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Abstract: Plant-based proteins are increasingly recognized for their environmental, ethical,
and nutritional benefits. However, their digestibility varies due to factors such as molecular
structure, amino acid composition, and processing methods. This review comprehensively
analyzes methods used to assess plant protein digestibility, including in vivo, in vitro, and
ex vivo approaches. While in vivo studies, particularly those using pigs, are considered the
gold standard, in vitro and ex vivo models offer cost-effective and reproducible alternatives
for simulating digestion. Additionally, antinutritional factors present in plant proteins can
hinder digestibility, necessitating processing strategies such as fermentation, enzymatic
hydrolysis, and high-pressure treatments to enhance protein bioavailability. Advances in
evaluation techniques, including the Digestible Indispensable Amino Acid Score (DIAAS)
and dynamic digestion models, offer more precise assessments of protein quality. By
systematically comparing these methods, this review aims to guide food scientists and
manufacturers in selecting appropriate evaluation strategies to improve the nutritional
quality of plant-based protein products. Understanding the mechanisms influencing plant
protein digestibility is essential for optimizing food formulations and supporting the
broader adoption of sustainable protein sources in human diets.

Keywords: plant proteins; protein digestibility; protein quality; in vivo methods; ex vivo
methods; in vitro methods; antinutritional factors; DIAAS; PDCAAS; ANFs

1. Introduction
Dietary protein is obtained from animal and plant sources. Still, there are significant

distinctions in the type of protein they provide, including their molecular makeup, amino
acid composition, technical properties, and digestibility [1]. These differences can impact
how bioavailable they are for human nutrition, as well as the taste and texture of foods that
contain animal or plant proteins.

While animal protein is in high demand, it is generally deemed to be less environmen-
tally sustainable. As a result, transitioning from animal- to plant-based protein foods may
be necessary to promote environmental sustainability, ethical considerations, affordable
food, enhanced food safety, meeting consumer demand, and addressing protein-energy
malnutrition [2]. By understanding the fundamental differences between animal and plant
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proteins, food manufacturers can make informed decisions when substituting animal pro-
tein with plant protein to develop more sustainable and nutritious food products. Thus, the
importance of consuming a diverse range of plant proteins lies in ensuring all the essential
amino acids our bodies require. Proteins are crucial elements of the human diet, comprising
amino acids bonded by peptide bonds [3]. Since our bodies cannot synthesize protein
independently, it is essential to consume protein from dietary sources rich in essential
amino acids, such as plants.

The surge in plant protein consumption in recent years, particularly from legumes,
has led to many plant-based foods as alternatives to animal-based foods [4,5]. As a result,
protein ingredients have become increasingly popular in the food industry due to their
nutritional benefits and functional properties in food formulations [6].

Assessing the protein quality of plant-based sources is crucial for developing alter-
native protein sources and formulating plant-based food products that meet the body’s
nutritional requirements. This involves determining a food protein’s ability to meet the
body’s metabolic requirements for amino acids and nitrogen, which encompasses the
protein’s amino acid composition, bioavailability, and digestibility [7,8]. However, not all
plant proteins are created equal, and some are better than others regarding their amino
acid composition and digestibility.

Protein digestibility is influenced by factors such as the protein’s structural makeup,
the intensity of thermal processing, and the existence of antinutritional factors (ANFs) that
can impede protein digestion [3]. Thus, understanding the differences in protein quality
among plant-based sources is essential to selecting the best protein sources for developing
plant-based food products that are nutritionally complete and bioavailable.

Despite the growing interest in plant-based proteins and their role in sustainable
food systems, no comprehensive review currently serves as a decision-making guide for
selecting the most appropriate method to evaluate plant protein digestibility. Existing
studies focus on specific techniques or protein sources but lack a comparative framework
synthesizing available methodologies and their applicability [3,6,9–11].

Thus, this comprehensive review, mainly covering the most relevant literature of the
last 10 years in the protein digestibility field, addresses this gap by systematically analyzing
protein digestibility assessment methods, highlighting their advantages, limitations, and
relevance for different plant protein sources. By offering a structured comparison, this
work aims to support food scientists and manufacturers in making informed decisions
regarding evaluating plant protein digestibility, ultimately contributing to developing
nutritionally optimized and functional plant-based food products. Therefore, this knowl-
edge can help food manufacturers make informed decisions when selecting plant protein
sources and processing methods to ensure that the final product provides high-quality
protein to consumers. This comprehensive analysis provides the main springboard for our
present article.

2. Plant Protein Quality
Protein quality plays a crucial role in ensuring optimal nutrition and maintaining good

health, as it directly impacts the body’s ability to repair tissues, support immune function,
and produce essential enzymes and hormones [3]. It refers to the ability of the dietary
protein to offset the nitrogen loss that occurs during metabolic processes in organisms [12].
Several factors, such as age, health status, physiological condition, and energy balance,
contribute to the determination of the nutritional value of a food product. Furthermore, the
presence and bioavailability of essential amino acids and protein digestibility are significant
factors that affect human growth and the maintenance of good health [3,13,14]. Thus,
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understanding the various factors that influence protein quality is essential for ensuring
that dietary protein intake meets the nutritional requirements of individuals.

3. Protein Digestibility
Protein digestion occurs in two phases, namely, the gastric and the intestinal phases,

beginning in the stomach and ending in the small intestine. The stomach acts as a reservoir,
regulating the release of nutrients into the small intestine, which serves as the primary site
of hydrolysis and absorption [15]. In the human stomach, acids and pepsin facilitate the
breakdown of proteins, while pancreatic and intestinal enzymes aid in protein digestion in
the small intestine [14]. Understanding the sequential events and mechanisms involved in
protein digestion is crucial for evaluating protein quality and optimizing nutrient uptake
in the human body.

The stomach environment undergoes temporal and spatial variations, which are
critical in regulating digestion kinetics. Upon food entry, the stomach’s pH becomes
relatively high, and enzyme concentration remains low, with values depending on the
buffering capacity [15]. Several complex processes occur in the gastric compartment
during digestion, including enzymatic, physical, and chemical processes that are crucial in
controlling digestion kinetics [16]. The gastric phase of digestion begins with the secretion of
pepsinogen and hydrochloric acid (HCl) from the chief cells and parietal cells, respectively.
HCl secretion causes a decrease in pH, leading to the secretion of pepsinogen, the zymogen
of pepsin, and gastric lipase [15]. Pepsin, activated by gastric acid, hydrolyses proteins,
with a preference for cleaving large aliphatic or aromatic side groups, thus completing
around 10–20% of protein digestion [16]. The stomach’s acidic environment serves as a
critical barrier against microbial pathogens as it inhibits or eliminates many microorganisms.
However, aging is associated with a decline in gastric fluid secretion, leading to a reduction
in stomach acidity and a condition known as achlorhydria, which can increase the risk of
gastrointestinal infections [17].

