. The
employed mild pasteurization is well-suited for products
intended for refrigeration or immediate consumption, as these
typically have a shorter shelf-life. Therefore, rheological and
physical stability tests, along with e-nose analysis, were per-

This journal is © The Royal Society of Chemistry 2025
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Total solids Ashes Proteins TPC
Protein type g per100 g g per 100 gpp g per 100 gpgp MgGAE gm;l
Sunflower 98.99 +0.03 a 3.87+0.09b 72.61 + 0.66 ¢ 35.20+1.11a
Pea 93.53+0.16 b 5.31+0.07 a 78.95 +1.54 b 2.79+0.04 b
Whey 93.67 £0.23 b 2.95+0.08 ¢ 87.03 £0.73 a 0.76 + 0.04 ¢

Data are expressed as the mean of three replicates + S.D. DB = dry basis; TPC = total polyphenol content. Means within a column with different

letters (a corresponding to the highest value) are significantly different (p < 0.05).

formed at 4 °C to simulate the conditions of refrigerated
beverages.

3.1 Characterization of protein concentrates

The gross composition and TPC of the three investigated
protein concentrates are summarized in Table 3. Samples
exhibited protein contents ranging between 72.6% and 87.0%.
The remarkably low moisture content of sunflower proteins
(1.01%) confirmed the effectiveness of the freeze-drying
process. With respect to previous studies, the TPC of the tested
pea and whey proteins aligned with values reported by Sawicki
et al* and Thongzai et al,* respectively. The significantly
high TPC observed in sunflower proteins (35.20 + 1.11 mggug
gpp ') is of particular note, with chlorogenic acid (CGA) identi-
fied as the main phenolic compound in a previous work."?
This abundance of phenolic compounds was previously
assessed by Weisz et al*® and represents an opportunity to
enhance the nutritional profile and health-promoting benefits
of protein drinks, particularly for athletes who seek to reduce
oxidative stress and inflammation associated with intense
physical activity.?”

3.2 Instrumental sensory analysis of protein dispersions:
colour and e-nose

The colour analysis of the protein dispersions revealed distinct
characteristics among sunflower, pea, and whey matrices
(Table 4). Sunflower protein dispersions exhibited a marked
green component (a* = —18.9 + 0.4) and a slight blue com-
ponent (b* = —1.6 + 0.5), whereas pea and whey protein disper-

Table 4 Colour characteristics of the protein dispersions (Hunter Lab
values — L*a*b*, chroma — C* and hue angle — h°, colour difference
compared to whey protein dispersions — AE)

Dispersion

type L* a* b* c* he AE
Sunflower 47.2+0.6c -189+04c -1.6+05c 18.99 192.2 41.8
proteins

Pea 58.1+0.5b 4.4+02a 18.3+0.8b 18.79 0.61 17.6
proteins

Whey 67.1+0.7a -28+02b 31.6+0.6a 31.71 179.8 —
proteins

Data are expressed as mean + S.D. Means within a column with different
letters (a corresponding to the highest value) are significantly different (p <
0.05).

This journal is © The Royal Society of Chemistry 2025

sions were characterized by pronounced yellowness. The for-
mation of green-coloured complexes through CGA-protein
interactions is the primary reason why defatted sunflower pro-
teins have not been widely utilized by the food industry.*®
However, these findings should represent an opportunity for
beverage formulation, especially in highlighting the unique
colour profile offered by sunflower proteins. The development
of beverages with visually striking green hues may particularly
appeal to consumers seeking innovative and environmentally
sustainable beverage options.*® Additionally, the presence of a
subtle blue component contributes to the complexity and
depth of the colour profile, further enhancing the visual
appeal of the beverage. The duller appearance of sunflower
protein dispersions compared to whey protein dispersions (C*
= 18.99 vs. C* = 31.71) suggested a softer and more subdued
colour intensity. This can also be advantageous in beverage
formulation, as it allows for the creation of beverages with
more subtle and nuanced colours associated with the idea of
healthiness.*’

The electronic nose was utilized to discern the differences
among the olfactory imprints provided by the three distinct
protein sources. Using an array of non-specific or partially
specific gas sensors that mimic human olfactory perception,
the e-nose was able to detect the volatile components in the
protein-rich dispersions. This capability was crucial for
assessing changes in the aroma profile according to the
different protein sources. The collected sensor signals are
displayed in Fig. 1. Differences were revealed among the
volatile profiles of the samples specifically for sensors S7
and S9, which are sensitive to aromatic and sulphur-contain-
ing organic compounds. In particular, whey protein disper-
sions were grouped in the negative part of PC1 (82.22%
explained variance) (Fig. 1B) and discriminated by the W2w
and W1W sensors (Fig. 1A). Sunflower protein samples were
positioned in the positive part of PC1 and characterized by
the least intense aromatic profile. The aromatic fingerprint
of the pea protein samples was located at the centre of the
plot, exhibiting the same peaks as whey samples but with
lower intensity. From the radar chart in Fig. 1A, it can be
inferred that sunflower proteins have a much subtler scent
than whey proteins, whose generally recognized mild aroma
profile is well-documented.*' Overall, sunflower proteins
should be preferred over pea proteins due to their signifi-
cantly lower need for odour-masking agents in product
formulations.
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Fig. 1 Radar chart of electronic nose sensors (A) and PCA score plot PC1 x PC2 (B) of sunflower, pea, and whey protein dispersions.

