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Driven by environmental sustainability, the transition to alternative food proteins is introducing a variety of

plant-based products that simulate animal-derived foods. This study investigated the in vitro protein

digestibility of a blend of pea protein isolate and wheat flour (75 : 25) as the basic proteinaceous ingredient

in model foods. The selected vegetable foods included plant-based milk and pudding as high-moisture

foods, a burger as a medium-moisture food, and a breadstick as a low-moisture food. A selection of

protein-free foods were digested to measure the impact of digestive enzyme autolysis. Protein digestion

depended on the level of food hydration, composition, and structure. High-moisture foods achieved the

highest digestibility scores, with plant-based milk at approximately 83% and pudding at 81%. The burger

followed with a digestibility score of around 71%, while the breadstick had the lowest score at approxi-

mately 69%. The viscosity of the soluble duodenal content was similar across the duodenal soluble

samples. We determined the amount of digestible protein per food category using the digestibility scores

and reference portion sizes. This study highlights the importance of food formulation and processing in

protein digestibility, emphasising the significance of macro- and micronutrient interactions in defining the

nutritional quality of a food product.

1. Introduction

Achieving Europe’s net-zero emissions target by 2050 and
meeting the Sustainable Development Goals requires signifi-
cant emissions reductions across all sectors, including the
food industry, which must adopt sustainable alternative ingre-
dients to animal products. Protein quality is crucial when eval-
uating new food ingredients intended to replace traditional
animal proteins. This quality is determined by the bio-
availability and bio-accessibility of essential amino acids in the
alternative protein ingredients compared to the high biological
value of animal proteins.1,2 Transitioning to a flexitarian diet,
which involves a 25% reduction in animal protein consump-
tion replaced by plant proteins, could lead to a 40% reduction
in greenhouse gas emissions and a 10% reduction in water

usage.3 Factors such as protein structure, lipids and non-diges-
tible carbohydrates can hinder the conversion of plant pro-
teins into absorbable amino acids. Research shows that lower
protein quality, defined by poor digestibility and availability of
essential amino acids, can lead to a small but significant
decrease in muscle protein synthesis, and this effect may vary
with age.4 For athletes or individuals on specific diets, if 30%
of their daily calorie intake comes from low-quality protein
that lacks essential amino acids, it could cause nutritional
imbalances or health issues.5 To improve food formulation, it
is crucial to assess not only the digestibility of protein ingredi-
ents and the balance of essential amino acids (e.g., mixing
pulses and cereals) but also the complex interactions of macro-
and micro-components in the food.6 The market offers a wide
range of high-protein products, from yogurts and burgers to
biscuits, but their actual protein utilisation remains question-
able.7 Nutritional labels often rely on theoretical balancing
methods, and while the FAO 2013 guidelines include digesti-
bility in their assessments, they focus on the digestibility
scores of individual ingredients, when available, rather than
considering how these ingredients perform within the context
of the whole food consumed.6,8 The bio-accessibility of nutri-
ents, particularly macronutrients that require enzymatic break-
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down into basic components such as amino acids, sugars,
and fatty acids, is influenced by factors such as particle size
after mastication.9–11 Smaller particle size increases the
surface area available for enzymatic action, enhancing nutrient
bio-accessibility. The presence of soluble and insoluble fibres
can hinder digestive enzymes by either binding to them or
increasing the viscosity of the bolus, which slows down the
diffusion of enzymes and nutrients, reducing the rate of
digestion.12,13

As reported by Zhang et al. (2022), the digestion of macro-
nutrients in simple systems, such as soybeans, depends on
the moisture content of food. A moisture content higher
than 46.29% and a heat treatment at 140 °C resulted in an
increased in vitro protein digestibility.14 The correlation
between moisture content and starch digestion is much
better understood than its relationship with protein diges-
tion. However, in complex matrices, efficient starch and
protein digestion are closely linked.15 A study on chickpea-
based snacks demonstrate the importance of moisture for
starch digestion. The increased water in chickpea puree
(high moisture content) and cracker (low moisture content),
correlated positively with starch digestion while the protein
digestion did not appear to be influenced by the moisture.16

However, protein digestion was affected by the finer particle
size and the duration of duodenal digestion. Heat-induced
dehydration and the accompanying protein denaturation cor-
relate positively with enhanced protein digestibility in a
study focused on different soy-based products including firm
tofu, reconstituted soy drink powder, yuba, and a soy
drink.17 These matrices, despite being produced with the
same starting material, have different moisture content and
different structures, being a colloidal dispersion, powder, gel
and lipid film. Molecular analysis showed that higher
protein digestibility was correlated with the surface content
of free thiols and protein solubility, while it appeared to be
negatively correlated with the presence of disulphide bonds
and β-sheets.17 High-moisture extrusion is a promising
technology that has gained increasing attention to its poten-
tial to produce meat analogues. Several in vitro and in vivo
studies have investigated the digestibility of these model
foods compared to traditional dry extrusion. This process
uses high moisture content during extrusion, which helps
create fibrous, meat-like textures in plant-based proteins
such as soy, pea, and wheat gluten. The process appears to
either reduce or have no influence on the digestibility of pro-
teins both in vitro and in vivo.18–21 This reduction may be
linked to the mobility of disulfide bonds and inter-protein
interactions generated during extrusion, rather than
hydration alone.

