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We report on the effect of processing, particularly heating, on the digestion dynamics of pea proteins using the
standardised semi-dynamic in vitro digestion method. Fractions with native proteins were obtained by mild
aqueous fractionation of pea flour. A commercial pea protein isolate was chosen as a benchmark. Heating dis
persions of pea flour and mild protein fractions reduced the trypsin inhibitory activity to levels similar to that of
the protein isolate. Protein-rich and non-soluble protein fractions were up to 18% better hydrolysed after being
thermally denatured, particularly for proteins emptied later in the gastric phase. The degree of hydrolysis
throughout the digestion was similar for these heated fractions and the conventional isolate. Further heating of
the protein isolate reduced its digestibility as much as 9%. Protein solubility enhances the digestibility of native
proteins, while heating aggregates the proteins, which ultimately reduces the achieved extent of hydrolysis from
gastro-small intestinal enzymes.

1. Introduction
Plant proteins can meet consumer demands for ethical and more
sustainable alternatives to animal-based products. The plant-based
protein market could constitute up to 15% of the overall protein mar
ket in 2035 (Witte et al., 2021). Conventionally, plant protein-rich in
gredients are extracted by a sequence of alkaline extraction and
dissolution, isoelectric precipitation and dehydration, commonly spraydrying (Lam, Can Karaca, Tyler, & Nickerson, 2018). Proteins in com
mercial plant protein isolates are often denatured by the isolation pro
cess (Osen, Toelstede, Wild, Eisner, & Schweiggert-Weisz, 2014). A
relatively low degree of denaturation, i.e., not extensive, is required for
proteins to express their techno-functionality (Chao & Aluko, 2018;
Venkateswara Rao, Sunil, Rawson, Chidanand, & Venkatachlapathy,
2021). Furthermore, protein unfolding can facilitate the accessibility of
digestive enzymes to cleavage sites (Barbé et al., 2013; Fontana, de
Laureto, De Filippis, Scaramella, & Zambonin, 1997). Conversely, it has
been long proposed that excessive processing (Deshpande & Dam
odaran, 1989) and protein aggregation can reduce protein digestibility
(Carbonaro, Cappelloni, Nicoli, Lucarini, & Carnovale, 1997; Rivera del

Rio, Opazo-Navarrete, Cepero-Betancourt, Tabilo-Munizaga, Boom, &
Janssen, 2020). Enzyme accessibility can be hindered by buried cleav
age sites specific to a particular digestive enzyme within the protein
structure.
Antinutritional factors in pulses, such as tannins, phytic acids and
protease inhibitors, are secondary metabolites that protect the plant
against biological stresses (Ryan, 1990). Protease inhibitors form stable
enzyme-inhibitor complexes whose dissociation half-lives can be as long
as the full digestion time of a meal, virtually sequestering enzymes.
Long-term exposure to such inhibitors can induce enzyme overproduction by the pancreas, leading to lesions or tumour formation
(Gumbmann, Dugan, Spangler, Baker, & Rackis, 1989). Certainly, pro
tease inhibitors should be inactivated prior to consumption. Efforts in
plant breeding, separation techniques and structure modification by
physical or chemical processes have managed to reduce or completely
inactivate protease inhibitors (Avilés-Gaxiola, Chuck-Hernández, &
Serna Saldivar, 2018; Khattab & Arntfield, 2009). For instance, trypsin
inhibitors from pulses can be inactivated by heat treatment. Accord
ingly, the trypsin inhibitor content of conventionally produced protein
isolates can be low or non-detectable (Vagadia, Vanga, & Raghavan,
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2017; Vogelsang-O’Dwyer et al., 2020).
Protein digestion is a complex process which involves pH changes,
mechanical breakdown of solid matrices, pH-dependent protease-cata
lysed hydrolysis, transit through the gastrointestinal tract and absorp
tion. Gastric digestion has proved to be decisive in trypsin-catalysed
hydrolysis of protein in small-intestinal conditions (Rivera del Rio,
Keppler, Boom, & Janssen, 2021). The recently proposed standardised
semi-dynamic in vitro digestion method provides a straightforward
approach to simulating the dynamic aspect of in vivo gastric digestion
(Mulet-Cabero et al., 2020). Dynamically administered secretions allow
to reduce the pH of the food, while progressively increasing pepsin
concentration, thus promoting protein hydrolysis.
It has been suggested that the individual units in a protein mixture,
such as plant protein isolates, respond differently to denaturing agents
such as heating, which in turn results in increased, reduced or sometimes
unchanged overall protein digestibility (Salazar-Villanea, Hendriks,
Bruininx, Gruppen, & van der Poel, 2016). For instance, phaseolin from
common bean was more extensively hydrolysed by pepsin and pancre
atin after heat treatment, whereas albumins were hydrolysed to lesser
extents compared to their unheated counterparts (Genovese & Lajolo,
1998). Furthermore, the in vitro digestion with pepsin and pancreatin of
heated, freeze-dried soybean protein isolates showed higher degrees of
hydrolysis than their unheated counterparts (Ren et al., 2018). Mean
while, the work by Tian et al. (2019) illustrated the effect of heating
temperature and time on the gastric digestibility of freeze-dried soybean
protein isolate. The degree of hydrolysis of samples heated for 15 min at
70 or 100 ◦ C was significantly lower than for the sample heated at 85 ◦ C.
A similar effect was observed for longer heating times at 85 ◦ C. In any
case, unheated samples were less extensively hydrolysed than any of the
heated samples.
We thus hypothesise that upon processing, denaturation and
unfolding, protein will become more digestible compared to its native
counterpart. Conversely, the digestibility of proteins that are already
denatured in a conventional protein isolate would be reduced by further
processing into a food product. We therefore here aim at studying the
effect of protein denaturation on in vitro gastro-small intestinal di
gestibility of pea protein. To do so, native proteins are needed. Mild wet
fractionation is not yet widely applied but can be used to extract native
proteins from pulses (Pelgrom, Boom, & Schutyser, 2015). No studies
were found in the literature regarding the effect of heat treatment on
native and denatured pea protein on their in vitro digestibility, using a
dynamic gastric method.