The stomach connects the esophagus to the duodenum, the initial segment of the
small intestine, and remains relatively stable at both its esophageal and duodenal junctions.
Thus, after gastric digestion, the pylorus, which holds the chyme (semifluid mass of partly
digested food), acts as a filter, permitting only liquids and small food particles to pass
through the pylorus (2–3 mm) to the pyloric sphincter [18]. During gastric emptying,
rhythmic mixing waves propel small portions of chyme through the pyloric sphincter
into the duodenum. If too much chyme were released at once, it would exceed the small
intestine’s capacity to process it efficiently. The remaining chyme is pushed back into the
stomach body, where it continues to mix. This cycle repeats as subsequent mixing waves
move additional chyme into the duodenum [19]. The precise regulation of the rate of gastric
emptying of chyme into the duodenum is critical for further digestion and absorption in
the small intestines, which is regulated by feedback from the intestines via a variety of
gastrointestinal hormones [18].

Upon entering the intestines, the chyme transitions to the intestinal phase, where
pepsin is inactivated at a pH greater than 4.5 to prevent auto-digestion. As chyme empties
into the small intestine, pancreatic proteases are secreted along with pancreatic bicarbonate.
Key proteases of the small intestine have an optimal pH range of 7.0–9.0 [17]. The contents
of the small intestine are thoroughly mixed, and the relatively high enzyme activity leads
to the rapid production of hydrolysis products [15]. The resulting products of the gastric
and intestinal phases are absorbed by enterocytes in the jejunum and, to a lesser extent,
in the ileum, and then metabolized in various body organs [20,21]. Bile, secreted from
the gall bladder into the duodenum, is mostly reabsorbed in the distal ileum, with only
approximately 5% passing into the colon [15]. The intestinal phase is also crucial in gastric
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emptying and protein digestion. Delayed gastric emptying in response to nutrients has
been attributed to decreased gastric contractions and increased intestinal contractions [18].

In addition, a crucial step in the final hydrolysis of peptides is their breakdown into
free amino acids, which occurs either at the intestinal brush border or within the cytoplasm
of the intestinal mucosal cells. This process is facilitated by various peptidases, including
brush-border enzymes such as aminopeptidases and dipeptidyl peptidases, as well as
intracellular peptidases within enterocytes [22]. A key physiological observation is that
dietary protein absorption occurs in two forms: as free amino acids and as peptides.
Notably, peptide absorption is often considered a more efficient mechanism than the
absorption of individual amino acids, as peptides can utilize specific transport systems, such
as the PEPT1 transporter [23], which facilitates the uptake of dipeptides and tripeptides.
Once inside the enterocytes, these peptides can be further hydrolyzed into free amino
acids before being transported into the bloodstream [24]. However, although dipeptides or
tripeptides undergo quick hydrolysis by brush-border peptidases, a significant proportion
(approximately 30–50%) is absorbed directly in its peptide form without being fully broken
down into free amino acids [22].

These residual proteins, peptides, and amino acids continue their transit through
the digestive system and reach the colon via the ileocecal valve. Once in the colon, they
may undergo microbial fermentation, leading to the production of short-chain fatty acids
(SCFAs), ammonia, and other metabolites, which can influence gut microbiota composition,
intestinal health, and systemic metabolism [15].

4. Protein Quality Evaluation Methods
The digestion, absorption, and potential health effects of proteins and amino acids

in food are influenced by their type and nutritional quality. Dietary protein quality is
determined by its amino acid composition and bioavailability, which is directly related to
its digestibility [25,26], as defined by the Food and Agriculture Organization (FAO).

Evaluating protein quality involves assessing the extent to which the protein is di-
gested and absorbed and its amino acids are utilized by the human body [9]. Nevertheless,
such experiments are often costly, technically challenging, and time-consuming, and they
may present ethical concerns. However, in vivo studies (in humans or animals) are consid-
ered the gold standard for evaluating the nutritional quality of the protein component of
food [27,28].

One factor that distinguishes protein digestibility assessment methods is how they
are conducted: in vivo, in vitro, or ex vivo. Moreover, the digestion of proteins can be
evaluated through a wide range of techniques falling within these three categories of
protein digestibility assessment (Figure 1).
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4.1. In Vivo Models

In the assessment of protein digestibility, in vivo methods involve feeding trials on
animals or humans. Animal models are critical in designing in vivo and ex vivo experi-
mental studies [32]. Controlled feeding experiments with rodents, chickens, or pigs are
preferred for obtaining accurate results [33]. Nonetheless, caution must be exercised when
extrapolating findings and inferences from animal trials to humans, given the significant
differences between the gastrointestinal tracts of the two groups.

The scientific community has widely employed animal models to investigate the
impact of diet quality on health. Dietary intervention studies in animals are essential for
understanding the biological functions of specific nutrients before human validation [32].
In the past century, rats were the most common model for biochemical research due to their
simple ileal digestibility model. However, their popularity has decreased in the last decades
due to limitations in performing reverse genetics in rats [34]. The key methodology used in
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these studies is the measurement of the digestive losses of nitrogen and amino acids [35].
However, to minimize the impact of colonic microbiota activity, it is important to assess
nitrogen and amino acid losses in the ileum content rather than in the faeces, since amino
acids are absorbed in the small intestine. Nonetheless, no standardized rat model method is
currently available to evaluate ileal protein digestibility [36]. For instance, Wang et al. [37]
evaluated the protein digestibility of microalgae species. For this study, the researchers
used a rat model and fed rats with three different microalgae species (Chlorella vulgaris,
Chlorella sorokiniana, and Acutodesmus obliquus) for 3 days. After that, faeces were collected
from individual rats for 5 days, with a daily recording of food intake. The collected faeces
were then pooled and stored at −80 ◦C for further analysis. The results revealed that the
true protein digestibility of Chlorella vulgaris was 64.7%, 59.3% for Chlorella sorokiniana, and
37.9% for Acutodesmus obliquus.

In a recent study, Guillin et al. [34] investigated the digestibility of gluten and pea
protein using the cecal digestibility technique in rats as an alternative to the ileal digestibility
method. The rationale for this alternative is that the caecum of rodents is large and
accumulates digesta from the small intestine before it enters the colon [38]. As a result,
a considerable amount of dietary nitrogen and amino acid losses could be retained in
the caecum after a sufficient digestion period, potentially eliminating the necessity for an
indigestible marker [34]. In this study, the rats were first fed with a standard chow diet
for six days to adapt to the experimental conditions. Following that, they were trained
to consume a calibrated meal of 4 g dry weight containing 16 mg of Cr2O3 (10.9 mg of
chromium) in a short time at the beginning of the dark period. After 10 days of habituation
to the diets, the rats were given a calibrated meal of their respective diets and euthanized
six hours later using gaseous anesthesia and decapitation. The study’s primary finding
suggested that true caecal digestibility could be an adequate approximation of true ileal
digestibility and eliminate the need for a non-absorbable marker, provided that the nitrogen
amount in each digestive tract segment is known.

