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Design of a 3D /n vitro gastric model with /n sitv analysis for the assessment of food digestibility

and nanomaterials behaviour
Abstract

The regular consumer is becoming more concern regarding their nutritional habits and, as such,
novel healthier food products with additional functional properties must be developed to give
response 1o the increase from the food market demand. However, while developing innovative food
products through, for instance, the addition of nanosystems for the controlled delivery of bioactive
compounds, it is important to understand their behaviour under digestion conditions by assessing
their toxicity (i.e., the release of toxins during the digestion process), hydrolysis kinetics, nutrient
absorption, etc. Ideally, /7 vivotrials should be used for this purpose since they represent as more
accurately the Gl conditions. However, due to all the ethical constrains, cost and complexity
associated to their application, /n7 vitro digestion models have been widely used as an alternative
since they are faster, cheaper and less labour-intensive, with no ethical constrains. This way,
several /n vitro digestion models have been created to try to simulate the conditions of the human
Gl tract which have been widely used by the scientific community to study the digestion of food
products, micro/nanosystems and drug dissolution. However, despite the development of a few
anatomical accurate digestion models with dynamic behaviour over the past few years, there is still
room for improvement. Therefore, the present study aims at the development of a modular
dynamic /n vitro RGM with /n sifu analysis, using UV-VIS-NIR spectrometry. This model is capable
of replicating, as close as possible, the physicochemical conditions along the human stomach
regarding its peristaltic contractions, as well as anatomical and physiological characteristics. The
present model will allow to monitor in real-time the digestion process of food products, controlled
release systems, bioactive compounds and drugs, thus being an important research, development

and control tool for the food and pharmaceutical industries.

Keywords: Food digestion; /n vifro digestion models; Milk digestion; Real-time analysis, Machine

learning.



Desenvolvimento de um modelo /n wiro gastrico com analise /n7 sifu para avaliar a digestao de

alimentos e o comportamento de nanomateriais
Resumo

A preocupacao por parte do consumidor final com os seus habitos nutricionais provocou a
necessidade de desenvolver novos produtos alimentares mais saudaveis, com novas propriedades
funcionais para responder ao aumento da procura por parte do mercado alimentar. No entanto,
com o desenvolvimento de produtos alimenticios inovadores através de, por exemplo, a adicao de
nanossistemas para a libertacao controlada de compostos bioativos, tornou-se importante
entender o seu comportamento em condicdes de digestdo de modo a avaliar a sua toxicidade (i.e.,
a libertacdo de toxinas durante o processo de digestdo), cinética de hidrolise, absorcao de
nutrientes, etc. ldealmente, tais estudos deveriam ser realizados /n vivo. No entanto, devido a todas
as restricdes éticas, custo e complexidade associados a sua aplicacao, os modelos de digestédo /n
vitro tm sido amplamente utilizados como alternativa por serem mais rapidos, baratos e mais
simples, nao apresentando restricdes éticas. Desta forma, varios modelos /7 vifro foram criados
para tentar simular as condicdes do trato Gl humano, os quais tém sido amplamente utilizados
pela comunidade cientifica para estudar a digestdo de produtos alimentares, micro/nanossistemas
e dissolucao de farmacos. No entanto, apesar do desenvolvimento de alguns modelos de digestao
anatomicamente precisos com comportamento dindmico ao longo dos ultimos anos, ainda ha
espaco para novos desenvolvimentos. Como tal, o presente estudo visa o desenvolvimento de um
RGM modular dinamico /n vitro com analise /n situ, utilizando espectrometria UV-VIS-NIR. Este
modelo é capaz de replicar, o mais proximo possivel, as condicoes fisico-quimicas do estdmago
humano, mais especificamente no que diz respeito as suas contracdes peristalticas, bem como
caracteristicas anatomicas e fisiologicas. O presente modelo permitira monitorizar em tempo-real
0 processo de digestdo de produtos alimentares, sistemas de liberacdo controlada, compostos
bioativos e farmacos, sendo assim uma importante ferramenta de investigacao, desenvolvimento

e controlo para as industrias alimentar e farmacéutica.