Scientific, USA) centrifuge (Geerts, Mienis, Nikiforidis, van der Padt, &
van der Goot, 2017). With this step the insoluble starch granules were
separated into the pellet as a starch-rich side stream. This side stream
was analysed for its composition to complete the mass balance, but it
was not further analysed regarding its digestibility. The supernatant,
henceforth referred to as the protein-rich fraction (PRF), was transferred
to a new centrifuge bottle and centrifuged once more at 10,000 g for 30
min at 20 ◦ C in a Sorvall Lynx 4000 centrifuge (Thermo Scientific, USA).
The resultant supernatant is here referred to as the soluble protein
fraction (SPF) and the pellet as non-soluble protein fraction (NSPF). The
fractionation was performed in triplicate.
The dry matter content was determined by oven drying at 105 ◦ C,
overnight. The nitrogen content of pea flour, the resulting protein
fractions and the PPI was measured by Dumas analysis (Rapid N exceed,
Elementar, Germany) in triplicate. A conversion factor of N × 5.52 was
used (Holt & Sosulski, 1979). The protein content of pea flour and
resulting fractions is presented in Fig. 1. For the conventional pea pro
tein isolate, the measured protein content was 74.2 ± 0.3% dm. Protein
dispersions were prepared to match the protein content of SPF, 2.24
gprotein /100 gdispersions, as this fraction held the most diluted protein
content.
The total starch content was determined with a total starch assay kit
(based on the AOAC method 996.11 with amyloglucosidase/α-amylase,
Megazyme Ltd., Ireland). A so-called ‘rest’ component, likely composed
of other carbohydrates and minerals, was estimated by difference from
the water, protein and starch determinations. C. Kornet, Venema, Nijsse,

2. Materials and methods
Dry yellow peas (Pisum sativum L., Alimex, The Netherlands) were
used for mild wet fractionation and industrially-produced yellow pea
protein isolate (PPI, Nutralys F85M, Roquette, France) was used as a
benchmark. All chemicals, unless otherwise stated, were purchased from
Merck Sigma Aldrich without further purification. Milli-Q water (re
sistivity 18.2 MO, Merck Millipore, France) was used to prepare all
samples and reagent solutions.
2.1. Sample preparation and characterization
Pea milling was performed according to the method of Pelgrom et al.
(2015) with some modifications. Briefly, grits from pin-milled peas (LV
15 M, Condux-Werk, Germany) were impact-milled to obtain a fine flour
(D0.5 17.9 µm) (ZPS50, Hosokawa-Alpine, Germany), with an impact
mill speed of 8000 rpm, an air flow at 52 m3/h, a classifier wheel speed
of 4000 rpm and a feed rate of 2 rpm The temperature was monitored
with a thermometer inside the mill to remain between 16 and 34 ◦ C
during impact milling. One part of pea flour and five parts of water were
stirred at room temperature for 60 min on a magnetic plate stirrer. The
resulting slurry, at a natural pH of around pH 6.8, was centrifuged at
1500 g for one second at 20 ◦ C in a Sorvall Legend XFR (Thermo

Fig. 1. Composition of pea flour slurry, protein-rich (PRF), starch-rich side
stream, soluble protein (SPF) and non-soluble protein fraction (NSPF). Protein
content determined by Dumas analysis, standard deviation from triplicate
measurements given between brackets. In (A) the water content is included, and
in (B) the water content is removed to better show the content of the other
components (protein, starch and rest).
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van der Linden, van der Goot, and Meinders (2020) reported that most of
the carbohydrates present in the mild protein-rich fraction are soluble
oligosaccharides, probably raffinose and stachyose, and that only a
small fraction consists of ca. 3 kDa polysaccharides.

The final composition of the assay was 20% v/v water or diluted
extract, 50% v/v standard substrate solution, 20% v/v trypsin solution
and 10% v/v acetic acid solution. The standard substrate solution of 0.4
mg/mL Nα-Benzoyl-DL-arginine 4-nitroanilide hydrochloride (BAPNA),
pre-dissolved in dimethyl sulfoxide (0.1 mLdimethyl sulfoxide/mLstandard
substrate solution, final concentration), was prepared in 50 mM Tris⋅HCl
buffer, pH 8.2 with 20 mM CaCl2, previously warmed in a water bath at
37 ◦ C. The enzyme solution of trypsin from bovine pancreas (15119
BAEE units/mg solid) at 20 μg/mL in a 1 mM HCl solution, with 5 mM
CaCl2, was stored at 4 ◦ C until use. A 30% v/v acetic acid solution was
used to stop the enzymatic reaction. For the trypsin inhibition assay,
blanks, standard and sample assays included the same samples and re
agents with trypsin solution added before or after inactivation with
acetic acid. For the reagent blank, water was mixed with BAPNA solu
tion and preincubated at 37 ◦ C for 10 min; whereas for the sample blank,
diluted sample extract was used. Acetic acid solution was mixed in and
trypsin solution was added. For the standard and sample assays, the
preincubated mixture of BAPNA with water or diluted extract was
incubated at 37 ◦ C with the trypsin solution. After 10 min, the acetic acid
solution was mixed in with a vortex mixer for a few seconds, for trypsin
inactivation. Blanks and tests were centrifuged at 10000 rpm for 15 min.
The absorbance of the supernatants was measured at 410 nm. Mea
surements were conducted in triplicate.
The inhibitor extract must be diluted appropriately to achieve
trypsin inhibition (Equation (1)) between 30 and 70%. Trypsin inhibi
tory units (TIU, unit/gprotein) were calculated with Equation (2), in
which Areagent blank, Aextract blank, Astandard and Aextract are the measured
absorbances at 410 nm of the blanks (reagent and extract), standard and
extract assays, Vextract and Vassay (mL) are the volumes of extract in the
assay and the total volume of the assay, respectively, [protein]extract is
the concentration of protein in the extract (g/mL), and ΔA is the dif
ference in absorbance corresponding to one inhibitory unit per mL (0.1
mL/unit).
)
(
(Aextract − Aextract blank ) − Astandard − Areagent blank
TI(%) = 100⋅
(1)
Astandard − Areagent blank