In an ideal scenario, the true ileal protein digestibility of foods should be determined in
humans using techniques such as naso-ileal tube sampling [39]. However, due to practical
and ethical limitations, this method is not recommended for routine studies. Alternatively,
ileum-fistulated growing pigs are used as animal models, as recommended by Hodgkinson
et al. [40]. Pigs are considered superior to rats as they are meal-eating animals and have a
gastrointestinal anatomy like that of humans [41].

The use of animal models to estimate the digestibility of crude protein (CP) and amino
acids (AA) in human foods is well established, with pigs being recognized as a suitable
model for this purpose. This is supported by studies such as Mathai et al. [42] and the FAO,
who have stated that the pig is a more appropriate model than the rat for determining the
ileal digestibility of AA in food proteins [43].

Thus, the growing pig model is recognized as a reliable in vivo system for studying
human Digestible Indispensable Amino Acid Score (DIAAS) values, rather than Protein
Digestibility-Corrected Amino Acid Score (PDCAAS) values, utilizing substrates with
predicted differences in digestibility. This validation was accomplished as part of the
PROTEOS project, a continuous international scientific partnership led by the Global Dairy
Platform and supported by a consortium of food industry companies and sectors. The
project aims to establish a large data set of AA digestibility for human foods to implement
the DIAAS measure [44,45].

4.1.1. Protein Digestibility-Corrected Amino Acid Score (PDCAAS)

For over three decades, the PDCAAS has been the primary system for evaluating the
quality of proteins in human foods. The PDCAAS calculates a digestibility value using the
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overall digestibility of crude protein (CP) measured in rats. This value is then multiplied
by the concentration of the primary limiting amino acid (AA), determined by contrasting
the AA profile of a protein sample with the estimated AA requirements of young children.
However, limitations of PDCAAS have been identified, as the total tract digestibility of CP
may not accurately reflect AA digestibility, and PDCAAS assumes equal digestibility for all
AAs [42,43].

Therefore, there is a growing need for more accurate methods for evaluating protein
quality, which has led to the development of the Digestible Indispensable Amino Acid
Score (DIAAS) method. The DIAAS method is recommended by the Food and Agriculture
Organization of the United Nations (FAO) as an alternative to PDCAAS, and it overcomes
the limitations of the PDCAAS method by considering the true ileal digestibility of AA,
rather than total tract digestibility of CP, and using a more accurate estimation of the AA
requirements for humans [46,47].

Although PDCAAS was previously considered the “gold standard” for protein quality
determination, the DIAAS method has emerged as a more reliable alternative for evaluating
protein quality in human foods.

4.1.2. Digestibility Indispensable Amino Acid Score (DIAAS)

In 2013, the Food and Agricultural Organization of the United Nations/World Health
Organization (FAO/WHO) proposed the DIAAS as an alternative to the PDCAAS for
evaluating protein quality in human foods. Unlike PDCAAS, which is based on the total
tract digestibility of crude protein (CP) in rats and assumes equal digestibility for all amino
acids (AAs), DIAAS is based on the true ileal digestibility of each indispensable AA. As
a result, the DIAAS method provides a more accurate evaluation of protein quality [44].
Since its recommendation by the FAO/WHO, DIAAS has replaced the previous PDCAAS
method in evaluating protein quality in human foods. To calculate the DIAAS for protein
quality evaluation, it is necessary to determine the true ileal digestibility of individual AAs,
which can be accomplished by surgically inserting a T-cannula into the end of the small
intestine in pigs. The pig has been recognized as an appropriate model for estimating crude
protein (CP) and AA digestibility in foods for humans, and this method has been widely
adopted to determine the ileal digestibility of AAs associated with various foods and food
ingredients [41,42]. Thus, the surgical insertion of a T-cannula is an effective approach used
globally to measure AA digestibility in pigs.

The direct determination of the digestibility of each AA in the small intestine is
feasible by collecting digest at its terminal end, which enables the application of specific
digestibility to each AA. Conversely, faecal collections used in the PDCAAS method only
permit the estimation of crude protein digestibility, which is then uniformly applied to
all AAs under the assumption that the digestibility of all AAs is equal. However, this
assumption is incorrect [42]. Therefore, the DIAAS method is preferred as it allows for
determining the true ileal digestibility of each AA, providing a more accurate assessment of
protein quality. Therefore, the DIAAS methodology has emerged as a superior alternative
to the PDCAAS method for evaluating protein quality. It considers the individual ileal
digestibility of AAs, with pigs being preferred models over rats. Unlike the PDCAAS
method, which calculates the digestibility of CP and applies it to all AAs, DIAAS applies
unique digestibility values to each AA. Furthermore, reactive digestible lysine, instead of
total digestible lysine, is recommended for determining the DIAAS of processed and cooked
foods [47]. The DIAAS value determines the quality of the protein, which is classified as
<75 (no statement regarding quality), 75–99 (premium protein), and ≥100 (superior-quality
protein) [41]. The FAO has revised the age-specific AA reference scoring patterns and
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recommends classifying the population into three distinct age groups: 0–6 months (infants),
0.5–3 years (children), and individuals older than 3 years (the remaining population) [47].

Table 1 summarizes the protein digestibility of various plant protein sources obtained
by in vivo methods.

Table 1. Protein digestibility of different plant protein sources measured using in vivo models.