This study aims to determine whether consuming the same
protein ingredient mixture in four different food models
results in similar levels of protein digestion using an in vitro
model. It serves as a preliminary exercise to understand how
food composition in simple models influences protein digesti-
bility in vitro, without considering the technological aspects of
extrusion processing. We analysed duodenal soluble digests to

identify key physical parameters influencing the system. We
evaluated four protein-free food formulations to assess vari-
ations in the autolytic activity of digestive enzymes based on
food composition and structure, and to determine their suit-
ability as blank food controls.

2. Experimental
2.1 Materials and chemicals

All the reagents and solvents, and analytical grade standards
used in this study were purchased from Sigma-Aldrich
(St Louis, MO, USA). The solvents employed for the analyses
were of HPLC-grade.

2.2 Food matrix preparation

2.2.1 Food ingredients. We purchased all the ingredients
from the local shops. Pea protein isolates were from Raab
Vitalfood® (80% protein, 8% lipid, 4.9% carbohydrates, 4.2%
fibres and 1.1% salt), the wheat organic flour was from Antico
Mulino Rosso® (12.5% protein, 1.42% lipid, 69.89% carbo-
hydrates, 2.2% fibre, and 0.28% salt). The other ingredients
were sunflower oil, soy lecithin powder special ingredients®,
carrageenan K SaporePuro, vanilla natural flavour from Estratti
Liquori Affini, corn starch Maizena® from Unilever, baking
soda from Paneangeli, white vinegar from Acetum, and spices
such as paprika, garlic powder and pepper from Selex.

2.2.2 Food preparation. The protein master mixture was
prepared by thoroughly blending pea protein isolate and
wheat to a 75 : 25 (w : w) ratio to achieve homogeneity. A
blender was employed to ensure even dispersion of both com-
ponents, allowing for consistent protein distribution through-
out the mixture. The blending process was conducted for
5 minutes at a controlled speed to prevent overheating and
ensure a uniform texture. The resulting homogenous mixture
was then used as a base for all food formulations.

The list of ingredients and their quantities used in the
model food preparations are detailed in ESI Table 1.†

• The plant-based milk was prepared by mixing all ingredi-
ents in a glass container at 500 rpm and room temperature
(20.7 °C), resulting in a natural final pH of 6.42.

• The pudding was prepared by mixing the ingredients at
1000 rpm for 5 minutes at 30 °C, then refrigerated for 4 hours
to set and develop its gelling texture.

• The plant-based burger was prepared by gradually adding
the liquid ingredients to the dry powders and mixed until fully
absorbed. The mixture was then shaped into 50 g burgers with
a diameter of 7–8 cm and a thickness of 1.5–2 cm. The burgers
were grilled at medium heat (150–200 °C) with 5 grams of oil,
cooking for 4 minutes on each side.22

• The breadsticks dough was shaped into a square about
0.8–1 cm thick on baking paper, then cut into rectangles
approximately 5 cm high and 1 cm wide. The breadsticks were
baked at 180 °C (fan setting 160 °C) for 20 minutes. After
cooling, they were stored in an airtight container at room
temperature until use.
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All foods were prepared on the same morning as the diges-
tion experiments and stored under controlled conditions until
analysis. Three food samples were prepared and analysed on
three separate days.

The protein-free matrices were from the brand Flavis and
purchased from local pharmacy: burger mix (0.9% protein
content), cake mix (0.4% protein content), breadstick (0.9%
protein content) and plant-based milk (0.3% protein content)
(ESI Table 2†). The protein-free foods were prepared according
to the manufacturer’s instructions.

2.3 Quantitative analysis of proteins, carbohydrates, and
lipids in model food systems

Moisture content (MC) was determined using the method
AOAC (925.10). Protein quantification was determined using
the Kjeldahl analysis (AOAC 984.13). The nitrogen-to-protein
conversion factors (NP) for pea protein and wheat flour were
5.44 (ref. 23 and 24) and 5.52,23 respectively. The new weighted
conversion factor (WNP) was calculated based on the weight
fraction (Fi) of each protein source in the mixture using the
following formula:

WNP ¼
X

ðNP� FiÞ ð1Þ

Lipid extraction was performed following Patrignani et al.25

with modifications. One gram of sample was mixed with
20 mL of n-hexane, sonicated for 30 minutes, and centrifuged
at 6500 rpm for 10 min and filtered. This process was repeated
twice with 10 mL of solvent. The extract was dried at 45 °C
using a Rotavapor Labourota 4000-Efficient instrument
(Heidolph Instrument, Schwabach, Germany). The results are
expressed as g lipid per 100 g sample. The ash content was
measured using direct ashing as per AOAC method 942.05.
The carbohydrate content was calculated using the “by differ-
ence” method subtracting to the total weight of the food and
the determined amount of moisture, proteins, lipids and
ashes.22,26

2.4 INFOGEST In vitro static digestion

Five grams of food were digested using the standardised
INFOGEST protocol.27 The oral phase was simulated by manu-
ally mimicking chewing with spatulas for 2 minutes at 37 °C
and pH 7. This was followed by the gastric phase, which lasted
2 hours at 37 °C and pH 3, with pepsin added at a concen-
tration of 2000 U mL−1. During the duodenal phase, pancrea-
tin (with 100 U of trypsin activity per mL of digesta) was used
as the enzymes source. The in vitro digestion process was per-
formed in an orbital shaker (ISLD04HDG Ohaus, Jointlab,
Trezzano sul Naviglio, Mi) at a controlled temperature of 37 °C
and 800 rpm. Upon completion of digestion, final digesta were
centrifuged at 3433g for 20 min (Centrifuge XS R-8D, Remi
Instruments, New Delhi, India) at room temperature (20 °C).
To interrupt enzymatic digestion, the soluble duodenal digest
was immediately frozen at −18 °C until further analysis. For
calculating digestibility, parallel digestion experiments were
performed with protein free foods.

2.5 Preparation of samples for determination of digestibility
score

Proteins that remained undigested after 120 minutes of duo-
denal digestion were depleted by precipitation with 20% TCA
at room temperature for 30 minutes.28,29 This process effec-
tively removes large polypeptides and proteins, preventing
their inclusion in the digestibility score after acidic hydrolysis
and thus avoiding potential overestimation of digestibility.
Following centrifugation at 3433g for 20 minutes, two fractions
were obtained: (1) the soluble fraction (designed as
20TCA_SF), containing free amino acids, di- and tripeptides,
and polypeptides, that are likely to be absorbed and (2) the
pellet, which represented the undigested protein residue.

A 250 µL aliquot of the depleted soluble duodenal fraction
of both digested food (20TCA_SF) and protein free food
(20TCA _SPFF) and 50 mg of food (FM) were placed into a
glass vacuum hydrolysis tube (Thermo Scientific™, Pierce
Biotechnology, Rockford, USA). Hydrolysis was performed
using 260 µL of Milli-Q water, 120 µL of 3,3′-dithiodipropionic
acid (DDP)/0.1% NaOH (0.2 M), 120 µL of HCl (0.2 M), and
750 µL of HCl (37%).13 The samples were frozen in an acetone
dry-ice bath, and oxygen was removed under vacuum. Acidic
hydrolysis was carried out in a heat block (FALC Instruments
s.r.l., Treviglio (BG), Italy) at 110 °C for 18 hours. After hydro-
lysis, samples were neutralised to pH 7 with 5 M NaOH and fil-
tered through sterile syringe filters (Pore Size 0.2 μm, Labfil,
Zhejiang, China). Sulphur-containing amino acids (cysteine
and methionine) and threonine were not measured.

2.6 Total amino acid quantification

The content of primary amines (AAN) was determined using
the Enzytec™ Alpha-amino Nitrogen kit by R-Biopharm (E2500
R-Biopharm AG, Germany) following the manufacturer’s
instructions. The determined values, expressed as mg of
alpha-amino nitrogen (AAN) per L of solution, were normal-
ized for the volume of 20TCA_SF and expressed as total free
amino acids per g of digested food. The in vitro digestibility
(IVD%) scores were determined using the following formula:

IVD %½ � ¼ 20TCA SF� 20TCA SPFF
FM

� 100 ð2Þ

2.7 Amino acids quantification by reverse phase
chromatography

The amino acid analysis was performed using a high-perform-
ance liquid chromatography (HPLC) (Agilent 1260 Infinity II)
equipped with an AdvanceBio AAA LC column (Agilent, 10 cm
× 4.6 mm, 2.7 μm) and a Wavelength Detector (G7114A –

Agilent Infinity II 1260), which monitors up to two wavelengths
simultaneously. Sample (1 μL) was derivatised online following
manufacturer instruction (Agilent Technologies Application
Note 5991-7694EN, 2020). The derivatization reagents were
ortho-phthalaldehyde (OPA, Agilent) for all amino acids except
for proline that was derivatised with 9-fluorenylmethyl chloro-
formate (FMOC, Agilent). All amino acids were monitored at
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338 nm, except for the proline monitored at 262 nm. The
mobile phase A consisted of 10 mM Na2HPO4, 10 mM Na2B4O7

in milliQ water at pH 8.2, while the mobile phase B was a solu-
tion of acetonitrile, methanol and water (45 : 45 : 10, v : v : v).
Before analysing the samples, a calibration curve was prepared
(25, 100, 250, 500 and 1000 pmol of AAs per µL) (Agilent AA
standard 1 nmol µL−1, 5061–3330). The amino acids were sep-
arated using the following gradient: equilibration at 2% B for
0.35 minutes; from 2 to 57% B in 13.05 minutes; from 57 to
100% B in 0.1 minutes; washing at 100% B for 2.2 minutes.