3.3 Flow behaviour assessment

The viscograms presented in Fig. 2 illustrate viscosity as a func-
tion of shear rate for all samples. At a shear rate of 50 s~*, typi-
cally associated with swallowing, the viscosity of sunflower
protein dispersions closely resembled that of whole whey yogurt
drinks**> when xanthan gum was added at a concentration of
0.2%, as observed in the W-6x sample (Table 5). Conversely, the

1000
W-0.2x
100 W-0.4x
—— W-0.6x
P-0.2x
——P-0.4x
——P-0.6x
$-0.2x
01 e S$-0.4x

——5-0.6x
0.01

0.1 1 10 100
Shear rate (s)

Fig. 2 Flow curves of sunflower (S), pea (P), and whey (W) protein dis-
persions at different xanthan gum (x) concentrations (0.2-0.4-0.6%).

Table 5 Viscosity at 50 s™* (5,,50), flow index (n; calculated through the
Power law model — eqn (4)) and yield stress (calculated through the
Casson model — eqgn (5)) of the nine tested dispersions at different
xanthan gum concentrations

Dispersion type

Xanthan Sunflower Pea Whey
gum (%) proteins proteins proteins
Nlas0 (P2 8) 0.2 0.252 0.802 0.025
0.4 0.477 1.305 0.094
0.6 0.689 1.853 0.268
n 0.2 0.320 0.385 0.416
0.4 0.246 0.298 0.279
0.6 0.202 0.241 0.230
Yield stress (Pa) 0.2 3.427 7.661 0.206
0.4 8.404 18.423 1.358
0.6 16.91 31.797 4.808

1998 | Food Funct,, 2025, 16,1992-2003

viscosity at 50 s~ approached that of skim whey yogurt drinks*?
when 0.4% xanthan gum concentration was present. S-6x
exhibited a viscosity similar to that of 71 Brix degrees (°Bx) pear
juice concentrate at approximately 12 °C.** Regarding pea
protein dispersions, it is worth noting that their viscosity was
significantly higher (at least 3-fold) compared to sunflower and
whey protein dispersions, even at equivalent xanthan gum con-
centrations. Among the samples, P-6x exhibited the highest
7a,50, again comparable to that of refrigerated 71 °Bx pear juice
concentrate;*® conversely, W-2x displayed the lowest 7, 5o,
similar to that of refrigerated 50 °Bx pear juice concentrate. All
samples exhibited a non-Newtonian pseudoplastic trend, a
common characteristic of commercial juices and protein-rich
beverages. Evidenced by a decrease in the flow index (Table 5),
the pseudoplasticity of dispersions increased with rising con-
centrations of xanthan gum across the protein types such as
whey, pea, and sunflower. The dispersion exhibiting the highest
degree of pseudoplasticity was S-6x, with a flow index of 0.202.
Among the formulations with equal concentrations of xanthan
gum, pea protein dispersions showed the least pseudoplastic
behaviour, while those containing sunflower proteins exhibited
the highest. On the other side, increasing the concentration of
xanthan gum resulted in a notable augmentation in yield stress
for all protein sources, suggesting enhanced structural integrity
and resistance to flow, which could contribute to improved
mouthfeel and suspension stability in the final product. Based
on the yield stress of S-6x (16.9 Pa), incorporating a xanthan
gum concentration of 0.6% into the final product appears ade-
quate for producing a squeezable protein drink. Meanwhile, for
pea protein drinks, a concentration of 0.4% would be adequate
(P-4x: 18.4 Pa). This formulation would enable the drink to be
easily packed into tubes deformable by hand-pumping, as rec-
ommended by Dapéevié et al.** for foods with comparable yield
stress values. Such a feature might be attractive for a product
formulated for athletes who require convenient, portable nutri-
tion options while on the go.

