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Abstract /l
Protein digestibility is crucial because it can help determine its vital
functions, and it can vary due to source (plant vs. animal) and the

interactions it has with other diet components. Pea protein isolate Article History
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(PPI) has gained significant popularity in the market due to its positive Accepted: 01 January 2026
properties, including being plant-based, cost-effective, and nutritionally

superior. Given the widespread popularity of PPl and the limited Keywords _
research on its digestion in conjunction with sweeteners, as a preliminary Ezgrgreo‘t’;mgé?g:_m;
application, this study aims to investigate the digestibility of pea protein Protein Digestibility‘;
isolate (PPI) when consumed with various sweeteners. In this study, 10 Stevia;

mg/mL of pea protein isolate (PPI) was mixed with 1 mg/mL of varying gﬂg:‘ose;

sweeteners, including stevia, sugar, and sucralose, to investigate their
impact on physicochemical characteristics and protein digestibility. This
was done to determine which sweetener would contribute most to the
successful digestibility of PPI by the methods of degree of hydrolysis using
serine equivalents, hydrophobicity using ANS and a fluorescence probe,
and particle size by dynamic light scattering. The results showed that the
sucralose sample had the highest relative fluorescence unit, while sugar
had the lowest compared to the control. In terms of particle size, sugar
had the highest value and conversely had the lowest charge. The reason
for these results could be that sugar had the lowest hydrophobicity, which
can be directly related to its having the largest particle size. The degree
of hydrolysis (DH) results show that the sugar has the highest DH%.
Further proving the fact that sugar with PPI resulted in more of the peptide
bonds being cleaved. The key findings of this study determined that sugar
contributed to the best digestibility of the PPIl. However, further studies
and different applications should be conducted to better understand the
efficiency of protein digestibility using natural and artificial sweeteners.
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Abbreviations

BCAAs Branched-Chain Amino Acids
DH Degree of Hydrolysis

DLS Dynamic Light Scattering
DTT Dithiothreitol

Gl Glycemic Index

OPA o-Phthalaldehyde

PPI Pea Protein Isolate

SDS Sodium Dodecyl Sulfate
SGF Simulated Gastric Fluid

SSF Simulated Salivary Fluid

Introduction

Protein is taking over the market, whether it's protein
powder, protein-enriched beverages, or protein
bars; these products are evidently gaining more
popularity in the food industry. Much of this influence
stems from health trends and people's desire to lead
healthier lifestyles. Diet is one of the key aspects
to reach this goal, and protein is a major factor,
especially since protein has countless confirmed
health benefits, one of which includes helping to
boost metabolism."

Pea protein isolate (PPI) has gained significant
popularity in the market due to its positive properties,
including being plant-based, cost-effective,
and nutritionally superior,? as evidenced by the
introduction of over 170 products containing pea
protein isolate worldwide between 2011 and 2015.3
PPl is extracted from yellow split peas (Pisum
sativum L) firstly by drying the peas, followed by
milling or grinding to create powder. Next, the protein
extraction process is completed using techniques
such as alkaline extraction, isoelectric precipitation,
and salt extraction. Pea protein isolate, in general,
holds the name of being a preferred alternative to
animal-based protein. Since it is plant-based, it
tends to attract customers who may have certain
intolerances or allergies to dairy products. It also
has claims of being gluten-free, lactose-free, and
free of genetically modified organisms. Due to these
claims, there is a high prevalence of pea protein
isolate.® This prevalence has been identified in North
American markets, specifically Canada and the
United States, where notable companies carrying
out this product include Beyond Meat, Daiya Foods,
and Loblaws.*
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Concerning its health benefits regarding diet, PPI
contains all nine of the essential amino acids,
which the human body cannot construct on its own,
making its products significantly advantageous.®
Additionally, PPl is a good source of branched-chain
amino acids (BCAAs), one main one being arginine,
which has been proven to promote healthy blood flow
and heart health.5 Protein powders typically have
flavors or sugar incorporated to make the product
more desirable. Due to most people preferring to
add sweetness to their protein-enriched beverage,
there is a concern about measuring whether the
sweeteners added affect protein digestibility. The
common sweeteners included regular table sugar,
stevia, and sucralose. Sugar and stevia both originate
from natural sources. Sugar is produced from
sugarcane or sugar beet, while stevia is produced
from a plant called honey leaf, candy leaf, or sweet
leaf.® Contrarily, sucralose is artificially made in the
lab. Artificial sweeteners are commonly used for their
low caloric properties by people who want to lose
weight or have disease conditions such as diabetes;
in these cases, these artificial sweeteners have no
negative consequences on their health goals.” This
study aims to investigate the digestibility of pea
protein isolate (PPIl) when consumed with various
sweeteners. Given the widespread popularity of
PPl and the limited research on its digestion in
conjunction with sweeteners, this research seeks
to provide valuable data to better understand
the efficiency of its digestibility using natural and
artificial sweeteners.