2.8 Shear viscosity

The viscosity of soluble phases at the end of duodenal diges-
tion (120 minutes) was evaluated using a capillary viscometer.
Viscosity was measured by timing how long the duodenal fluid
took to flow through a capillary under gravity. The test was
conducted at a specific temperature of 30 °C, as viscosity is
temperature dependent. Before testing, the duodenal fluids
were prepared and filtered to ensure homogeneous consist-
ency. The viscometer capillary was then filled with the test
fluids. The viscometer was positioned vertically to allow the
fluid to flow through the capillary under gravity. The time the
fluid travelled from one point to another in the capillary was
measured. This time is directly proportional to the fluid’s vis-
cosity: more viscous fluids take longer to flow through the
capillary than less viscous fluids. Viscosity was calculated
using Poiseuille’s law, which describes viscous flow through a
capillary tube. Different viscosities were calculated based on
the measured viscosity using the following formulas.

ηr ¼
t
t0

ð3Þ

ηsp ¼ t� t0ð Þ
t0

ð4Þ

where ηr = relative viscosity, ηsp = specific viscosity, t = efflux
time of solution, t0 = efflux time of solvent.

2.9 Surface charge (ζ-potential) and polydispersity index

The ζ-potential is the measurement of the surface charge of
the particles. Values higher than 30 mV and lower than
−30 mV indicate the stability of the solution. The ζ-potential
and the hydrodynamic diameter of particles values of
120 minutes of duodenal soluble digest at pH 7 were measured
using a Zetasizer Nano ZS (Malvern Instruments Ltd,
Worcestershire, UK) by using dynamic light scattering at a
temperature of 25 °C. The device uses a helium–neon laser of
4 mW output power operating at the fixed wavelength of
633 nm (wavelength of laser red emission). Three independent
ζ-potential measurements were carried out on each sample of
0.1% (v/v) 120 minutes of duodenal soluble digest solution.
The results were reported as mean ± standard deviation.

2.10 Statistics

Statistical analyses were carried out with JMP 16.2.0 software
(SAS Institute Inc., Cary, NC, USA). Variance test (ANOVA) and

Tukey’s Honest Significant Difference (HSD) were performed
with 95% confidence level.

3. Results and discussion

Four model foods, each containing the same protein blend,
were developed to investigate the effects of food composition
on in vitro protein digestion. The protein blend comprised pea
protein isolate (PPI) (80% protein content) and wheat flour
type 0, mixed at a 75 : 25 (w : w) ratio. Other ingredients con-
tributed by less than 1% to the total protein content of each
food. The model foods mimicked the composition and pro-
perties of commercial vegetable-based products: plant-based
milk beverage, pudding (high-moisture), burger (medium-
moisture), and breadstick (low-moisture) (ESI Fig. 1†).

3.1 Quantitative analysis of macronutrients

The moisture content of the foods aligned with expectations,
with the plant-based milk and pudding having the highest
moisture content, followed by the burger and breadstick
(Table 1). After cooking, we measured the moisture content,
reflecting the moisture present in the food as consumed. The
plant-based milk received no heat treatment, while we briefly
cooked the pudding at 30 °C; this did not significantly affect
protein solubility. While the breadstick received the most
intense heat treatment, the burger was pan-fried. The compo-
sition of the plant-based milk matrix was comparable to that
of a pea-based emulsion developed by Reynaud et al., designed
with 2.68% protein and 84.01% water.30 Similarly, Klost and
Drusch formulated a pea yogurt with 10.83% protein and
81.47% water, values close to those determined for the formu-
lated pudding.31 The burger’s composition closely aligns with
the pea-faba bean burger prepared by Sousa et al., which con-
tains 18.5% proteins, 16.8% lipids, 4.0% carbohydrates, and
55.9% moisture.22 The burger composition aligns also with
commercially available plant based burger in terms of pro-
teins, lipids and carbohydrates content either formulated to
contain pea or soy proteins.32

Traditional breadstick recipes typically favour wheat flour
over pea protein. Morales-Polanco and coauthors (2017) devel-
oped a cracker composed of 80% dehulled oat flour and 20%
pea protein isolate, yielding a protein content of 24.66% and
moisture at 1.79%.33