Notably, pea proteins are recognized for their lower cross-
linking ability due to their limited reactive side groups,*’
whereas whey proteins are acknowledged for forming stable
protein networks that, in our samples, contribute to micro- or

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Backscattering profiles of the protein-rich dispersions during their cold storage (4 °C) of 3 days: sunflower protein dispersions at different
xanthan gum concentrations 0.2% (A), 0.4% (B), and 0.6% (C); pea protein dispersions at different xanthan gum concentrations 0.2% (D), 0.4% (E),
and 0.6% (F); whey protein dispersions at different xanthan gum concentrations 0.2% (G), 0.4% (H), and 0.6% ().

mesoscale structural interactions, enhancing the dispersion’s
stability and ultimately influencing the samples’ ability to resist
coalescence or phase separation. Even though the extraction
process may alter the protein composition, sunflower proteins
are known to primarily comprise 2S albumins and 11S globu-
lins.*® These proteins can form stable protein networks and have
a good water-binding capacity, partly due to their high TPC,
which facilitates water binding through hydrogen bonding.*®
Additionally, depending on the seed origin, some sunflower pro-
teins contain sulfhydryl groups (-SH) that can begin forming dis-
ulphide bridges (-S-S-) at heating temperatures above 50 °C,*”
particularly with prolonged heating durations. This process can
enhance the stability of the protein network,"® thereby improving
the stabilization of the continuous phase in the beverage
systems. Besides, it is known that both pH and ionic strength
influence the denaturation temperatures of proteins. As reported
by Molina et al,* an alkaline pH decreases the denaturation
temperature of sunflower proteins, making them more suscep-
tible to structural changes at relatively low heating temperatures.
This correlation between thermal conditions, pH, and sulfhy-
dryl-disulphide exchange reactions provides valuable insight for
optimizing industrial-scale processing.

3.4 Physical stability

The physical stability of the nine different protein dispersions
was evaluated by measuring the intensities of backscattering
light signals (ABS) along the height of the vials containing the

This journal is © The Royal Society of Chemistry 2025

Table 6 Stability index (Sl), creaming/clarification layers’ thickness, and
the alteration rate of the protein-rich dispersions

Creaming/ Average Alteration after
clarification testing 4 and a half
layer alteration rate  days

Sample

name SI mm %/d %

S-0.2x 0.459 2.31 0.110 0.49

S-0.4x 0.402 1.92 0.072 0.32

S-0.6x 0.393 0.49 0.051 0.23

P-0.2x 0.287 0.77 0.082 0.37

P-0.4x 0.351 1.09 0.099 0.44

P-0.6x 0.344 0.96 0.098 0.44

W-0.2x 0.283 — 0.043 0.19

W-0.4x 0.314 — 0.047 0.21

W-0.6x 0.244 — 0.039 0.18

samples. This analysis allowed for the identification of instabil-
ity phenomena within the dispersions and, consequently, the
quantification of the stability index (SI) of the products. The
exceptional stability of all samples, as demonstrated in Fig. 3
and corroborated by SI values close to 0 and minimal particle
migration velocities (less than 0.1% per day) (Table 6), under-
scores the effectiveness of the protein-stabilizer combinations in
inhibiting common destabilization mechanisms such as sedi-
mentation, creaming, clarification, and flocculation. In the basic
pH environment where the proteins were dispersed, electrostatic
stabilization was facilitated as the proteins acquired a charge,
leading to repulsive forces among them. This phenomenon is

Food Funct., 2025,16,1992-2003 | 1999
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particularly notable for globulins and albumins,'® the primary
constituents of sunflower, pea, and whey proteins, which exhibit
a strong net negative charge on their side chains at a pH higher
than their isoelectric point (pI; ~4). Soy lecithin further bol-
stered the prevention of particle aggregation through steric stabi-
lization, forming a protective layer at the interface, reducing
interfacial tension, and stabilizing the dispersion.*
Additionally, xanthan gum contributed to physical stability by
increasing the viscosity of the continuous phase, minimizing the
dispersed particles’ motion. This balance prevents phase separ-
ation and maintains a homogeneous dispersion throughout the
storage period.>!

Despite their remarkable stability, imperceptible instability
phenomena may still be noticed. Both S-0.4x and S-0.6x disper-
sions initially exhibited a very light creaming phenomenon,
characterized by 7.2% and 9.3% ABS at the liquid surface,
respectively. Nevertheless, the shape and colour gradient of those
observed peaks appear to be more attributable to surface tension
effects on the walls of the vials than an actual creaming process.

3.5 Bioaccessibility of protein content and TPC from
sunflower, pea, and whey protein dispersions

Fig. 4 shows the protein content (Fig. 4A) and the TPC
(Fig. 4C) of the sunflower, pea, and whey protein dispersions
before and after the in vitro digestion with the relative percen-
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tage of bioaccessibility of both nutrients (Fig. 4B for the
protein content and Fig. 4D for the TPC).