2.1.1. Heat treatment
90 mL of diluted pea flour slurry, PRF and NSPF, as well as SPF and
PPI dispersion (2.24 gprotein/100 gdispersions) were transferred to 100 mL
Schott bottles and placed in a stirring dry bath (2mag Magnetic(e)mo
tion, Germany) preheated to 120 ◦ C. Dispersions were continuously
stirred at 700 rpm to avoid surface effects and facilitate homogeneous
heating. The temperature of the dispersions was monitored continu
ously. The dispersions were heated for 5 min after their temperature
reached 90 ◦ C. The come-up time for each sample ranged between 15
and 32 min, mainly due to the different dry matter content in each
ingredient.
The conditions (time and temperature) selected for the heat treat
ment needed to be sufficient for protein denaturation but not so inten
sive as to induce excessive protein aggregation. In previous research, we
observed that heating PPI dispersions at 90 ◦ C for 30 min improved the
protein solubility but also initiated protein aggregation (Rivera del Rio
et al., 2020). We therefore chose for the same temperature, as it is suf
ficient for protein denaturation of the main storage proteins found in pea
(Shand, Ya, Pietrasik, & Wanasundara, 2007); but for a shorter time to
avoid extensive aggregation.
2.1.2. Unit and subunit identification
Pea flour, mild protein fractions and PPI were characterized with
sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDSPAGE) with non-reducing and reducing conditions. 2x Laemmli sample
buffer (Bio-Rad Laboratories Inc., USA) was mixed in equal parts with 2
gprotein/L sample dilutions. Reducing sample buffer was prepared with
5% β-mercaptoethanol and the sample mixture was heated at 95 ◦ C for
10 min. Sample mixtures and a 10–250 kDa molecular mass standard
were loaded into pre-cast 12% mini-protean TGX gels. 10x Tris/Glycine/
SDS running buffer was diluted and poured in the buffer tank. Electro
phoresis was carried out at 300 V. Gels were rinsed three times with
water, stained with bio safe Coomassie brilliant blue r-250 and rinsed

)
(
TIU unit/gprotein =

Vasssay [
Vextract
⋅
⋅ (Aextract − Aextract
[protein]extract ΔA

blank )

− (Astandard − Areagent

once more, before scanning for band analysis. Gels were scanned using a
calibrated densitometer (GS-900, Bio-Rad Laboratories Inc., USA) and
the accompanying Image Lab software.

blank )

]

(2)

2.2. Semi-dynamic in vitro gastro-small intestinal digestion

2.1.3. Protein denaturation state
Differential scanning calorimetry was used to estimate the denatur
ation state of proteins in heated and unheated pea flour slurry, mild
protein fractions and PPI dispersions. Samples were loaded and sealed
onto stainless steel high volume pans. Two heating and cooling cycles,
with a heating rate at 1 or 2 ◦ C/min to 130 ◦ C and a cooling rate at
30 ◦ C/min to 20 ◦ C, were conducted on a DSC 250 calorimeter (TA In
struments, USA).

Unheated and heated dispersions of 2.24 gprotein/100 g from pea
protein, mild protein fractions and PPI dispersions were subjected to in
vitro gastro-small intestinal digestion following the recently proposed
semi-dynamic method from Mulet-Cabero et al. (2020). Simulated
digestive fluids were prepared following the suggested salt stock solu
tion combinations and enzyme unit concentrations.
In the oral phase, 20 mL of protein dispersion, pre-warmed at 37 ◦ C
was combined with simulated salivary fluid (SSF) at 37 ◦ C (1:1, food dry
weight: SSF). As shown in Fig. 1, the starch content of the mild fractions
was very low, therefore, only the SSF for pea flour slurry digestion
contained human salivary α-amylase (84 U/mg solid). After two minutes
of the oral phase, the gastric phase started with 10% of the total simu
lated gastric fluid (SGF), including electrolyte mixture, pepsin from
porcine gastric mucosa (632 haemoglobin U/mg solid), HCl and water,
in a jacketed vessel connected to a water bath set at 37 ◦ C, mixed with
the oral content (1:1, oral content: total SGF). The remaining 90% of SGF

2.1.4. Trypsin inhibitory activity
Trypsin inhibitory units were quantified based on the assay from Liu
(2019), with some modifications. Briefly, trypsin inhibitors were
extracted from the unheated and heated samples in an alkaline medium
by slow rotation (8 rpm) of 4.12 mg protein per mL 10 mM NaOH. The
pH was adjusted between 9.4 and 9.6. After 3 h of extraction, the
samples were centrifuged at 3500 rpm for 10 min.
3
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(without pepsin) and pepsin were loaded in a titrator (877 Titrino plus,
Metrohm, Switzerland) and a syringe pump (PHD 2000 Infusion, Har
vard Apparatus, USA), respectively. The delivery rate was set following
the calculations of the semi-dynamic method. The contents of the re
action vessel were stirred with a magnetic bar at 100 rpm. Five gastric
emptying (GE) steps were performed by removing one fifth of the total
gastric phase (oral content + total SGF), with a pipette. The duration of
the gastric phase was calculated from the in vivo gastric half time of a
500 mL meal with an energy emptying rate of 2 kcal/min. Gastric
digestion was halted by adjusting the pH to 7 with 1 M NaOH.
Digestion was continued in a static small intestinal phase in which
the neutralized chyme from each of the five GE steps, was mixed with
the simulated intestinal fluid (SIF) containing the appropriate electro
lyte mixture, pancreatin from porcine pancreas (10.4 TAME trypsin U/
mg solid) and water (1:1, acid chyme: SIF). Note that the NaOH added to
the acid chyme is considered part of the SIF. The intestinal phase was
performed for 2 h at 37 ◦ C shaking at 350 rpm. Three aliquots were taken
for analysis at 30, 60 and the final 120 min, digestion was halted by
heating the aliquots at 95 ◦ C for 5 min. Digestion samples were dispersed
in a 2% solution of SDS to ensure optimal solubility for further analysis.
Digestions were conducted in triplicate for heated and unheated, pea
flour slurry, mild protein fractions and PPI dispersions.
Additional experiments were conducted to better understand the
relevance of the gastric phase on the overall gastro-small intestinal
digestion. Due to the presence of starch, the pea flour slurry had a higher
caloric density than the mild protein fractions and the PPI dispersions.
Therefore, the calculated duration of the gastric phase was longer for the
flour slurry than the other materials. The semi-dynamic digestion assay
was conducted for the unheated flour slurry also with the shorter
duration of gastric phase as for the mild protein fractions and the PPI.
Furthermore, the substrate to enzyme ratio changes throughout the GE
steps, both in terms of protein: pepsin and protein + peptide: pancreatin.
We thus diluted the aliquot from GE1 to match the protein content of
GE5 and subjected it to the same static small intestinal phase as the rest
of the GE aliquots.