Materials and Methods
Chemicals and Reagents
Pea protein isolate derived from yellow field pea
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seeds, ethanol, sodium bicarbonate, potassium
chloride, monopotassium phosphate, sodium
bicarbonate, sodium chloride, magnesium chloride,
ammonium carbonate, calcium chloride, hydrochloric
acid, pepsin from porcine gastric mucosa,
pancreatin from porcine pancreas, amylase,
tris-glycine, disodium tetraborate decahydrate,
o-phthaldialdehyde (OPA), sodium dodecyl
sulfate (SDS), dithiothreitol (DTT), sucralose,
sugar, and stevia.

Pea Protein Isolation and Sweeteners

Yellow field pea seeds have been used to isolate
PPI. For the precise concentration balance of both
reagents together, a ratio of 10 mg/mL of PPI to 0.1
mg/mL of sugar was utilized.

Surface Hydrophobicity

This section examined the surface hydrophobicity of
PPl interactions with the different sweeteners. ANS
was used as the fluorescent probe in this experiment.
Absorbance values were determined using the PPI
sample and each respective sweetener, and then
they were both added to the 96-well microplates for
the fluorescent bottom reading. Fluorescent activity
was measured for 15 minutes; during this time, the
samples inside the reader were also being incubated
in a completely dark setting. The fluorescent scan
was set at Aex 390 and 470 nm using a Spark
multimode microplate reader (Tecan).

Particle and Surface Properties Characterization
The changes in particle size and surface charge
of the PPl and sugar mixture were determined by
dynamic light scattering (DLS). To measure this,
Zetasizer Nano ZS was used (Malvern Instruments
Ltd., Worcestershire, UK). Each sample had 1
mL of protein stock (10 mg/mL), 10 yL of each
respective sugar stock (0.1 mg/mL), and 10 pL of
water for the control. The samples were prepared in
polystyrene cuvettes. The samples were pasteurized
at 72°C for 15 s and were then placed in the reader
to measure each tube's content for particle size
and surface charge.

Stimulated Oral and Gastrointestinal Digestion
There were three simulated phases of digestion in
this part of the experiment, including the salivary
phase, gastric phase, and intestinal phase. The
gastric phase will be discussed in this portion. The
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simulated gastric phase of digestion matter was
comprised of several chemical constituents, as well
as the enzyme pepsin (30 pL) and calcium chloride,
which was adjusted to a pH of 3.0 using 6 M HCI.
This final solution was then incubated at 37°C
for 2 h. After the gastric phase was the intestinal
phase, which consisted of the enzyme pancreatin
(114.29 mg) being incorporated, and this solution
was incubated at 37°C for 2 h. Once completed,
the samples were placed in the freezer to end all
enzyme activity.