Food Process Total Protein (%) Protein Digestibility (%) References

Barley Raw 10–12 80 [48,49]
Barley Milled 10–12 65 [48,49]
Bean Heated 23–25 53 [48,50]

Coconut Cake 20–24 57 [48,51]
Cowpea Raw 23–32 86.6 [52,53]

Horsebeans Raw 25–28 86 [48,54]
Lentils Raw 23–5 77 [10,48]
Linseed Raw 17–22 77 [48,55]
Linseed Expeller 34–35 75 [48,56]
Lupins Raw 32–44 87 [48,57]
Maize Raw 8–11 82 [48,58]
Maize Chemical/Heated 8–11 82 [48,58]
Maize Brand 9–11 74 [58,59]
Maize Milled 8–11 83 [58,59]

Maize gluten Meal 60–70 90 [59,60]
Millet Raw 11–19 85 [59,61]
Millet Pearl milled 11–19 85 [59,61]

Niger seeds Raw 20–24 63 [59,62]
Oats Raw 10–20 76 [59,63]
Oats Milled 9–20 60 [59,63]
Peas Raw 19–20 79 [50,59]

Potato protein Concentrated 79–80 90 [59,64]
Rape seed Raw 19–26 72 [59,65]
Rape seed Expeller 32–37 72 [59,66]

Rice Dehulled 4–18 95 [59,67]
Rice With hulls 4–18 76 [59,67]
Rice Husk 5–9 39 [59,68]
Rye Raw 5–13 77 [59,69]

Sesame seed Expeller 41–45 84 [59,70]
Sorghum Raw 6–9 84 [59,71]

Sorghum gluten Meal 43–58 86 [59,72]
Soybean Expeller 44–47 87 [59,73]
Soybean Hulls 13–22 54 [59,74]
Soybean Heated 36–40 82 [59,75]

Sunflower seed Expeller 33–37 80 [59,76]
Triticale Raw 9–16 85 [59,77]
Wheat Raw 11–14 89 [59,77]
Wheat Flour 11–14 91 [59,77]

Wheat gluten Meal 78–82 100 [59,78]
Wheat Bran 12–19 68 [59,79]

4.2. Ex Vivo Models

In vitro absorption models range from basic membrane-based systems to more ad-
vanced cell-based models, while ex vivo models utilize intestinal tissues. Still, their viability
time is limited to the typical intestinal transit time [15]. To overcome this limitation, ex vivo
models employ gastrointestinal fluids from humans as digestive agents rather than using
commercially available enzymes derived from animals. The enzymes in juice can differ in
activity or specificity from commercial enzymes as they are composed of different isoforms.
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Human gastric juice (HGJ) contains pepsin and gastric lipase, while human duodenal juice
(HDJ) consists of proteolytic and lipolytic enzymes, different inhibitors, and bile salts. To
reduce inter-individual variability related to enzymes and other juice components, the use
of gastrointestinal juice pools is suggested. Therefore, ex vivo models have the potential to
accurately replicate human digestion by incorporating juices that contain various enzymes,
inhibitors, and salts.

Ex vivo absorption methods involve using animal or human gut segments, which
provide a more accurate representation of the intestinal wall’s morphological and phys-
iological features. This includes the presence of all relevant cell types and architecture
and a mucus layer that allows for the simulation of possible further hydrolysis by brush
border membrane enzymes. As a result, ex vivo absorption models are a more realistic
representation of in vivo absorption compared to in vitro models [80,81].

Ex vivo models of intestinal absorption offer a comprehensive assessment of the mor-
phological and physiological characteristics of the intestinal wall, including the presence
of all relevant cell types, the architecture, and the mucus layer, enabling the investigation
of nutrient or bioactive compound transport, permeability, absorption, and mucus layer
interactions [80]. The approach’s limitation is the tissue’s limited viability, usually between
1 and 3 h, depending on the presence or absence of muscle layers. Intestinal rings or
segments are among the simpler techniques, where the segment of interest is immersed in
an oxygenated buffer containing the compound. However, the lack of isolation between
the apical and basolateral sides results in the accumulation of the compound in entero-
cytes rather than transport. To separate the two compartments, the everted sac model
is employed by suturing the segment on one end and introducing the compound under
study before suturing the open end and immersing it in a physiological solution [15]. An
alternative approach is to mount the tissue in an Ussing Chamber by cutting the intestinal
segment longitudinally and pinning it to a frame that divides the two semi-chambers.
Nevertheless, few studies have utilized ex vivo methods to investigate the digestibility
of plant proteins [82,83]. While human intervention studies remain the gold standard for
evaluating protein digestion and nutritional value, they are time-consuming, costly, and
challenging to control. Therefore, in vitro methods are valuable in guiding protein selection
for in vivo models and reducing costs in identifying suitable alternative proteins.

4.3. In Vitro Models

In vitro simulations of human digestion have become a widely used alternative to
in vivo methods, given their advantages of being less labor-intensive, more cost-effective,
faster, and ethically unrestricted [15]. However, differences in operation and experimental
parameters among various in vitro methods have resulted in significant variations in
measured digestibility, thereby complicating the comparison of results.

Moreover, accurately replicating the complex and dynamic process of human digestion
in laboratory experiments presents a challenge, and caution must be taken when interpret-
ing the results of in vitro methods for measuring and assessing plant protein digestibility.
The following section summarizes the various techniques used in such experiments.

4.3.1. Dynamic Methods

Beyond biochemical factors, dynamic models also strive to replicate the physiological
processes of digestion, including peristalsis, gastric emptying, nutrient absorption, and
gastrointestinal transit [84].

Several dynamic models have demonstrated their suitability for simulating the diges-
tion of various food and pharmaceutical products across diverse population groups and
research objectives [28]. Mono- and multicompartmental systems have been utilized within
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these dynamic models to investigate protein digestion. Within these models, the condi-
tions within each compartment are modified over time to accurately simulate the in vivo
digestion processes. Dynamic digestion models include specific digestive secretions at
designated time points into the respective compartments of the model [33]. The addition of
substances can be regulated through various methods in gastrointestinal simulation models.
One approach involves maintaining a stable secretion rate, like the simulated gastric juice
in the human gastric simulator. Alternatively, a pre-programmed pattern can be employed,
allowing the secretion rate to vary over time, as demonstrated in the TIM-1 model [85]. The
TIM-1 is one of the main dynamic models designed, and was developed by the Netherlands
Organization for Applied Scientific Research (TNO). TIM-1 was designed to replicate the
dynamic conditions in the upper gastrointestinal tract. This model accurately mimics the
peristaltic mixing of food with digestion fluids that possess physiological relevance, while
maintaining controlled pH values and realistic transit times like those observed in the
human gastrointestinal system [86]. The TIM-1 consists of four compartments designed to
replicate the physiological conditions of the stomach, duodenum, jejunum, and ileum. This
model accurately reproduces dynamic processes, including peristalsis, gastric emptying,
and nutrient absorption within the jejunum and ileum [87]. Furthermore, the secretion rate
can be programmed to respond to other parameters, such as the volume of the model, as
observed in the dynamic gastric model proposed by Thuenemann et al. [88]. However, a
newer version of this equipment, referred to as the TIM-2 model, is currently available.

4.3.2. Static Methods

Static and dynamic models are the two primary types of in vitro digestion methods
that are typically utilized. In vitro digestion methods are frequently employed to investi-
gate food behavior under simulated upper gastrointestinal tract physiological conditions,
encompassing the oral, gastric, and small intestinal phases [89].