The protein content was determined using the traditional
6.25 Nitrogen to protein conversion factor and the calculated
5.43 WNP factor (Table 1). As expected, using the 6.25 conver-
sion factor, the protein content of the food was 14% higher
than that determined using the 5.43 WNP factor. Compared to
the theoretically calculated value (see ESI Table 3†), which is
based solely on the ingredients’ composition and their pro-
portions in the food, the experimental values for plant-based
milk are consistent with the theoretical values, while pudding
and burger differed. The experimental protein content of the
breadstick, however, was much higher than the theoretical
value because of the weight loss during cooking, that is not
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accounted for in the theoretical calculation. The breadstick
was the matrix with the lowest water content and the highest
lipids and carbohydrates. The pudding had a high level of
carbohydrates as the high moisture food model. The burger
scored high in lipids, and it must be mentioned that it was
pan-fried using olive oil, accounting for less than the 5% of
the lipid in the burger as it is eaten. Since solubility, among
other factors, is associated with positive digestion and efficient
utilisation of food proteins, the soluble food proteins were
quantified after extraction using TRIS-HCl buffer.17 Expectedly,
plant-based milk exhibited the highest protein solubility
among the food matrices, while breadstick and burger showed
the lowest. The amino acid profile of the cooked foods was
determined, and values were compared across samples. Lysine
was the most abundant indispensable amino acid in the plant-
based milk, but its level appeared lower in the cooked foods
(Fig. 1). The Maillard reaction’s use of lysine as a primary sub-
strate may explain this reduction. Arginine, glutamic acid, and
aspartic acid are also well-represented in pea proteins, and
this is reflected in the formulations.34,35 When normalising
the values per g of protein, considering the Kjeldahl protein
content with WNP of 5.43 (Table 1), the value of amino acids
per gram of protein appears to be inconsistent across samples

(ESI Fig. 2†). This could be related to the analytical method, as
the amino acid determination was performed on 50 mg of
food, rather than on a quantity of food that contains the same
amount of protein. The approach aimed at determining the
quali–quantitative profile of the amino acids of the food as it
was subjected to the in vitro digestion. The essential amino
acids per g of food protein formulates (using the WNP of 5.43)
were compared with the reference values defined by FAO for
older child, adolescents and adults (Fig. 1).8 All essential
amino acids, except for cysteine, methionine, and tryptophan
(which were not quantified because of method limitations),
were in line with requirements. That said, the formulation did
not aim to balance amino acids but to understand their utilis-
ation within the context of the food matrix.

The foods were placed within a triangle-based model to
assess their nutrient composition beyond just moisture.36 This
positioning helps researchers understand how the food matrix
—essentially, the structural organisation and interaction of
ingredients within each food—affects the digestibility of pro-
teins. The formulated plant-based milk and puddings were
positioned in the 7th triangle of the chart, showing that they
contain higher levels of proteins and carbohydrates (Fig. 2).
The burger, in the 4th triangle, showed a higher content of

Table 1 Quantification of macronutrients in the prepared meals, presented as mean values in g per 100 g ± standard deviation from two biological
replicates. The quantity of carbohydrates was calculated by difference using the protein content determined with the 5.43 nitrogen to protein con-
version factor. Statistically distinct samples (p < 0.05) within each column were marked with different letters

Food Moisture Protein N × 5.43 Protein N × 6.25 Lipids Carbohydrates Ashes

Plant-based milk 89.0a 5.56 ± 0.05a 6.39 ± 0.06a 1.94 ± 0.15a 3.31 ± 0.32 0.19 ± 0.03a

Pudding 76.5 ± 0.7b 10.18 ± 0.34b 11.72 ± 0.38b 1.76 ± 0.09a 10.44 ± 1.69 0.50 ± 0.07b

Burger 52.5 ± 3.5c 20.89 ± 0.54c 24.03 ± 0.62c 19.89 ± 1.53b 3.1 ± 5.14 1.81 ± 0.07c

Breadstick 2.5 ± 0.7d 34.38 ± 1.32d 39.54 ± 1.52d 28.7 ± 0.83c 32.34 ± 4.35 2.08 ± 0.23d

Fig. 1 Panel (a) AOAC triangle illustrating the dry-basis locations of various food products. Panel (b) percentage breakdown of ingredients, with
light blue representing the water content (refer to Table 1).
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lipids and proteins. Meanwhile, the breadstick was at the
centre of the triangle, representing a more balanced pro-
portion of all three macronutrients (proteins, lipids, and
carbohydrates).

3.2 Physicochemical parameters of proteinaceous and non-
proteinaceous soluble duodenal digests

Protein digestibility scores were determined using the standar-
dised static INFOGEST digestion method. Alongside the proto-
type model foods developed, four commercially available non-
protein counterparts were analysed. The physicochemical para-
meters of the soluble duodenal digest (SD) were assessed and
compared to identify objective measures that support selecting
an appropriate blank matrix to subtract the amino acid contri-
butions of autolytic digestive enzymes.