curve of 20–2000 μg BSA/mL. The method followed the standard pro
tocol, incubating the reacting samples at 37 ◦ C for 30 min with the
prepared reagent. The resulting absorbance of the colorimetric reaction
was measured at 562 nm. The protein quantification was conducted in
triplicate.
2.2.3. Degree of hydrolysis
Hydrolysis after the addition of pepsin and pancreatic enzymes was
quantified by the o-phthaldialdehyde (OPA) colorimetric assay (Nielsen,
Petersen, & Dambmann, 2001). The OPA reagent contained 3.81% w/v
sodium tetraborate decahydrate, 0.1% w/v SDS, 0.08% w/v OPA pre
viously dissolved in 2% v/v ethanol, and 0.088% w/v dithiothreitol. The
reagent was stored protected from light after it was filtered through a
0.45 μm syringe filter. A standard curve was prepared with L-serine (Alfa
Aesar, Germany) in a concentration range from 0 to 2 mM. 30 μL of
sample or standard were combined with 240 μL OPA reagent in a
microplate well. 3 min after the start of the reaction, the absorbance was
measured at 340 nm. From the standard curve, the absorbance from
unknowns was converted to [NH2 free] (mM). The concentration of free
amino groups from hydrolysis was corrected by subtracting the contri
bution of the digestive enzymes.
The degree of hydrolysis (%, DH) represents the fraction of cleaved
bonds from the total peptide bonds. The DH was calculated with
Equation (3), where [protein] was obtained from the BCA assay, β ac
counts for the α- and ε-amino groups measured for each sample before
hydrolysis; and htot is the total peptide bonds which were determined
after acid hydrolysis with 6 M HCl at 95 ◦ C for 24 h (Table 1).
[
]/
NH2,free [protein] − β
DH(%) = 100⋅
(3)
htot
2.2.4. Peptide size distribution
Digestion samples were analysed using an UltiMate 3000 chroma
tographer (ThermoFisher Scientific Inc., USA) used to perform Size
Exclusion Chromatography (SEC). Samples were injected through a dual
column system with TSK gel columns G3000SWXL and G2000SWXL for
proteins and peptides. The eluent was an aqueous solution of 30% v/v
acetonitrile and 0.1% v/v trifluoroacetic acid. UV absorbance detection
at 214 nm was used to measure the resulting signals. Chromatogram
integration was conducted with the Chromeleon 7.2 software (Ther
moFisher Scientific Inc., USA). The data processing method was adjusted
to integrate peaks between retention times corresponding to molecular
mass ranges. A calibration curve was constructed with molecular mass
standards, α-lactalbumin (14 kDa), aprotinin (6.51 kDa), bacitracin
(1.42 kDa) and phenylalanine (147 Da).

2.2.1. Buffering capacity
Before the digestion assay can be conducted, the amount of acid
needed to reduce the pH of the food to pH 2 has to be quantified. The
oral phase was conducted as in the digestion assay. However, the gastric
phase was modified. The total SGF was added to the reaction vessel and
the pepsin solution was substituted with water. 1.5 M HCl was slowly
titrated until pH 2 is reached. The required amount of acid was recorded
and used to calculate the composition of SGF used in the digestion assay.
The buffering capacity was calculated using these data.

2.3. Statistical analysis

2.2.2. Protein content
The protein content of each GE step aliquot was quantified with the
Pierce™ bicinchoninic acid protein (BCA) assay kit using the microplate
procedure (ThermoFisher Scientific Inc., USA). A 2 mg/mL bovine
serum albumin (BSA) standard was used to prepare a standard curve.
Samples were diluted to estimate concentrations within the standard

SPSS Statistics software (version 25, IBM, USA) was used to perform
one-way analysis of variance and post-hoc Tukey’s Honestly Significant
Difference test to compare significant differences between means at a
confidence interval of 95% (p ≤ 0.05). Digestion samples were
compared among each gastric or small intestinal timepoint.

Table 1
Trypsin inhibitory units (TIU), buffering capacity (BC, ΔpH from pH of food to pH 2), β-value (α and ε amino groups) and htot (total peptide bonds) of pea flour, pea
protein-rich (PRF), soluble (SPF) and non-soluble protein (NSPF) fractions and conventional pea protein isolate (PPI) in unheated and heated dispersions. Standard
deviation from triplicate measurements is given between brackets. Values with the same letter did not differ significantly, upper and lowercase letters alternated to
indicate that Tukey HSD post hoc tests were conducted for TIU, BC, β and htot, separately (p > 0.05).
TIU (U/gprotein)
Flour
PRF
SPF
NSPF
PPI

BC (mmolH+/ΔpH gprotein)

β (meqNH2/gprotein)

unheated

heated

unheated

heated

unheated

heated

6.3a (0.8)
6.6a (0.7)
3.9ab (0.2)
2.2bc (0.2)
1.4bc (0.2)

0.9bc (0.2)
0.9bc (0.2)
3.6abc (0.4)
0.7bc (0.1)
0.4c (0.1)

1.04C (0.01)
0.88D (0.02)
1.30A (0.01)
0.84E (0.01)
0.72G (0.01)

1.15B (0.01)
1.18B (0.01)
1.28A (0.01)
1.06C (0.01)
0.76F (0.01)

1.1 cd (0.0)
1.2c (0.0)
2.2a (0.0)
1.0d (0.0)
0.8e (0.0)

1.1 cd (0.0)
1.0d (0.0)
1.4b (0.0)
0.8e (0.0)
0.8e (0.0)

4

htot (meq NH2/gprotein)
9.1A (0.4)
8.1AB (0.3)
6.8B (0.2)
9.6A (0.4)
9.6A (0.1)
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Fig. 2. Non-reducing and reducing SDS-PAGE patterns of pea flour, protein-rich (PRF), soluble (SPF), non-soluble (NSPF) protein fractions and conventional pea
protein isolate (PPI). Red marks placed to indicate areas with fainter or missing bands. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

3. Results and discussion

accessible cleavage sites.