Dynamic models have been demonstrated as effective tools for simulating food and
pharmaceutical product digestion across various groups and purposes [28]. However, their
complexity and the cost of implementation and maintenance limit access to these models
for many food researchers. In contrast, static in vitro digestion models have shown great
potential in predicting in vivo digestion outcomes [9,90], making them valuable tools in
the field.

Static models have been extensively employed for food, animal feed, and pharmaceu-
tical purposes due to their simplicity. The static in vitro models offer several significant
advantages, including excellent outstanding intra- and inter-laboratory repeatability, stur-
diness, easiness, low cost, and the ability to easily assess each phase of digestion. Static
models employ a fixed ratio of food, enzymes, and electrolytes, as well as a consistent pH
corresponding to each stage of digestion. In vitro digestion models have demonstrated sig-
nificant efficacy in predicting in vivo digestion outcomes [89]. Standardized static models
of varying complexity are available to simulate the gastrointestinal performance of phar-
maceutical products, as outlined in United States Pharmacopeia protocols [9]. However,
various static models exhibit different modifications in variables such as pH, time, the ac-
tivity and concentration of enzyme, and simulated digestive fluid composition. To address
the issue of diverse static models with varying parameters, the international INFOGEST
network of multidisciplinary experts was established. Their first goal was to establish a
standardized set of digestion parameters for static in vitro simulation of adult digestion,
suitable for food. By doing so, INFOGEST aimed to harmonize these methods and facilitate
their use in food and nutritional research [91].

For static digestion methods, foods are exposed to three consecutive phases, oral,
gastric, and intestinal, with experimental conditions remaining constant throughout each
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phase. During the oral phase, the food is diluted 1:1 (w/w) with simulated salivary fluid
(SSF), with or without the inclusion of salivary amylase. For solids or semisolids, simulated
mastication of the food is also performed [92]. If salivary amylase is used, the food is
exposed to it for a maximum of 2 min at pH 7. The oral phase is a mandatory component
of all simulated digestion procedures, irrespective of the food’s state (liquid or solid), to
ensure consistent dilution. This phase plays a vital role in the initial breakdown of food and
the hydrolysis of macronutrients, especially carbohydrates, by salivary enzymes, thereby
influencing the subsequent phases of protein digestion.

After completion of the oral phase, the resulting bolus is diluted with simulated gastric
fluid (SGF) and gastric enzymes, including pepsin and gastric lipase, in a 1:1 (v/v) ratio.
The mixture is then subjected to agitation and incubated at pH 3.0 for 2 h to simulate
the gastric phase of protein digestion. Subsequently, the gastric chyme is diluted into
simulated intestinal fluid (SIF), bile salts, and pancreatic enzymes (pancreatin, based on
trypsin activity or each enzyme) in a 1:1 (v/v) ratio, followed by incubation at pH 7 for
another 2 h to mimic the intestinal phase of protein digestion [93].

The final step in protein digestion includes the sampling, treatment, storage, and anal-
ysis of the digested samples. It is crucial to carefully consider this step before commencing
digestion as it may vary depending on the purpose of the experiment, the type of analysis,
and the desired endpoints [89]. The proper planning and execution of the sampling and
storage procedures are essential to ensure the integrity and reliability of the data obtained
from the simulated digestion experiment.

4.3.3. Semi-Dynamic Methods

Static methods have limitations in assessing crucial dynamic processes involved
in gastrointestinal digestion, such as pH gradients, gradual enzyme and gastric fluid
addition, and continuous gastric emptying [94]. In contrast, dynamic models offer a more
physiologically relevant approach by incorporating these factors and others. However,
these models are highly complex, requiring significant hardware and software resources,
and are generally expensive to implement and not easily accessible [89,95]. Therefore,
semi-dynamic models arise as a more accessible option for protein digestibility essays.
Semi-dynamic methods combine elements of both in vitro and in vivo methods to measure
protein digestibility. Thus, these methods simulate the in vivo digestive process by using
enzymes and conditions that mimic the physiological environment of the stomach and
small intestine.

Researchers have shown increasing interest in semi-dynamic in vitro models in re-
cent years. These models have gained attention due to their unique capability to enable
researchers to strategically select and incorporate specific dynamic factors during different
phases of the gastrointestinal tract (GI) [96]. By allowing the deliberate inclusion of chosen
dynamic elements, such as pH gradients, enzyme and gastric fluid addition, and gastric
emptying, semi-dynamic models offer researchers the ability to create a more targeted
and physiologically relevant representation of the digestion process. This approach has
emerged as a valuable tool in bridging the gap between static and fully dynamic models,
providing a flexible and adaptable platform for investigating GI digestion under controlled
laboratory conditions.

A recent development in the field involves the creation of a cost-effective semi-dynamic
method. This method utilizes parameters derived from in vivo data on dairy product
digestion to establish a more realistic and physiologically relevant representation of the
process [95]. By incorporating equivalent in vivo data, this approach enables researchers to
capture key dynamic factors involved in the digestion of dairy products, while maintaining
a more affordable and accessible experimental setup. However, there are considerations
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about semi-dynamic methods that should be considered. For instance, these methods do
not account for the impact of microbial metabolism, which may affect protein digestibility.
Additionally, semi-dynamic methods are unsuitable for measuring protein digestibility
in infants, as they have a different digestive physiology than adults. However, there are
several considerations related to the food matrix, composition, and human and animal
physiology before deciding which model to use for conducting a protein digestibility
assay [33].

Table 2 summarizes the protein digestibility of various plant protein sources obtained
by in vitro methods.

Table 2. Protein digestibility of different plant protein sources measured using in vitro models.

Food Process Total Protein (%) Protein Digestibility (%) References

Bean Raw 23–25. 92.8 [50,97]
Bean Raw 23–27 84.0 [50,98]
Bean Autoclaved 23–26 92.3 [50,97]
Bean Autoclaved 23–25 84.2 [50,98]
Bean Microwaved 21–23 85.8 [50,99]

Cowpea Raw 22–32 71.3 [53,100,101]
Cowpea Raw 22–32 82.3 [53,101]
Cowpea Soaked 22–32 75.3 [53,100,101]
Cowpea Soaked 22–32 87.5 [53,101]
Cowpea Boiled 22–32 98.1 [53,101]
Cowpea Germinated 22–32 79.5 [53,100,101]
Cowpea Roasted 22–32 77.6 [53,101]
Cowpea Autoclaved 22–32 90.3 [53,101]
Cowpea Microwaved 22–32 92.8 [53,101]
Cowpea Fermented 22–32 85.1 [53,101]
Cowpea Micronized 22–32 80.0 [53,101]