Palavras-chave: Analise em tempo-real; Digestdo de alimentos; Digestdao de nanossistemas;

Modelos de digestao /n vitro.
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1.1 RESEARCH BACKGROUND AND MOTIVATION

The food industry is increasingly focused on preventing nutrition-related diseases and improving
consumer wellbeing. The result is a growing trend for healthy foods towards the use of food
products enriched with functional compounds produced through the application of innovative and
safe technologies. The development of novel controlled delivery systems through the use of
nanotechnology has been recently used in the food industry in order to address these challenges
(Kagan, 2016). Therefore, understanding their behaviour under digestion conditions, assessing

their efficiency and safety is thereby of utmost importance (Cerqueira et al., 2014; Kagan, 2016).

In vitro digestion models are crucial to study the digestion of food products and the behaviour of
controlled delivery nanosystems since they do not raise ethical issues, they are less time
consuming and cheaper processes, when compared with in vivo assays (Pinheiro et al., 2017).
However, the assessment of food products digestion and specially the behaviour of controlled
delivery nanosystems under Gl conditions is a very difficult process since /i vitro assays comprise
the addition of Gl secretions (e.g. enzymes, salts) resulting in high dilution and interferences (e.g.
enzymes when tracking a protein-based system). Moreover, the effect of post-experimental
interferences inherent to ex-situ analyses (e.g., exposure to oxygen, light, and temperature
variations, as well as the required enzymatic deactivation step) cannot be neglected (Akbari & Wu,
2016). Furthermore, there are limitations regarding the accuracy of their results since they are
affected by the interferences inherent to the addition of Gl secretions and to ex-sifianalyses, which

could be circumvented by an /n sifu analytical apparatus.

This dissertation addresses all these gaps by proposing the development of an /7 vifro RGM to
evaluate the digestion of foods and the behaviour of controlled delivery nanosystems, under gastric
conditions. This model is comprised by a 3D printed stomach, to achieve with anatomical precision

the human stomach physiognomy and its inherent motility phenomena.

In terms of the RGM’s characterization, a hydrodynamic study was made to understand the mixing
and emptying properties of the RGM. Furthermore, samples at the macro (i.e., food product) and
nano (i.e., controlled delivery nanosystem) scales were used to characterize the /n vifro stomach
model. These samples were subsequently analysed by conventional techniques and by an /in situ
analytical technique. This was achieved through the use of an UV-VISSWNIR spectroscopy

apparatus, using fibre optics to track in real time and /n sifuthe digestion of food and the behaviour
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of controlled delivery nanosystems under Gl conditions, since it is a versatile, accurate, inexpensive
and simple system (L. |. B. Silva et al., 2009; W. K. Silva et al., 2011).

This project explores novel technologies to provide food industry players with more accurate tools

for evaluation, and further development of safer, nutritious, and healthy foods.

1.2 RESEARCH AIMS

This thesis integrates different scientific activities that intend to tackle the previously discussed
challenges regarding the /in vitro assessment of food products’ digestion and of controlled delivery

nanosystems’ behaviour in the Gl tract. As such, the main objectives of this dissertation are:

i. the development of an RGM that simulates, as close as possible, the mechanical and
physicochemical properties of the human stomach.

ii.  Development of a real-time analytical tool to assess food and nanosystems’ digestion
These objectives can be further addressed through the following specific objectives:
J Design of a RGM prototype (i.e., 3D printing of the stomach);
J Development of the appropriate contraction mechanism for the 3D printed stomach;

J Development of a software to control the /7 viro gastric model, controlling the frequency,

amplitude and force of the peristaltic contractions, gastric emptying, pH and secretions;
J Evaluation of the digestibility of a food product (e.g., milk) in the RMG;

J Evaluation of the behaviour of a previously optimized model nanostructure composed of
bio-based materials and of a bioactive entrapped into it [6], throughout the complete /in vitro

digestion model, using an /n sifu UV-VIS-SWNIR spectroscopy with a fibre optic apparatus;

J Development of a software to process the results from the UV-VIS-SWNIR spectroscopy.