Whey protein dispersions showed the highest bioaccessibil-
ity (Fig. 4B); however, sunflower proteins exhibited a similar
percentage of protein bioaccessibility to pea ones (Fig. 4B).
Studies indicate that plant protein bioaccessibility tends to be
lower compared to whey proteins’® mainly because of the
protein structure and the presence of antinutritional factors in
plant proteins that can hinder digestion and absorption.>* In
sunflower, for example, the presence of phytates can reduce
protein bioaccessibility.>® Girotto et al.'® reported a phytate
content of 5 g per 100 g in the micronised dehulled press cake
used in the current study.

Regarding the TPC in the dispersions before simulated gas-
trointestinal digestion (Fig. 4C), sunflower dispersions had the
highest content and whey ones the lowest, according to the
TPC results on freeze-dried samples (Table 3). However, the
bioaccessibility of TPC was similar across all protein disper-
sions after in vitro digestion, measured in mggag gFB_l. There
was an 84.3% reduction in sunflower and increases of 45.4%
and 77.3% in pea and whey, respectively, compared to the
undigested samples. Physicochemical changes in the gastroin-
testinal tract, such as variations in temperature, pH, and
enzyme activity, influence the bioaccessibility of antioxidants
like phenolic compounds. Polyphenols are particularly sensi-
tive to alkaline conditions, which can alter their structure and
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Fig. 4 Protein content (A) and total phenolic content (TPC; C) of the protein dispersion from sunflower, pea, and whey matrices with the relative
percentage of bioaccessibility (B for proteins and D for the TPC). Closed bars in A and B represent results obtained from undigested samples, whilst
open bars represent results obtained from digested samples. In A and C, different letters for the factors (matrices; M and digestion; Dig), or their
interaction, indicate significant differences at p < 0.05 using the post-hoc LSD test. **: p > 0.01; ***: p < 0.001. In B and D, different letters on the

bars indicate significant differences at p = 0.05 using the post-hoc LSD test.
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reduce their chemical properties and biological activity,>* as
seen in the sunflower protein dispersions in this study.
Additionally, polyphenols can interact with other plant cell
components, such as minerals, fiber, or proteins during diges-
tion, leading to a loss of these phytochemicals.”® Several
studies have found varying results regarding TPC bioaccessibil-
ity in plant matrices. Some have reported reduced TPC bioac-
cessibility, such as Silva et al.®®> who observed significant
decreases in TPC content in digested leaves and inflorescence
of Amaranthus viridis (by 30% and 58%, respectively) and
Juaniz et al.’® who noted reduced polyphenol bioaccessibility
in raw or processed cardoon. Conversely, other studies have
reported increased TPC bioaccessibility in plant samples like
onions,”” similar to the results for pea dispersions in this
study. Given the low initial TPC in pea and whey dispersions,
the high TPC found in these digested matrices resulted in
unexpectedly high bioaccessibility percentages (Fig. 4D).
Cattivelli et al® suggested that bioaccessibility exceeding
100% could be due to the presence of gastrointestinal interfer-
ing products absent during the extraction with a solvent
aqueous solution from undigested samples. This phenomenon
is evident in the bioaccessibility percentages of TPC for whey
and pea dispersions. Thus, despite the low values, the TPC
bioaccessibility of sunflower dispersions appears to be the
most reliable among the matrices analyzed in this experiment.

4. Conclusions

The comparative analysis of sunflower proteins versus pea and
whey proteins in dispersions simulating sports beverages has
revealed several advantages. Sunflower formulations exhibited
higher phenolic content, higher pseudoplasticity behaviour
and a lower volatile profile compared to pea formulations.
These attributes make sunflower proteins an attractive plant-
based choice for manufacturers aiming to produce stable,
innovative, and health-promoting protein drinks. The in vitro
bioaccessibility analysis indicated that sunflower protein dis-
persions were rich in antioxidant molecules and that their
protein intake was comparable to that of pea protein disper-
sions in terms of bioaccessibility percentage, making sun-
flower a promising source of both proteins and antioxidants.
Incorporation of a xanthan gum concentration of 0.6% into
the formulation, which resulted in the highest degree of pseu-
doplasticity (flow index = 0.202), was shown to be suitable for
producing squeezable protein drinks (yield stress = 16.9 Pa),
particularly convenient for athletes. The colloidal stability of
sunflower protein dispersions, demonstrated by stability index
values close to 0 and minimal particle migration velocities
(0.05-0.11% d™*), underscored their effectiveness in preserving
beverage quality and stability, making them a suitable choice
for protein beverages. By leveraging these advantages and
emphasizing their distinct colour profile, manufacturers can
enhance product appeal, market differentiation, and competi-
tiveness. Future research should explore thermal treatments,
ultrasound applications, and enzyme treatments (e.g. phytase

This journal is © The Royal Society of Chemistry 2025
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or polysaccharide-degrading enzymes like amylase and cellu-
lase for fibre-associated proteins and protein-associated poly-
phenols) as viable options to increase the bioaccessibility of
sunflower proteins.
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