Finger millet Raw 6–13 72.3 [102,103]
Finger millet Milled 6–13 44.9 [103,104]
Foxtail millet Raw 11–19 77.1 [61,102]
Kidney bean Raw 22–28 78.0 [101,105]
Kidney bean Soaked 22–28 83.2 [101,105]
Kidney bean Boiled 22–28 94.3 [101,105]
Kidney bean Roasted 22–28 73.0 [101,105]
Kidney bean Autoclaved 22–28 86.1 [101,105]
Kidney bean Microwaved 22–28 88.6 [101,105]
Kidney bean Fermented 22–28 80.9 [101,105]
Kidney bean Micronized 22–28 75.5 [101,105]

Pea Raw 19–23 80.1 [50,101]
Pea Soaked 19–23 85.5 [50,101]
Pea Boiled 19–23 95.8 [50,101]
Pea Roasted 19–23 75.0 [50,101]
Pea Autoclaved 19–23 88.3 [50,101]
Pea Microwaved 19–23 90.9 [50,101]
Pea Fermented 19–23 82.9 [50,101]
Pea Micronized 19–23 77.9 [50,101]

Soybean Cooked 40- 41 90.9 [75,106]
Soybean Roasted 35–40 87.9 [75,106]
Soybean Texturized 40–49 88.8 [75,106,107]
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5. Antinutritional Factors and Reduction Strategies
A range of factors can affect protein digestibility, including the formation of protein

conjugates, such as polysaccharides and polyphenols, which can lead to structural modifica-
tions that hinder enzymatic hydrolysis, as well as the presence of antinutritional compounds.

Antinutritional factors (ANFs), also known as anti-nutrients, are naturally occurring
compounds found in plant sources that interfere with the absorption or utilization of
nutrients in the body. Antinutritional factors present in plant sources have been shown to
impede the process of protein digestion and elevate endogenous nitrogen losses in faeces,
resulting in reduced protein digestibility and heightened protein requirements [3]. Numer-
ous studies have shown the negative impact of these compounds on protein digestibility,
with some indicating their susceptibility to heat degradation, while others suggest their
resistance to heat-induced changes [108,109]. The critical challenges in the plant protein
field encompass the quest for plant sources that exhibit nutritional profiles comparable to
animal-based proteins, and the exploration and refinement of innovative food processing
methodologies aimed at augmenting the nutritional attributes of conventional plant protein
sources [3]. Hence, it is imperative to mitigate or eradicate these substances to enhance the
biological utilization of plant proteins, which typically exhibit lower digestibility (75–80%)
in comparison to animal proteins (90–95%) such as meat, poultry, eggs, and milk [3]. Fur-
thermore, it should be noted that plant proteins encounter reduced enzyme accessibility
due to the presence of rigid cell walls and seed coats [110].

The major ANFs found in consumable crops involve amylase inhibitors, protease
inhibitors, phytic acids, tannins, saponins, lectins, gossypol, and goitrogens [111]. These
compounds negatively affect the protein and AA digestibility [112,113] by decreasing
bioavailability and disrupting metabolic processes, leading to harmful effects on the gas-
trointestinal tract’s physiology [114–117]. Among the ANFs, phytate is one of the major
compounds present in many cereals, legumes, and oilseeds [118]. Phytate is a chelating
agent and primarily impacts the bioavailability of micronutrients such as calcium, cooper,
zinc, and iron [119]. Thus, high phytate intake can lead to mineral deficiencies over time.
Nevertheless, phytochemicals, including phenolic compounds, have demonstrated notable
antioxidant activity by effectively scavenging reactive oxygen species (ROS), exhibiting
strong reducing power, and displaying metal-chelating capabilities towards ferric and
ferrous ions [111]. Although not all polyphenols possess chelating properties, certain
phytochemicals, such as isoflavones, genistein, and biochanin A, are particularly valued
as antioxidants due to their dual attributes as reducing agents and metal ion-chelating
agents [120]. Regarding proteins, phytate interferes with protein digestibility by competing
for essential mineral cofactors required to activate peptidases. Additionally, phytate directly
interacts with the protein, further affecting its digestibility [121].

In addition, protease inhibitors such as trypsin and chymotrypsin are other ANFs
found in legumes such as soybeans and kidney beans. These ANFs can impact the globular
structure of proteins, hindering digestive enzyme activity in the small intestine [3]. By
interfering with the digestion process, protease inhibitors inhibit the enzymes responsible
for protein breakdown, potentially resulting in reduced protein digestibility.

Haemagglutinins such as lectins are other ANFs that are proteins that bind to carbohy-
drates. Lectins are found in various plant sources, including legumes, grains, cereals, and
certain vegetables, but are mainly present in legumes. Lectins can cause the agglutination
of red blood cells by reversibly binding to specific mono-oligosaccharides and oligosac-
charides found in glycoproteins and glycolipids [122]. Lectins in legumes can interfere
with the absorption of nutrients and crucial minerals like zinc, calcium, phosphorus, and
iron. Therefore, lectins may interact with intestinal epithelial cells, modifying intestinal
permeability and causing hypertrophy and hyperplasia [123]. Thus, lectins can cause
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damage to the lining of the digestive tract, mainly in the small intestine, potentially causing
a decrease in protein digestibility.

On the other hand, oxalates are ANFs found in certain foods such as spinach, rhubarb,
and beet greens [122]. They exhibit potent acidic properties and can form water-soluble
salts by binding with minerals like sodium or potassium and water-insoluble salts by
binding to calcium, iron, or zinc [124]. Consequently, in susceptible individuals, this can
lead to the formation of kidney stones. In addition, the results of Dogra [125] on buckwheat
suggest a negative correlation between protein digestibility and oxalate content, which
shows that a higher content of oxalates leads to lower protein digestibility.

Tannins are a polyphenol commonly found in tea, coffee, fruits, and certain vegeta-
bles. These compounds are categorized as ANFs because of their capacity to hinder the
absorption of essential minerals, particularly iron, and can result in digestive disturbances
when consumed in excessive quantities [126]. Furthermore, in conjunction with phytic
acid, tannins are widely recognized ANFs for their significant interaction with proteins,
reducing their digestibility [127].

It is important to note that many of these ANFs may also exert some beneficial proper-
ties [120,128,129]. However, the beneficial effects of ANFs depend on molar ratios between
nutrients and antinutrients [11]. For instance, phytates can act as antioxidants and have
anticancer properties [130]. In addition, new studies have shown the possible benefi-
cial effects of these compounds on the risk of osteoporosis or age-related cardiovascular
calcifications [131,132].

However, the negative effects of antinutritional factors can often be minimized through
various processing methods, such as soaking, fermentation, cooking, or heat treatment,
which can either reduce their levels or deactivate them.

6. Strategies for Improving Protein Digestibility
Protein digestibility is a crucial factor that determines the bioavailability of amino

acids, which are essential for human health. Low digestibility can result from various
factors, including anti-nutritional compounds, the structural complexity of proteins, and
interactions with other food components. Several strategies have been developed to address
these challenges to enhance protein digestibility, each with unique benefits and applications.