1.3 THESIS OUTLINE

To achieve the dissertation objectives, it was organized in 6 chapters. Chapter 2 gives the

theoretical framework to chapters 3-5 which represent the experimental work of this dissertation.
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Chapter 6 represents the main conclusions of his work. A more detailed description is subsequently

provided.

Chapter 2: This chapter gives the historical perspective and state of the art regarding the
development of /n wvifro digestion models as well as some theoretical background regarding the
application of UV-VIS-SWNIR spectroscopy for food analysis. Furthermore, some considerations are

made regarding the 10T approach.

Chapter 3 - This chapter provides all the necessary steps for the development of a modular RGM
in terms of the stomach compartment, PB and all the modules associated with the system. The

RGM was further characterized regarding the pH profile and its hydrodynamic behaviour.

Chapter 4 — This chapter applies real-time analysis through the application of a UV-VIS-SWNIR
fibre optics to assess the /n vitro digestion of milk. Furthermore, conventional analytical techniques

were used to compare with the realtime analysis.

Chapter 5 — This chapter provides some final considerations regarding this dissertation as well

as some future perspectives.
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2.1 INTRODUCTION

Food digestion is a very complex process that involves biological, chemical and physical
mechanisms to breakdown food into small particles that can be absorbed, mainly, in the small
intestine. As such, the digestion of food starts at the mouth where mastication plays a very
significant role towards mincing and mixing it with the saliva which is composed by water (ca.
99.5%), proteins/enzymes (e.g., salivary a-amylase, mucin, globulin) and salts. It is at this stage
that the bolus is formed and subsequently swallowed so that it can reach the stomach to continue
the digestion process (Ji et al., 2021). The stomach is composed by the fundus, body, antrum and
pylorus. It is mainly responsible for digesting protein and, with a lower extent, lipids due to the
presence of pepsin and gastric lipase, respectively. It also plays an important role in mixing, through
peristalsis (i.e., typically 3-5 contraction/minute), sieving through the pylorus (i.e., only particles
that present a diameter between 1-3 mm pass to the duodenum) and storage. The bolus turns into
chyme that passes through the pyloric sphincter to the small intestine which is composed by the
duodenum, jejunum and ileum. At his step of the digestion, the chyme continues to be broken
down into smaller molecules (e.g., amino-acids, FFA and sugars) that can pass through the
microvilli of the small intestine via diffusion and transported by the blood stream. Off course that
different food products will have different digestion kinetics, different interactions with enzymes,
different mixing and retention times in the stomach, among others, depending on their

physicochemical properties, e.g., viscosity, nutritional content, etc.

Several studies related to the digestion of food and micro/nanosystems used for the controlled
release of bioactive compounds and drugs have been made by the food and pharmaceutical
industries to evaluate their performance and optimize their production process. This contributes to
the development of more efficient functional foods and drugs (i.e., more precise drug dosage forms
which can result in less drug losses during the digestion process) (Mahalakshmi et al., 2020).
Ideally, in vivo models should be used to assess the impact and toxicity of such systems and infer
about their performance under digestion conditions. However, in vivo models are expensive, labour
intensive, time consuming and present some ethical constrains (Berthelsen et al., 2019).
Alternatively, /n vitro digestion models have been widely used by pharmaceutical and food scientists

to:

i) estimate the release kinetics of bioactive compounds encapsulated into

micro/nanosystems (Simdes, Abrunhosa, et al., 2020);
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i) estimate and mathematically modulate the dissolution profiles of drugs (R. F. S.
Goncalves, Martins, Abrunhosa, Vicente, et al., 2021; Sadati Behbahani et al., 2019);

iii) indirectly quantify the toxicity of metabolites released during the digestion process
using epithelial cellular lines (e.g., Caco-2 cells) (Zhongyuan Guo et al., 2020; Wei et
al., 2019);

iv) study physical and biochemical processes that undergo during the digestion of food
(e.g., enzymatic digestion process, the peristaltic movements’ influence the
mechanisms associated to the presence of bile salts and their role in the digestion of

proteins, lipids, and carbohydrates, among others).