Table 2 presents the results of ζ-potential and
Polydispersity Index (PDI) of particles determinations, indicat-
ing moderate stability for M, P, nM, and nP samples, while BS,
nB, and nBS samples appear unstable. Comparing the values
obtained, the protein-free plant-based milk and puddings
exhibited ζ-potentials like their protein-containing counter-
parts. In contrast, the protein-free burger showed a lower ζ-
potential than the regular burger, displaying an opposite

trend. All duodenal digests displayed moderate polydispersity,
consistent across all proteinaceous samples (protein digesti-
bility scores were determined using the standardised static
INFOGEST digestion method. Alongside the prototype model
foods developed, four commercially available non-protein
counterparts were analysed. The physicochemical parameters
of the soluble duodenal digest (SD) were assessed and com-
pared to identify objective measures that support selecting an
appropriate blank matrix to subtract the amino acid contri-
butions of autolytic digestive enzymes.). The viscosity of the

Fig. 2 Bar graph representing the proportions of amino acids in selected model foods expressed as mg of amino acid per gram of food.

Table 2 ζ-Potential values (in mV) and polydispersity index (PDI) of the
120-minute duodenal soluble digest. Data represent the mean of two
biological replicates and six technical replicates (p < 0.05)

ζ-Potential PDI

M −28.5 ± 3.1b 0.712 ± 0.160ab

P −29.03 ± 1.6b 0.737 ± 0.101ab

B −33.7 ± 2.8a 0.943 ± 0.103b

BS −17.7 ± 1.6d 0.704 ± 0.309ab

nM −29.9 ± 1.1b 0.531 ± 0.166a

nP −24.1 ± 1.6c 0.888 ± 0.148b

nB −7.5 ± 0.7f 0.738 ± 0.173ab

nBS −11.1 ± 0.9e 1.000 ± 0.000b
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SD was also comparable across all model food samples, (p >
0.001), with values of 0.227 ± 0.017 for milk, 0.021 ± 0.017 for
pudding, 0.040 ± 0.012 for the burger, and 0.047 ± 0.025 for
the breadstick (Fig. 3). In protein-free samples, the PDI
decreased with moisture content, with the protein-free bread-
stick having the highest PDI. For viscosity, the protein-free
breadstick exhibited the highest value (0.599 ± 0.235), com-
pared to the burger (0.266 ± 0.018). Meanwhile, protein-free
plant-based milk (0.020 ± 0.011) and pudding (0.029 ± 0.023)
showed viscosities like their regular counterparts, showing no
significant change in fluidity. The presence of emulsifiers and
indigestible thickeners in the formulations of protein free
foods (ESI Table 2†), particularly in the burger and breadstick,
may account for these effects observed in the protein-free
product digests. Similar behaviour has been described in
beef analogues that are rich in spices and dietary fibres,
which are used for structuring purposes.37 Dietary fibres
are highly effective at increasing the viscosity of simulated
gastrointestinal fluids and reducing the digestion rate of
macromolecules.12,37 This is also clear in the higher pellet
weight of undigested duodenal contents in the protein-free
burger and breadstick (Fig. 3). Interestingly, while the protein-
aceous breadstick had a similar amount of undigested duo-
denal product compared to its protein-free counterpart, the
burger had a pellet weight comparable to plant-based milk
and pudding, differing from its protein-free counterpart. This
suggests that the protein-free burger and breadstick contain
components that resist digestion and contribute to higher
pellet weights, likely because of their high fibre and thickener
content.

3.3 Protein digestibility scores

The protein digestibility scores were determined by using the
protein-free counterpart food as the blank matrix. The results
showed that plant-based milk had the highest digestibility
score (83.45 ± 13.35), followed by pudding (81.36 ± 10.75),
burger (71.80 ± 20.88), and breadstick (69.48 ± 7.95) (Table 3).
Despite an apparent decreasing trend in digestibility from
high moisture to dry matrices, no significant differences were

observed, except for the milk. Given the complexity of the
food matrices in terms of composition, the wide variability
across biological samples may have contributed to this
outcome. This variability was clear in all samples but was
more pronounced in burgers, with a coefficient of variation
(CV) reaching 30%, compared to less than 14% in the other
model foods.

To support the selection of an appropriate blank matrix,
protein-free foods were used to subtract the contributions of
the amino acids deriving from the autolysis of digestive
enzymes from the pool of amino acids in the duodenal
digest (Table 3). However, using the amino acid contri-
butions from the enzymes, calculated by digesting the
protein free burger and breadstick as blanks, did not result
in statistically significant differences in hydrolysis across all
model food matrices. In contrast, when protein free burger
and breadstick were used as blanks for the high-moisture
foods, digestibility scores differed significantly (p < 0.05).
These differences are likely associated with the higher vis-
cosity and larger particle size distribution of the duodenal
soluble digests and the increased duodenal pellet weight in
the protein-free digests burger and breadstick digests. These
factors may have reduced enzyme autolysis, leading to an
underestimation of enzyme-derived amino acids. The under-

Fig. 3 Specific viscosity of soluble duodenal digest after 120 minutes of digestion (Panel A) and duodenal undigested pellet weight (Panel B) (p <
0.001).