6.1. Thermal Processing

Numerous studies have focused on improving plant protein quality through food
processing techniques, particularly thermal techniques. These methods aim to enhance
plant-based protein sources’ nutritional, functional, and sensory properties. Some of
the common thermal processing techniques include cooking [110,116], autoclaving [133],
microwave [134], and extrusion [135]. Heat denatures protein structures, making them
more accessible to digestive enzymes. Additionally, thermal processing can reduce or
eliminate anti-nutritional factors such as trypsin inhibitors and tannins, which otherwise
hinder protein digestion. However, excessive heating should be avoided, as it may lead
to the formation of undesirable compounds like Maillard reaction products, which can
reduce protein quality. For instance, in vitro and in vivo studies have demonstrated that
wet sorghum cooking significantly decreases its protein digestibility [136].

In contrast, this effect is not observed in maize, where cooking has only a minimal
impact on protein digestibility [137]. The reduced digestibility of sorghum protein is
primarily attributed to the formation of enzymatically resistant protein polymers during
cooking, caused by disulfide bonding between β and γ-kafirins and matrix proteins [136].
These disulfide crosslinks limit the access of proteolytic enzymes to the more abundant and
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digestible α-kafirin found at the core of the protein body, which may explain the observed
reduction in digestibility [138].

Autoclaving improves the protein digestibility of beans by reducing antinutritional
factors and modifying the structural properties of the seeds [139]. The process significantly
decreases the content of trypsin inhibitors, which are known to interfere with protein
digestion, thus enhancing the accessibility of proteins to digestive enzymes. In addi-
tion, autoclaving enhances the protein digestibility of soybeans by effectively inactivating
antinutritional factors such as trypsin inhibitors, which interfere with enzymatic protein
breakdown [107]. The high temperature and pressure conditions during autoclaving de-
nature the proteins, making their structure more accessible to digestive enzymes. This
process also reduces the presence of other compounds, like lectins, that impair nutrient
absorption, thereby increasing protein bioavailability. As a result, autoclaving transforms
soybeans into a more digestible and nutritionally valuable food ingredient, suitable for
direct consumption and use in various food formulations.

Microwave treatment can enhance protein digestibility because it modifies enzyme
function, leading to improved protein–protease interactions. Microwaves influence en-
zyme activity through four key mechanisms [134]. Microwave treatment enhances protein
digestibility through several mechanisms: (1) It denatures thermally unstable enzymes,
rendering them inactive; (2) it induces molecular rearrangement and protein unfolding,
making specific regions of the protein more accessible to enzymatic hydrolysis; (3) it reduces
the particle size of treated protein, increasing surface area and exposing more cleavage
sites for protease activity; and (4) it promotes the development of proteins with a high
zeta potential, stabilizing the protein suspension, preventing aggregation in water, and
increasing the availability of sites for protein–protease interaction [140,141].

A study on the effects of extrusion demonstrated that this processing method can
significantly improve protein digestibility by altering both the secondary and tertiary
structures of plant proteins [142]. Extrusion reduces the α-helix/β-sheet ratio in the
protein’s secondary structure, decreasing disulfide bonds and hydrophobic interactions in
the tertiary structure. These structural modifications make the proteins more accessible to
digestive enzymes, promoting their digestion and absorption. De la Rosa-Millán et al. [143]
reported that low-moisture (LM) extrusion increased the in vitro digestibility of soybean
protein by modifying its secondary structure. Similarly, Lin et al. [144] showed that LM
extrusion enhanced the soluble nitrogen content of wheat protein digestion by affecting its
chemical bonds, highlighting extrusion’s ability to improve protein bioavailability.

6.2. Enzymatic Hydrolysis

Enzymatic hydrolysis involves breaking down proteins into smaller peptides and
amino acids using proteolytic enzymes. This approach improves digestibility and enhances
the bio-functional properties of proteins, such as antioxidant or antihypertensive activities.
Enzymatic hydrolysis is commonly employed in producing protein hydrolysates for spe-
cialized applications, such as infant formulas, medical nutrition, and sports supplements.

Enzymatic hydrolysis enhances protein digestibility by breaking down high-molecular-
weight proteins into smaller peptides and amino acids, making them more accessible to
digestive enzymes. A study demonstrated that limited hydrolysis using papain signifi-
cantly reduced the molecular weight of a soy protein isolate and corn zein mixture while
increasing the proportion of random coil structures [145]. These structural modifications
facilitated protein breakdown, resulting in a remarkable improvement in in vitro digestibil-
ity. Kamiloglu et al. [146] indicated that enzymatic hydrolysis significantly improves the
digestibility of plant proteins by breaking down large, complex protein structures into
smaller peptides and free amino acids, making them more accessible to digestive enzymes
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in the gastrointestinal tract. This process also eliminates antinutritional factors, such as
phytate, that form insoluble complexes with proteins and minerals, otherwise hindering
enzymatic degradation and nutrient absorption [3]. By degrading cell walls and disrupting
protein–phytate complexes, hydrolysis enhances the bioavailability of vital nutrients like
calcium and improves the overall nutritional value of plant proteins [147]. In addition,
Beaubier et al. [148] showed in a study on rapeseed that enzymatic hydrolysis significantly
enhances protein digestibility by breaking down complex protein structures into smaller
peptides and amino acids, making them more accessible to digestive enzymes. The study
demonstrated that proteolysis improves digestibility and enhances functional properties.
As a result, hydrolyzed plant proteins offer better digestibility, addressing one of the
primary limitations of plant-based diets.

6.3. Fermentation

Fermentation is a natural process that uses microorganisms to modify the structure
and properties of proteins [108]. Microbial enzymes break down complex proteins and re-
duce the levels of anti-nutritional factors, improving the digestibility of pulses by lowering
the concentration of non-nutritive compounds that interfere with digestive enzymes, such
as trypsin and chymotrypsin inhibitors [149]. Additionally, it reduces the presence of com-
pounds like phenolics and tannins, which contribute to protein crosslinking. Furthermore,
fermentation promotes the production of microbial proteases, which partially break down
proteins and release them from the matrix [150]. For instance, a study on the fermentation
of soybeans showed that this process significantly enhances protein digestibility by reduc-
ing antinutritional factors and breaking down structural barriers that hinder enzymatic
activity [151]. As digestion progressed, fermented soybeans exhibited the highest protein
digestibility, suggesting that microbial activity facilitated protein breakdown and improved
bioaccessibility. The biochemical changes induced by fermentation likely promoted better
interaction between digestive enzymes and protein substrates, leading to a more efficient
digestion process. In addition, the fermentation of pea flour showed that this process
significantly enhances protein digestibility while also improving the bioaccessibility of
essential minerals such as manganese (Mn) and iron (Fe) [152].