This way, the following topic will address the development of static, semi-dynamic and dynamic /in

vitro digestion models as well as critically discuss the validation of such models.

2.2 /N VITRODIGESTION MODELS

2.2.1 Static in vitro digestion models

Static /n vitro digestion models are simpler digestion tools that use standard laboratory equipment
which are suitable for biochemical studies regarding the digestion process. This way, they are
typically composed by beakers, erlenmeyer flasks or tubes that are kept at 37 °C under stirring
through a shaking water bath or magnetic stirring (Ji et al., 2021). They can be composed by a
single compartment (i.e., noncompartmental models) or multiple compartments (i.e.,
multicompartmental). They can also be composed by a single step of the digestion (e.g., gastric

digestion) or multiple digestion processes (e.g., oral, gastric and small intestine digestion).

The samples are minced (i.e., if the sample is solid) and mixed with artificial saliva, if the digestion
process has an oral phase, which is composed by salivary a-amylase and electrolyte salts. The oral
phase has a typical duration of 2-5 minutes depending on the digestion protocol used, and the
samples are kept at 37 °C at pH 7.0. Subsequently, the gastric digestion starts and the pH is
lowered to 1.5-3 through the addition of HCI. The samples are then mixed with enzymes (e.g.,
pepsin, lipase, chymotrypsin, etc) and electrolyte salts with a duration of ca. 90-120 minutes. The
small intestine digestion (i.e., represented by a single digestion stage or multiple digestion stages

to mimic the duodenum, jejunum and ileum) can then start by incubating the gastric samples for
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ca. 120 minutes at pH 7.0-7.5 (by adding NaOH) and mixing them with enzymes (e.g., pancreatic

lipase, pancreatic a-amylase, among others) electrolyte salts and bile salts.

By the previous general description of the /n7 vifro static digestion process, it is possible to observe
that different conditions are used with different enzymes, salt concentrations, pH, digestion times
or even digestion stages. Consequently, comparisons between studies were not possible due to
the discrepancy in the digestion protocol. However, a research group took the initiative to develop
a standardized static /7 witro digestion protocol. The COST INFOGEST group introduced a
standardized static /n wvifro digestion protocol which is based on in vivo physiological data that
allows inter-laboratory comparisons between assays (Minekus et al., 2014). This initiative was a
significant landmark in the field since, until then, comparing /n vitro digestion results was limited
to studies that used the same /n vifro digestion conditions/models (e.g., within the same research
group) and no inter-laboratory comparisons could be made, unless they used the same digestion
protocol. More recently, this standardized protocol was updated by Brodkorb et al. (2019) by
introducing the presence of gastric lipase in the gastric phase of the protocol, which was not
commercially available until then. In fact, there is a current awareness from the scientific
community to develop standard physiologically relevant /n vifro models, that can be applied by a
wide range of research groups is a major concern while developing such protocols (Brodkorb et
al., 2019). A comparison of the different standardized /n vifro digestion models can be seen in

Figure X.
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Static in vitro digestion (Minekus et al. 2014)
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Figure 1 - Comparison between the different standardized /n vifro digestion models.
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The latest embodiment of the standardized /n7 vitro digestion model developed by Minekus et al.,
(2014) and further updated by Brodkorb et al. (2019) encompasses the oral, gastric and intestinal
digestions that are kept at 37 °C in a shaking water bath. Primarily, the samples are mixed with
SSFin a 1:1 (w/w) ratio and CaCl2 is added (1.5 mM in SSF). The salivary amylase is added (if
the sample contains starch) with an enzymatic activity of 75 U/mL. the samples are then incubated
for 2 minutes at a pH 7.0. Note that if the samples are solid, mincing can be done through a
manual or electrical mincer. Subsequently, the bolus is mixed with SGF in a 1:1 (w/w) ratio and
CaCl2 is added (0.15 mM in SGF). Pepsin and gastric lipase are added with an enzymatic activity
of 2000 and 60 U/mL, respectively and the chyme is incubated for 120 minutes at pH 3.0. The
chyme is then mixed with SIF with a 1:1 (w/w) ratio and bile salts (10 mM), CaCl2 (0.6 mM in SIF)
and pancreatin (trypsin activity of 100 U/mL) and incubated for 120 minutes at a pH 7.0 (Brodkorb
et al., 2019; Minekus et al., 2014).