3.1. Characterization of protein sources

3.1.2. Protein denaturation
The DSC thermogram of the unheated pea flour slurry showed a
distinct endothermic peak at ca. 68 ◦ C that can be associated to starch
gelatinization (Supplementary material S1). Somewhat overlapped,
smaller peaks at ca. 77 ◦ C and 89 ◦ C were observed in the unheated PRF
dispersion. In SPF, the peak was most predominantly at ca. 78 ◦ C, while
in the flour slurry and NSPF it was more evident at 89 ◦ C. Our obser
vations are in agreement with Sim, Karwe, and Moraru (2019), who
found a relatively wide peak from 73 to 88 ◦ C attributed to the thermal
denaturation of both 7S and 11S pea globulins, as well as a peak at 66 ◦ C
associated to starch gelatinization.
The enthalpy changes in the first heating ramp of the unheated flour
slurry and mild fractions were not observed in the second heating ramp.
This indicates that proteins in the pea flour slurry and mild fractions
were initially in their native state. Furthermore, thermal denaturation of
these proteins was irreversible as shown by the second heating ramp of

3.1.1. (Sub)unit identification
SDS-PAGE was used to identify the protein units and subunits present
in pea flour, PRF, SPF, NSPF and conventional PPI (Fig. 2). Under nonreducing conditions, almost all protein units from pea flour were present
in the mild protein fractions and the conventional PPI. Fainter bands
were observed in SPF, one just above 50 kDa and another above the 37
kDa mark (band area 1 and 2). These coincide with the molecular mass
of legumin A and B; under non-reducing conditions the α and β chains
are expected to be bound by a disulphide bond. Likewise, in reducing
conditions, the α chain of legumin A (at approximately 37 kDa, band
area 6) and the β chains of legumin A and B, as well as the α chain of
legumin B (at approximately 20 kDa, band area 7), were nearly absent in
SPF. These bands are clearly observed in NSPF. We might speculate that
legumins are not as soluble as the other units and are thus separated into
the non-soluble fraction.
The absent band in NSPF, for both non-reducing and reducing con
ditions, at approximately 27 kDa (band area 3 and 8) could be assigned
to lectin, which might have been separated into the soluble fraction
through centrifugation. Lectins are commonly extracted by soaking
pulses, suggesting that these units are rather soluble (Shi, Arntfield, &
Nickerson, 2018). Under reducing conditions, NSPF and PPI appear
similar in unit and subunit composition, with the exception of the band
associated to lectin (band area 8).
Compared to the mild protein fractions, PPI showed a somewhat
faint band for legumin B and a relatively lower amount of convicilin,
below the 75 kDa mark under non-reducing conditions (band area 5 and
4, respectively). The smear at the top of the gel for high molecular mass
units suggests a lower proportion of large proteins in the SPF compared
to the other samples, particularly NSPF and PPI.
It may be worth noting that recent research showed that
isoelectrically-precipitated PPI did not include the albumins, which
generally precipitate not as readily as globulins (R. Kornet, Shek, Ven
ema, van der Goot, Meinders, & van der Linden, 2021). This might be
due to their generally higher isoelectric point (Dziuba, Szerszunowicz,
Nałęcz, & Dziuba, 2014). Mild wet fractionation does not include an
isoelectric precipitation step and thus, the PRF and SPF will still contain
the albumins, which are smaller (ca. 14 or 26 kDa for PA1 and PA2,
respectively, UniProt Consortium (2019)) and may contain more

Fig. 3. Peptide profile integrated from size exclusion chromatograms of pea
flour, protein-rich (PRF), soluble (SPF), non-soluble protein (NSPF) fractions,
and conventional pea protein isolate (PPI), unheated (U) and heated (H)
dispersions.
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the unheated samples and both heating ramps of the heated dispersions.
As expected, the thermograms of both unheated and heated PPI dis
persions did not show enthalpy changes or peaks associated to protein
denaturation, confirming that the proteins in the commercial isolate
were denatured (Shand et al., 2007).

process.
3.1.5. Buffering capacity
Proteins are the main components in food that are responsible of
buffering the pH reduction upon secretion of HCl into the stomach.
Considering that only 0.01 mmol H+ is required to lower the pH of 1 mL
of water to 2, the buffering capacity of the pea flour slurry, mild protein
fractions and PPI dispersions was significant (Table 1). The unheated
flour slurry showed a relatively high buffering capacity, compared to
PRF. This could be related to the presence of starch in flour taking up
some of the acid and preventing the pH to drop. The buffering capacity
of SPF was higher than that of NSPF, suggesting perhaps a greater
exposure of dissociating groups in the former material. Similarly, heat
ing PRF and NSPF might have induced protein unfolding and expose
buffering groups, thus increasing their buffering capacity. Meanwhile,
PPI showed a low buffering capacity that did not change after heat
treatment. This could be due to the shell-like particles in the PPI (Rivera
del Rio et al., 2020), or to any aggregates formed during heating,
enclosing the dissociating groups.