Table 3 AAN-in vitro digestibility matrix (IVD%) of food matrices
(columns), where the digestibility was calculated for each model of food
using various protein-free foods (rows) as blanks. The protein-free foods
were used to subtract the effects of enzyme hydrolysis. Values represent
the digestibility percentages obtained from combinations across
columns and rows, emphasising the importance of selecting an appro-
priate blank that mimics the physicochemical properties of the food
studied. Differences observed across rows for the different model foods
(columns), p < 0.05

M P B BS

nM 83.45 ± 13.35a 88.52 ± 14.86a 69.42 ± 20.95ab 67.40 ± 7.91ab

nP 69.93 ± 13.19b 81.36 ± 10.75b 63.20 ± 21.16a 64.61 ± 7.93a

nB 88.62 ± 13.46ac 95.43 ± 9.51c 71.80 ± 20.88ab 68.47 ± 7.90b

nBS 93.50 ± 14.32c 94.31 ± 13.50c 74.05 ± 20.92b 69.48 ± 7.95b

Food & Function Paper

This journal is © The Royal Society of Chemistry 2025 Food Funct., 2025, 16, 4593–4603 | 4599

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
m

ay
o 

20
25

. D
ow

nl
oa

de
d 

on
 1

2/
09

/2
02

5 
18

:1
0:

12
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fo00764j


estimation of digestive enzymes autolysis can ultimately lead
to an overestimation of food digestibility. Sousa et al. (2023)
studied the digestibility of isolated proteins in a protein-free
cookie rich in corn starch and saturated fat, which was also
used as a blank matrix to account for food matrix
effects.13,22 The use of the INFOGEST model with cookie
digestion effectively accounts for enzyme autolysis when the
ingredient is digested after being spiked into the cookie.
However, when assessing food digestibility, choosing a suit-
able blank matrix is more challenging, as the food itself
cannot be spiked into the blank matrix and instead requires
an independent blank.

The protein digestibility scores determined using two
methods: (1) total primary amines (R-NH2) using OPA after
acidic hydrolysis and (2) the sum of amino acids (AA) using
HPLC after acidic hydrolysis were comparable (ESI Fig. 3†).
The digestibility scores for the amino acids are presented in
Table 4. Despite cysteine and methionine not being quanti-
fied due to analytical limitations, this did not significantly
affect the final digestibility values. This is because these two
amino acids are also the least abundant amino acids in pea
proteins. Sousa et al. found a pea protein isolate (protein (TN
× 6.25) of 78%) to have a total digestibility higher than 90%
when the protein free cookie was used as blank matrix.22 The
plant-based milk and pudding samples with digestibility
scores around 80% align closely with the Sousa et al. reference
ingredient,13 especially considering that we are digesting
whole foods rather than individual ingredients. In another
study, a pea protein suspension in water (3% w/w), similar to
our plant-based milk-based formula, gave digestibility scores
of about 80% at the end of the duodenal phase.38 The in vitro
digestibility of pea protein drinks, containing 25% pea
protein isolate and 60% humidity, both before and after
severe heat treatment at 90 °C for 30 minutes, was found to be
40% after 240 minutes of duodenal digestion in both cases.39

The pea protein gel exhibited higher digestibility under the
same analytical conditions. Interestingly, while the unheated
samples underwent a treatment more like that of the plant-
based milk analysed in this study, they received a lower

digestibility score. Despite this, heating did not affect gastric
emptying in vivo, and although the higher viscosity of the gel
slowed overall amino acid absorption, the digestibility
remained comparable. In line with our finding related to
plant-based milk and pudding, the texture appeared to influ-
ence the rate at which pea protein is absorbed, but not total
absorption.39

2.4 Protein intake assessment: digestibility and EFSA
reference portion sizes

Based on the digestibility scores determined in this study and
the serving sizes extrapolated from the EFSA repository
(Table 5), we can estimate the potential protein (amino acid)
absorption from the different food models. Specifically, con-
suming 260 mL of plant-based milk could result in approxi-
mately 12 g of absorbable protein, while the pudding, with its
higher protein content, would provide about 21 g. Similarly,
consuming 141 g of a vegetable burger could yield an esti-
mated 21 g of absorbable protein, whereas the breadstick
would deliver approximately 52 g. These findings emphasise
the importance of serving size and food matrix digestibility as
critical factors in evaluating the nutritional contribution of
plant-based foods, supporting their role as viable alternatives
to traditional animal-derived products.