6.4. Physical Treatments

Emerging physical methods, such as high-pressure processing (HPP), ultrasonication,
irradiation, and pulsed electric field (PEF), have gained attention for their ability to improve
protein digestibility. These techniques disrupt protein structures without using high tem-
peratures, making them ideal for heat-sensitive proteins. This method can unfold proteins
and increase enzyme accessibility [153], while ultrasonication breaks protein aggregates
into smaller, more digestible fragments. For instance, the high-pressure processing (HPP)
of pea protein concentrate (PPC) showed that this treatment enhances gastric proteolysis
by inducing structural modifications in proteins [154]. HPP-treated PPC underwent greater
proteolysis and exhibited distinct peptide patterns compared to untreated and heat-treated
samples. In addition, a study on lupin proteins demonstrated that this treatment could
enhance their in vitro digestibility, particularly at higher pressures [155].

High-intensity ultrasound processing significantly enhances the digestibility of plant
proteins by inducing physical and chemical modifications. The fluctuating pressure waves
generated during ultrasonication disrupt protein aggregates, alter structural configurations,
and expose hydrolytic sites, making proteins more accessible to digestive enzymes [156].
This technology can modify proteins’ primary, secondary, tertiary, and quaternary struc-
tures, facilitating their enzymatic breakdown [157]. Additionally, ultrasonication helps
release proteins from plant matrices and disrupts antinutritional factors that inhibit diges-
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tion [158]. By improving the extraction, functionality, and bioavailability of plant proteins,
ultrasound processing boosts their digestibility and enhances their overall nutritional
profile [157], making it a promising tool for developing plant-based food products.

Irradiation is a modification technique that uses ionizing radiation, such as gamma
rays, X-rays, or accelerated electrons, to alter the properties of food ingredients. Irradiation
can enhance the digestibility of plant-based proteins by addressing some of their inherent
limitations, such as poor aqueous solubility and the presence of anti-nutritional factors
like hemicellulose, lignin, and other poorly digestible polysaccharides [159]. By applying
ionizing radiation, proteins can be denatured [160], altering their structure to improve their
accessibility to digestive enzymes, thus increasing their bioavailability. This process can
also reduce the presence of antinutrients, such as lectins and protease inhibitors, which
hinder protein digestion and absorption [161]. Additionally, irradiation can enhance the
solubility of plant proteins, making them more easily dispersible in aqueous environments,
which is crucial for improving their functionality and digestibility [159].

Pulsed electric field (PEF) processing is a non-thermal technology that applies short
bursts of high voltage to food products, leading to structural modifications in proteins.
In soy proteins, PEF treatment can cause the unfolding of protein molecules and the
dissociation of subunits, exposing hydrophobic and thiol groups previously buried within
the protein structure [162]. These structural changes can enhance the accessibility of
proteolytic enzymes during digestion, thereby improving protein digestibility.

6.5. Soaking and Germination

Soaking and germination are traditional methods often used for legumes and grains.
These processes activate endogenous enzymes that degrade antinutritional factors and
partially hydrolyze proteins. Germination also increases the bioavailability of essential nu-
trients, including amino acids, while enhancing the overall digestibility of proteins. Some
studies have shown that soaking increases nutritional properties like protein digestibil-
ity and decreases antinutrients such as trypsin inhibitors, oligosaccharides, and phytic
acid [163]. Gu et al. [164] indicated that soaking is a food processing method that improves
legumes’ protein digestibility by reducing antinutritional factors, such as phytates, which
inhibit protein breakdown. By hydrating the legumes, soaking helps soften cell walls,
making proteins more accessible to digestive enzymes and, thereby, enhancing bioavailabil-
ity [165]. While soaking generally enhances protein digestibility, the effectiveness can vary
depending on the legume type and other processing methods.

Germination improves legume protein digestibility by reducing antinutritional factors
like protease inhibitors, activating proteases, and breaking down storage proteins, including
allergens [166]. This process increases free amino acids, particularly asparagine. The extent
of digestibility improvement varies by species and strain, and further research is needed to
identify the key factors. In addition, Di et al. [167] indicated that germination can improve
sesame protein’s structural and functional properties. Therefore, germination is an effective
approach to improve the protein digestibility of plant seed protein.

6.6. Combination Approaches

Combining multiple strategies, such as enzymatic hydrolysis with fermentation or
thermal processing with soaking, can further enhance protein digestibility. These synergies
can effectively address the limitations of individual techniques, leading to improved protein
quality and functionality. Bera et al. [166] indicated that combining germination with other
treatments, such as heating or fermentation, could further enhance digestibility. Also,
soaking following cooking treatments significantly decreased phytic acid, tannins, and
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lectin activity, which significantly increased the protein digestibility of raw bitter and sweet
lupin seeds [168].

A study demonstrated that enzymatic hydrolysis combined with short-time fermen-
tation effectively improves the protein digestibility of soybean meal [169]. Using alcalase
after fermentation with microorganisms such as Lactobacillus plantarum, Bacillus subtilis, and
Aspergillus oryzae significantly increased peptides with molecular weights below 10 kDa,
indicative of enhanced proteolysis.

Therefore, improving protein digestibility requires a multifaceted approach tailored
to the specific protein source and application. By leveraging advanced technologies and
traditional methods, it is possible to enhance proteins’ nutritional value and functional
properties, meeting the demands of diverse consumer needs.

7. Final Considerations
The digestibility and quality of plant-based proteins are fundamental for developing

nutritious and sustainable foods. However, plant proteins face significant challenges, such
as reduced digestibility, incomplete essential amino acid profiles, and the presence of antinu-
tritional factors. To overcome these limitations, innovative and multidisciplinary strategies
have been developed, including advanced evaluation methods and the application of
emerging food processing technologies.

This review highlights that while traditional methods like PDCAAS have been valu-
able in the past, more accurate approaches such as DIAAS allow for a better assessment
of protein quality by considering the true ileal digestibility of each essential amino acid.
Additionally, dynamic and semi-dynamic models achieve a balance between complex-
ity and physiological relevance, positioning them as key tools for future research on
protein digestibility.

Finally, implementing thermal treatments, fermentation, enzymatic hydrolysis, and
physical technologies such as high-pressure processing have proven effective in improving
amino acid bioavailability and reducing antinutritional factors. These strategies, combined
with advancements in evaluation models and a deeper understanding of proteins’ techno-
logical and nutritional properties, pave the way for designing plant protein ingredients ca-
pable of meeting both nutritional requirements and consumers’ sustainability expectations.
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