3.1.3. Peptide size distribution
Size exclusion chromatography was used to estimate the molecular
mass distribution of proteins and peptides in pea flour, mild protein
fractions and PPI prior to their in vitro digestion (Fig. 3). Fractionating
PRF into SPF and NSPF leads to approximately 20% more small peptides
(<10 kDa) into the soluble fraction and a comparable amount of large
peptides (>10 kDa) into the non-soluble fraction.
Native proteins fractionated from the pea flour slurry were dena
tured by heat treatment. Heating led to protein unfolding and limited
aggregation as can be observed in the peptide size distribution of the
samples. In PRF and SPF, peptides with a molecular mass > 10 kDa were
formed from the heat induced-aggregation of lower molecular mass
peptides. This was shown as an increase in > 10 kDa peptides upon heat
treatment of 10 and 5% for PRF and SPF, respectively (Fig. 3). Coinci
dently, the β-value was reduced upon heating most significantly for this
fraction, implying less accessible NH2 groups, i.e., aggregation (Table 1).
For NSPF, less > 10 kDa peptides and more < 4 kDa peptides (ca. 20%)
were recorded after heat treatment. Based on the absolute area under the
curve (data not shown), the total amount of dissolved protein that was
injected onto the column was 23% lower in the heated NSPF. We might
speculate that aggregates of larger molecular mass, were not observed in
the chromatogram.

3.2. Semi-dynamic in vitro digestion
The standardised semi-dynamic in vitro digestion method consists of
a dynamic addition of gastric secretions to the ‘bolus’ from the oral
phase, a stepwise emptying of gastric ‘chyme’ and a static small intes
tinal phase (Mulet-Cabero et al., 2020). In this method, the rate of
gastric emptying (GE) and, as a consequence, the duration of the gastric
phase depends on the energetic content of the food. Naturally, the
presence of starch in the flour slurry impacted its caloric density, and
thus, the duration of the gastric phase for this dispersion was longer than
for the mild fractions and PPI dispersions. For the purpose of compari
son, we present the results from the digestion assays for each GE step (1 –
5) for its gastric phase and subsequent small intestinal phase (at 30, 60
and 120 min).

3.1.4. Trypsin inhibitory activity
The effect of processing on trypsin inhibitor contents in pea flour,
mild protein fractions and conventional PPI was studied. Unheated pea
flour slurry and PRF contained the largest amount of trypsin inhibitory
units (TIU, Table 1). Interestingly, TIU were lower in SPF and NSPF,
compared to PRF, although not significantly for SPF. Trypsin inhibitors
are proteins of relatively low molecular mass. Bowman-Birk (~11 kDa)
and Kunitz-type (~21 kDa) inhibitors have been identified in pea, with 7
and 2 disulphide bonds, respectively, that stabilize their structure
(UniProt Consortium, 2019). It is to be expected that proteins of lower
molecular mass partition into the SPF after centrifugation. Our TIU
values are similar to those reported in literature for protein-rich frac
tions (Reinkensmeier, Bußler, Schlüter, Rohn, & Rawel, 2015).
It has been reported that boiling inactivates or reduces trypsin in
hibition in pea seeds and flour (Avilés-Gaxiola et al., 2018). Heating
during spray drying may have the same effect, which would explain the
low values for PPI. Higher TIU values have been reported for freezedried (Reinkensmeier et al., 2015) than for spray-dried PPI (Çabuk
et al., 2018). Further heating of PPI resulted in a non-significant
reduction of TIU, likely due to the already low TIU present in the un
heated material. TIU values were also reduced upon heating of pea four,
PRF and NSPF, although not significantly in the latter. No significant
difference was observed between the unheated and heated SPF. We
currently have no explanation for this heat resistance; it may well be that
the major path towards lowering the TIU values in regular fractions is
through washing and not through heating; however, this does not
explain why the TIU values of the flour, PRF and NSPF were reduced
strongly. Alternatively, it has been observed that the inhibitory activity
of soybean flour is lost faster upon heat treatment than in the purified
forms of the Bowman-Birk or Kunitz-type inhibitors; signalling some
form of interaction between the inhibitors and with the matrix itself
(DiPietro & Liener, 1989). Potentially, Bowman-Birk type inhibitors, the
more heat-stable of the two types, were partitioned into SPF. Never
theless, TIU in the heated flour slurry and mild protein fractions did not
present a statistically significant difference compared to unheated PPI,
indicating that heat treatment is sufficient to reduce the trypsin inhib
itory activity to the levels achieved by the conventional isolation

3.2.1. Unheated pea protein
The hydrolysis profiles of native pea protein in the gastric phase
differed according to its matrix, i.e., pea flour slurry, PRF, SPF and NSPF
(Fig. 4, unheated). A steady increase in DH was observed along the
gastric phase, except for a slight reduction in DH at the second GE step,
for the flour slurry, PRF and SPF, and at the first GE step, for NSPF. These
reductions can be explained by protein clotting or precipitation around
the isoelectric point of proteins in each fraction. Afterwards, the flour
slurry, PRF and NSPF showed similar extents of hydrolysis, while SPF
was more extensively hydrolysed through the course of the gastric
phase. It should be noted that the total peptide bonds in SPF (htot,
Table 1) are significantly less than those quantified in the PPI, flour
slurry and NSPF, which is reflected in the calculation of DH.
The aliquots of each GE step were further digested in the small in
testinal phase with pancreatic enzymes. Fig. 4 shows the DH for each GE
step after 30, 60 and 120 min in the small intestinal phase. As it is
commonly observed, the extent of protein hydrolysis was significantly
higher in the small intestinal phase, compared to the gastric phase for a
given GE step. For each protein sample, the DH observed after 30 min of
the small intestinal phase was higher for later GE steps. This suggests
that a longer residence time in the gastric phase increases the DH in the
small intestinal phase. Throughout the small intestinal phase (from 30 to
120 min), a slight increase in DH was observed for a given sample and
GE step.
The lowest DH throughout the small intestinal phase of the native
proteins was observed in PRF and NSPF, particularly for GE 3 to 5. The
proteins in the flour slurry were hydrolysed to a higher extent, however
not as much as SPF, which showed the highest DH for all GE steps of all
native proteins studied. The higher DH observed for SPF suggests a
greater exposure of cleavage sites in this fraction, perhaps due to units of
smaller molecular mass being separated into the supernatant after
6
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Fig. 4. Degree of hydrolysis after five gastric emptying steps during the gastric phase and after 30, 60 and 120 min of small intestinal phase of unheated (filled
symbols) and heated dispersions (open symbols) of pea flour, pea protein-rich (PRF), soluble (SPF), non-soluble protein (NSPF) fractions and conventional pea
protein isolate (PPI). For comparison, unheated PPI is also presented with heated samples. Error bars represent the standard deviations of the triplicate digestion
assays. For statistical significance comparisons refer to the supplementary material 2.