Degree of Hydrolysis and In Vitro Protein
Digestibility

The samples' degree of hydrolysis (DH) was
evaluated using the previously mentioned OPA
method.® OPA reagent was prepared, and 225 L of
it was added to all the wells in the 96-well microplate.
Designated wells received 30 pL of deionized water
as blanks, while other wells received 30 uL of each
sample. The microplate was incubated at 37°C
for 2 min with gentle shaking. A Spark multimode
microplate reader (Tecan, Stockholm, Sweden)
was used to measure the fluorescence at Aex 340
nm after two minutes. To determine the degree of
hydrolysis, a serine absorbance curve was made,
and serine equivalents (NH2/g protein) were derived
from this curve. In particular, Eq. 1 was used to
determine the number of hydrolyzed products as
a result.

h = (serine equivalence NH2 - 8)/a (1)

From this equation, a and B are, respectively, the
values 1.00 and 0.4. Once h is determined, the
next step is to determine DH%. The total number
of peptide bonds per protein equivalent (h, ) is
combined with h to accomplish this, which in this
case is that of pea protein. DH% was determined
by (Eq. 2):

DH (%) = h/h,, x 100% (2)

These DH values were graphed, allowing the
comparison of each sample's values.

Statistical Analysis
Triplicates were performed for all experiments to
ensure precision and obtain the best possible results.
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Results

Surface Properties of PPl and Sugar Complexes
Figure 1 shows that the sucralose sample had the
highest relative fluorescence unit, while sugar had
the lowest compared to the control. This indicates
that sucralose was the most successful at binding
to the hydrophobic core of PPI. A main reason
for these results could be due to the structures
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of both samples. Sugar is hydrophilic; it has a
lot of hydroxymethyl bonds, which contribute to
its hydrophilicity. Sucralose, on the other hand,
is more hydrophobic because its hydroxymethyl
group is replaced with chlorine, which influences
its binding properties with the protein, as chlorine
is hydrophobic.
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Fig. 1: Surface hydrophobicity and % transmittance results
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Fig. 2: Particle size and charge results
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PPI-Sugar Complexes and In Vitro Protein
Digestibility

Dynamic light scattering (DLS) was used to examine
particle size and charge during this simulated in
vitro digestion process. As shown in Figure 2, the
results show that in terms of particle size, sugar had
the highest value and conversely had the lowest
charge. The reason for these results could be that
sugar had the lowest hydrophobicity, which can be
directly related to its having the largest particle size.

Although particle size is an indicator of the success
of digestibility, gastric digestion has been proven to
decrease the particle size of protein and form protein
aggregates.® However, sugar's ease of breakdown
is due to the presence of specific enzymes in the
human body that are evolved to metabolize its
specific chemical structure. Artificial sweeteners,
in contrast, are often difficult or impossible for the
body to break down because their modified chemical
structures (e.g., chlorine atoms replacing hydroxyl
groups in sucralose) make them resistant to human
digestive enzymes."°
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Fig. 3: Degree of hydrolysis results

From the OPA assay, the results revealed that the
absorbance between the sugar, sucralose, stevia,
and control samples was similar; however, the
sugar sample had a slightly higher absorbance
value. Since it has the highest value, this concludes
that most of the peptide bonds of PPI were broken
down more easily than the other combinations of the
sweeteners. The degree of hydrolysis (DH) might
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be computed from the OPA assay findings. The
degree of hydrolysis (DH) results are displayed in
Figure 3; from this, we can see that the sugar has
the highest DH%. Further proving the fact that sugar
with PPI resulted in more of the peptide bonds being
cleaved. Sugar was the type of sugar that resulted
in the PPI being broken down to the greatest extent
in this portion of the study. Therefore, indicating that
the PPI had the most success being digested when
it was paired with sugar rather than with stevia and
sucralose.

Discussion

Surface Properties of PPl and Sugar Complexes
The interaction of the protein and sugar sample
results in the amino acids within the protein having
their own properties, which can directly influence
the interaction. Looking at surface hydrophobicity
specifically is an important experiment, and this
study evaluates the effect of the respective sugar
on the protein core of PPI. Assessing binding ability
is important, as this would reveal how successful
digestibility will be between the PPl and each sugar.
The sugar's ability to bind with the hydrophobic
protein core increases with its hydrophobicity.

The PPI's surface hydrophobicity was assessed
using ANS emission fluorescence to pinpoint these
hydrophobic areas and the impact of the sweeteners.
The hydrophobic and hydrophilic areas of the PPI
also affect how each kind of sugar sample interacts
with it.