Table 5 Macronutrient content and energy value of the model foods.
For plant-based milk and dairy products, the left value represents plant-
based milk, and the right value represents pudding

Milk and dairy
productsa

Grains and grain-
based productsa

Meat and meat
productsa

Portion 260 ± 91 220 ± 34 141 ± 32
Carbohydrates 6; 5 23 14
Proteins 16; 13 68 32
Fats 6; 4 60 23

a The EFSA Comprehensive European Food Consumption Database.
Retrieved from https://www.efsa.europa.eu/en/data/food-consumption.
Mean value of chronic food consumption grams per day (g day−1) – for
healthy adults in Europe. Accessed in August 2024.

Table 4 Amino acids (AA) digestibility score (%) mean (n = 2) of plant-based milk, pudding, burger and breadstick

AA Plant-based milk Pudding Burger Breadstick

Aspartic acid (%) 83.71 ± 4.53 85.25 ± 8.50 68.87 ± 4.80 65.25 ± 3.86
Threonine (%) 83.95 ± 8.26 74.36 ± 9.80 83.69 ± 12.37 42.34 ± 5.67
Serine (%) 68.87 ± 0.85 82.15 ± 7.50 50.19 ± 0.83 45.13 ± 0.95
Glutamic acid (%) 66.96 ± 10.80 79.30 ± 9.22 73.45 ± 10.73 63.93 ± 0.58
Glycine (%) 91.79 ± 8.76 71.36 ± 11.19 74.68 ± 7.91 38.02 ± 2.59
Alanine (%) 71.85 ± 7.01 70.05 ± 7.68 41.24 ± 2.20 38.22 ± 0.75
Valine (%) 99.82 ± 0.32 73.27 ± 6.60 81.40 ± 3.08 47.23 ± 4.53
Isoleucine (%) 93.79 ± 11.62 76.46 ± 5.04 43.27 ± 1.84 52.53 ± 0.01
Leucine (%) 95.62 ± 0.82 84.59 ± 6.83 65.59 ± 1.46 55.64 ± 2.31
Phenylalanine (%) 94.29 ± 6.23 87.85 ± 8.57 68.08 ± 12.24 37.57 ± 0.48
Lysine (%) 82.37 ± 1.42 80.96 ± 1.84 53.68 ± 5.55 48.67 ± 1.11
Histidine (%) 81.21 ± 0.97 57.68 ± 7.30 63.53 ± 10.86 46.09 ± 2.63
Arginine (%) 83.98 ± 8.07 75.74 ± 0.18 61.93 ± 6.17 42.32 ± 6.64
Proline (%) 61.47 ± 8.12 71.42 ± 14.03 78.70 ± 4.91 37.29 ± 1.50
Tyrosine (%) 69.10 ± 4.74 73.36 ± 8.39 68.64 ± 16.84 57.61 ± 0.07
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4. Conclusions

This study demonstrates how food moisture content and
matrix composition influence the in vitro protein digestibility
of plant-based foods. The observed digestibility trends high-
light the impact of moisture, heat treatment, and macro-com-
ponent interactions on protein breakdown and availability.
The physicochemical properties of the duodenal chyme play a
critical role in determining the rate and extent of protein
digestion, while enzyme interactions and diffusion within the
food matrix influence digestion efficiency. Additionally, this
study underscores the importance of selecting appropriate
protein-free food blanks for the accurately assessing protein
digestibility and accounting for enzymatic autolysis, especially
when evaluating complex food matrices, where compositional
and structural factors affect digestion outcomes. Further
research is needed to refine the INFOGEST model for predict-
ing the digestibility scores of such matrices. Importantly, while
the in vitro INFOGEST oral-gastric and duodenal model pro-
vides valuable insights into the potential digestion of foods,
digestion is ultimately finalized in the jejunal phase, where
brush border membrane (BBM) enzymes secreted by entero-
cytes play a crucial role. These enzymes complete digestion
and releasing free amino acids, dipeptides, and tripeptides
that can be absorbed. In the current model, the duodenal long
polypeptides remained undigested are depleted for analytical
purposes, and incorporating the jejunal phase, including the
BBM enzymes, into the INFOGEST model appears to be essen-
tial for more accurately predicting digestion.

In conclusion, the interactions between macronutrients,
micronutrients, and the technological processes involved in
food preparation can significantly affect protein digestion and
amino acid effective utilisation. The preparation of ingredient
blends is only the first step toward creating nutritionally valu-
able protein-rich foods.

By considering factors such as food moisture, processing
conditions, and the physicochemical behaviour of digested
proteins, future developments in plant-based food design can
better align with dietary needs and support their potential as
sustainable alternatives to animal-derived proteins.
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SD Soluble duodenal digest
SF 20% TCA soluble fraction
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SGF Simulated gastric fluid
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TRIS-HCl Tris hydrochloride buffer
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