centrifugation. This is evidenced by the high β-value and low htot
measured for SPF (Table 1), as well as its peptide size distribution before
hydrolysis which showed a smaller fraction of high molecular mass
peptides (>10 kDa, Fig. 3). Therefore, proteins in SPF, while native, do
exhibit an enhanced digestibility compared to the pea flour slurry, PRF
and NSPF. The smaller proteins in SPF might be entrapped in the total
PRF and therefore less accessible to protease-catalysed hydrolysis.
Conventional pea protein isolate was chosen as the benchmark of
denatured protein (Shand et al., 2007). Unheated PPI was more exten
sively hydrolysed than the native proteins in the pea flour slurry, PRF,
and NSPF from GE 3–5. Negligible hydrolysis took place in the first two
GE steps due to the short residence times in the gastric phase at high pH
(Fig. 4). The DH of SPF was similar to that of unheated PPI throughout
the gastric phase. The DH of native proteins in PRF and NSPF was
significantly lower than that of the denatured proteins in unheated PPI
during the small intestinal phase. This would suggest that protein
denaturation leads to higher protein digestibility. Nevertheless, un
heated SPF was more extensively hydrolysed than PPI, highlighting the
relevance of protein size and conformation above the degree of dena
turation as determinants of protein digestibility.

differences were observed, they anticipated the effect of heat treatment
of proteins in the small intestinal digestion, e.g., in the GE 4 and 5 of
PRF, the heated dispersion was hydrolysed to a significantly greater
extent (ca. 18 and 10%, respectively) than its unheated counterpart.
Protein hydrolysis throughout the small intestinal phase of each of
the samples studied showed a distinctive behaviour as a result of heat
treatment. For a direct comparison of DH from the digestion heated and
unheated dispersions from each GE step, the reader is referred to Fig. S3
in the Supplementary material. The DH was significantly smaller in the
heated pea flour slurry compared to its unheated counterpart. Here,
heating does not only affect the protein but it also induces the gelati
nization of starch from the flour, which might embed proteins within it
and in fact form polar and non-polar starch-protein interactions, pro
tecting it from hydrolysis (López-Barón, Gu, Vasanthan, & Hoover,
2017). Similarly, a significant reduction in in vitro gastric digestibility
has been previously reported for quinoa protein in the presence of
gelatinized starch (Opazo-Navarrete, Freire, Boom, & Janssen, 2019).
Heat treatment of PRF resulted in a significantly higher DH by
pancreatic enzymes, compared to its unheated counterpart. The DH of
NSPF remained almost equal after heat treatment, with an exception for
the last two GE steps after 60 min in the small intestinal phase in which
the heated dispersion showed a higher DH. An opposite effect was
observed for SPF, for which, heating reduced the DH achieved by
pancreatic enzymes. As it has been described in the previous sections,
heat treatment of SPF led to protein aggregation, as a result of protein
denaturation, which might have hindered protein digestibility.

3.2.2. Thermal denaturation of native proteins
The effect of heat treatment on the gastric digestion of the pea flour
slurry and mild fractions was relatively small (Fig. 4). For the most part,
no significant differences between the DH of unheated and heated dis
persions were observed (Table S2). Nevertheless, when significant
7
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Further processing of PPI, into a heated PPI dispersion, showed no
effect on the DH in the gastric phase. We previously reported no sig
nificant effect of heat treatment on the in vitro gastric digestion of con
ventional pea and soy protein isolates (Rivera del Rio et al., 2020). Upon
close inspection, we realised that the net zero effect on DH may have
been caused by solubilization and aggregation balancing each other. It
was demonstrated that the spray-dried morphology of the particles in
the unheated dispersions prevented them from being solubilized.
Nevertheless, the particles were sensitive to pepsin-catalysed hydrolysis.
When the dispersion was heated, the spray-dried particle released most
proteins into the supernatant, while the proteins that were separated
into the pellet were larger protein clusters and aggregates. The latter
showed poorer digestibility compared to the proteins in the supernatant.
In the current work, heating a PPI dispersion also induced some
aggregation as was observed in the peptide size distribution where more
peptides > 10 kDa were present in the heated dispersion than in its
unheated counterpart (Fig. 3). However, no change in β-value was
observed as a result of heat treatment (Table 1). In the small intestinal
phase, the DH of the heated PPI dispersion was, for the most part similar
to that of its unheated counterpart. In a few exceptions, the DH was
significantly lower for the heated dispersion.
Interestingly, the DHs of unheated SPF, and heated PRF and SPF in
some timepoints, were significantly larger than both unheated and
heated PPI. This might imply the presence of ‘faster’ proteins in the mild
fractions, i.e., proteins that could be broken down more quickly and
absorbed earlier into the bloodstream. As mentioned before, R. Kornet
et al. (2021) found that that isoelectrically precipitated fractions such as
PPI do not contain albumins anymore. The other fractions do, and these
easily soluble albumins are smaller and may be better available for
hydrolysis.