PPI-Sugar Complexes and In Vitro Protein
Digestibility

In this study, digestibility was the main factor
assessed. The oral, gastric, and intestinal phases
were simulated so that the possible effect of
sweeteners on digestibility could be assessed. It
began in the mouth with the simulated salivary fluid
preparation. Here, simulated salivary fluid (SSF) was
incorporated along with the enzyme amylase and
calcium chloride, and the pH was adjusted to 7.0.
Due to the amylase, this phase of digestion breaks
down starch more than it does protein. Therefore, the
chemical breakdown of protein and protein digestion
in general begin in the stimulated gastric phase,
which is due to the enzyme pepsin. In this phase, the
specific pH condition is 3.0. In this study, the protein
was denatured and hydrolyzed by the pancreatic
enzyme pepsin and simulated gastric fluid (SGF),
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but in general, the enzymes trypsin, chymotrypsin,
and membrane peptidases are also included, which
result in peptides of various lengths." Lastly, the
intestinal phase was stimulated by incorporating
the key solvents—simulated intestinal fluid (SIF),
pancreatin, and bile—and this pH was adjusted to 7.0.

In an in vitro study done concerning dairy and soy
proteins in infant formulas, it was stated that particle
size affects rheological behaviors during digestion. It
also states that simulated gastric fluid can increase
particle size due to the precipitation of casein.?
Like casein, PPI is also able to form precipitates.
Based on these findings, it can be concluded that
particle size affects digestion, and a possible reason
for this could be protein precipitation resulting from
pasteurization. This is significant because we saw
that sugar had the lowest hydrophobicity, which
can be directly related to its having the largest
particle size.

To determine the interaction of the PPI with the
sweeteners, absorbance values were able to be
determined by performing the OPA assay. In this
experiment, the OPA reagent is bound to the amine
side chains of the pea protein isolate structure.™
Absorbance values were read at 340 nm at a
temperature of 26.3°C.

The OPA assay determines the protein content
in the sugar samples.' With sugar, many factors
concerning the sugar itself can affect its digestibility
with PPI. In general, carbohydrates that break down
easily and therefore are digested more easily have
a higher glycemic index (GI)." It has been reported
that sugar increases the Gl of a product."®However,
since sugar alternatives lack calories, this results in
them having a glycemic index of zero. Due to the Gl
being lower, this further confirms that the digestibility
of the stevia and sucralose would be poorer than
that of sugar.'” Therefore, since sugar has a higher
glycemic index, indicating that it digests faster
than the sugar alternatives, this supports the data
from the OPA assay, where sugar has the highest
absorbance.

The degree of hydrolysis (DH) might be computed
from the OPA assay findings. DH is the extent of
cleaved peptide bonds; in this experiment, this was
performed to determine how efficiently and to what
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extent the OPA reagent was able to break down the
PPI along with its respective sugar.

In general, the hydrolysis of protein is an effective
way to showcase the bioactive peptides.'® Bioactive
peptides are a group of biological molecules that
are composed of protein and become active after
the cleavage of the protein occurs.” The protein
gets cleaved through hydrolysis, and therefore,
the most active version of the peptide is present.
Considering the bioactivity of the protein holds
significance, bioactivity can directly correlate with
digestion. Through the digestion process, peptides
can become bioactive, and these peptides can
exhibit beneficial properties such as contributing
to mineral absorption or antimicrobial activities.®
It is crucial to evaluate the degree of hydrolysis to
further examine how this may impact the various
sugar samples because the hydrolyzed proteins and
digestion have advantageous qualities.

Conclusion

The study revealed that PPI had the best digestibility
with sugar compared to the other sweeteners. This
was a significant finding because, due to the current
popularity of different sweeteners, it is important to
know which one will enhance protein absorption
best for optimal nutritional benefit. The study
provides insights into the complex interplay between
sweeteners and thermal exposure/pasteurization
on pea protein digestibility. Future study and
development in the field will be guided by the
findings, which add to our understanding of how food
matrix interactions affect protein quality in formulated
products and protein-based nutraceuticals.
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