2020). As previously mentioned, the pea flour slurry contained the
highest caloric density of all the samples studied due to the presence of
starch. The duration of the gastric phase for this sample was nearly twice
that of the mild protein fractions and the PPI. To evaluate a potential
effect of the duration of the gastric phase on the overall DH after the
gastric or small intestinal phases, the pea flour slurry was subjected to
the conditions of a gastric phase without considering the contribution of
starch to the caloric density of the meal. As shown in Fig. S4, no sig
nificant difference was observed between the DH of a shorter or longer
duration of the gastric phase, throughout the full digestion assay.
Certainly, the total amount of acid and pepsin added to the digestion
vessel remained the same; the simulated gastric fluid was only dosed at a
faster rate for shorter durations of the gastric phase. Likewise, the time
between GE sampling is shortened, but the intervals are proportional to
the full duration of the gastric phase. Therefore, for the relatively simple,
liquid ‘foods’ used in this study, the extent of gastric and subsequent
small intestinal hydrolysis was not influenced by the duration of the
gastric phase.
Nevertheless, the present study shows the effect of residence time in
the stomach on hydrolysis by pancreatic enzymes in the small intestinal
phase. Generally, we see that longer residence times in the stomach
result in better digestion in the small intestine. Albeit the extent of hy
drolysis in the gastric phase is relatively limited, it has a major impact on
the extent of the hydrolysis achieved in the small intestinal phase. For
instance, the difference in DH between the first and last GE step directly
after the gastric phase of the unheated pea flour slurry is approximately
6%, while subsequent small intestinal phase of 120 min for the same GE
aliquots adds another 31%. It should be noted that the enzyme-tosubstrate ratio varies among the five GE steps, both in the gastric and
small intestinal phases. The first GE aliquot in the small intestinal phase
has the highest concentration of protein and is met by the same amount
of pancreatic enzymes as the last GE aliquot, which contains less protein.
Thus, early GE steps have a lower enzyme-to-substrate ratio than later
GE steps, in both the gastric and small intestinal phases.
To check for these dilution effects, we did an additional experiment
where the aliquot from the first GE step of the unheated flour slurry
digestion was diluted to match the protein concentration of the last GE
aliquot. The diluted GE1 aliquot was subjected to the small intestinal
phase as was done for the undiluted aliquots (Fig. S5). Although slightly
larger, the DH during the small intestinal phase of the diluted aliquot
from the first GE step was not significantly different to that of the un
diluted aliquot (p > 0.05, among 30, 60 or 120 min small intestinal
timepoints). Therefore, the significantly larger DH from the last GE step
cannot be fully attributed to the dilution effects resulting in higher
enzyme-to-substrate ratios as the dynamic gastric phase proceeds to
completion.
In previous work, we demonstrated that the acidification and pepsincatalysed hydrolysis of bovine serum albumin in the gastric phase en
sures better hydrolysis by trypsin in the small intestinal phase, both in
terms of extent and efficiency, compared to non-acidified and nonhydrolysed protein (Rivera del Rio et al., 2021). Our findings here
suggest that pepsin-catalysed hydrolysis has a preparatory effect on
protein structure to be better susceptible to hydrolysis by pancreatic
enzymes than an intact protein, particularly if the latter was not acidi
fied during the gastric phase.

3.2.3. Peptide size distribution throughout digestion
Size exclusion chromatography was used to obtain the peptide size
distribution of each digestion sample. Similar trends were observed in
the changes within a molecular mass range throughout the complete
digestion assay for all dispersions studied (Fig. 5). During the gastric
phase, proteins and peptides with a molecular mass higher than 4 kDa
were hydrolysed by pepsin into 0.5 – 4 kDa peptides. The proportion of
< 0.5 kDa peptides remained practically unchanged from the proportion
in the samples before hydrolysis (Fig. 3).
In the first 30 min of the small intestinal phase, for all GE steps, a
sharp reduction in the proportion of 1 – 10 kDa peptides, from the
gastric phase, was recorded to give rise to < 0.5 kDa peptides. The sharp
increase of small peptides can be equated to the larger DH in the small
intestinal phase compared to the limited DH from the gastric phase.
Interestingly, most of the small peptides (<1 kDa) were formed already
after the first 30 min of the small intestinal phase of the aliquot from the
first GE step. This suggests that the changes in DH observed for the
different GE steps and throughout the small intestinal phase resulted
from the hydrolysis of large into medium peptides without contributing
significantly to the amount of smallest peptides.
The work of Jiménez-Munoz, Brodkorb, Gómez-Mascaraque, and
Corredig (2021) showed that more large peptides were present after the
first GE step of a PPI dispersion heated at 90 ◦ C for 15 min, compared to
its unheated counterpart. They proposed that heating delayed gastric
digestion. Nevertheless, this was quickly compensated and surpassed in
the next GE steps, showing that both unheated and heated PPI disper
sions are prone to trypsin- and chymotrypsin-catalysed hydrolysis.
Interestingly, it was reported that the structures formed during the dy
namic gastric phase were different for unheated and heated dispersions.

4. Conclusion
The use of a dynamic in vitro gastric digestion method highlights the
importance of an optimal gastric digestion for an enhanced subsequent
small intestinal digestion of protein. Our findings show that thermal
denaturation of pea proteins improves their in vitro gastro-small intes
tinal digestibility. Nevertheless, the presence of starch in the food ma
trix, when gelatinized reduced the overall digestibility of protein. We
found that native, soluble proteins were highly digestible. These pro
teins, however, aggregated as a result of heat treatment which impaired

3.3. Relevance of the gastric phase
In the standardised semi-dynamic in vitro digestion method, the rate
of gastric emptying and thus, the duration of the gastric phase, are
determined by the caloric density of the ‘food’ (Mulet-Cabero et al.,
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Fig. 5. Molecular mass distribution integrated from size exclusion chromatograms after gastric and small intestinal digestion of unheated (continuous lines) and
heated (dashed lines) pea flour slurry, protein-rich (PRF), soluble (SPF), non-soluble (NSPF) protein fractions and conventional pea protein isolate (PPI) dispersions.
The lines connect the experimental data points at gastric emptying steps 1 to 5. For clarity of the figures, the data points are left out.
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the extent of hydrolysis by gastric and pancreatic enzymes. Therefore,
protein size and conformation, in addition to the degree of denaturation
and ultimately aggregation, are determinants for protein digestion. Pea
protein isolate was chosen as a benchmark for denatured protein but
also as a commercial, widely available and used ingredient. The heated
dispersions of the mild fractions were at least as digestible as both un
heated and heated PPI after 120 min of the small intestinal phase. In fact,
the heated PPI dispersion was less extensively hydrolysed than its un
heated counterpart. Consequently, we should aim for minimal process
ing in the manufacture of ingredients, since the final preparation will
then provide the right degree of processing to ensure good digestibility.
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