Despite of their simplicity, static /7 wiro digestion models have been widely used to study the
digestion of food (Gao et al., 2019; Sanchon et al., 2018) and nanosystems in the upper Gl tract
(Goncalves, Martins, Abrunhosa, Vicente, et al., 2021; Simdes, Martins, et al., 2020; Xu et al.,
2021), since they can be used to study the influence of the chemical conditions of the Gl tract.
However, they are not appropriate to perform kinetic studies since they do not present, e.g., the
complex motility of the human Gl tract, gradual stomach emptying, etc. For this purpose, semi-
dynamic and dynamic /7 vifro digestion models can used and their description is the subject of the

next topic.
2.2.2 Semi-dynamic/ dynamic /in vitro digestion models

Semi-dynamic (i.e., they present both static and dynamic digestion steps) and dynamic /in vitro
digestion models are /n vitro digestion tools that take into consideration the physicochemical
processes of the digestion, e.g., stomach and intestinal contractions, gradual pH adjustment,
gradual stomach emptying, among others, thus closely mimicking the conditions present in the
human gastrointestinal tract, allowing kinetic studies of food and micro/nanosystems digestion
(Madalena et al., 2019; Mulet-Cabero et al., 2020). It is possible to find in the literature different
/n vitro digestion models and, until the development of a standard /n vifro digestion model, different
models have been used by different research groups, thus hampering accurate comparisons

between different studies, as previously mentioned. On this regard, Mulet-Cabero et al. (2020)
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recently developed a standardized /n vifro semi-dynamic model that takes into consideration the

gradual pH changes that occur during food digestion.

Briefly, the oral digestion in the standardized semi-dynamic /n vitro digestion model is similar to
the static /n vitromodel, which was previously described, with the exception of the salivary amylase
activity which was changed to 150 U/mL. The major differences of this protocol when compared
to the standardized static /n viro digestion one is the gastric phase. This phase is a dynamic one
with a gradual addition of enzymes, salts and stomach emptying. This way, the gastric digestion
time will depend on the caloric content of the sample which can be calculated using the Atwater
factor (i.e., 4 kcal per gram of protein and carbohydrates and 9 kcal per gram of lipids). This will
in turn determine the flow rates of the enzymes, salts and stomach emptying taking into
consideration a constant stomach emptying rate of 2 kcal/min. The intestinal phase of the
standardized semi-dynamic /n vitro digestion protocol is identical to the static protocol (Mulet-

Cabero et al., 2020).

Despite of the current awareness related to the standardization of /n7 vifro digestion models, much
work must be done since the current standardized models still do not consider nutrient absorption
and intestinal dynamic behaviour. Moreover, some important mechanical grinding phenomena
(e.g., retropulsion) and pyloric filtering are not considered and thus, dynamic models are required
for such studies. The most recent advances by the scientific community were devoted to the
development of novel /n vitro dynamic digestion models (mostly /n7 vifro gastric models), more
specifically, to mimic the anatomical, mechanical and physiological behaviour of the human
stomach (Y. Li et al., 2019; W. Liu, Fu, et al., 2019; Vrbanac et al., 2020; J. Wang et al., 2019)
and small intestine (J. Wang et al., 2019), in addition to simulating the physicochemical conditions
of the Gl tract. Dynamic /n vifro digestion models were recently applied to study the digestion of
protein (Bourbon et al., 2018), lipid (Machado et al., 2019; Silva et al., 2018) and polysaccharide
(Silva et al., 2019) digestion. Furthermore, the most recent dynamic /n wiro digestion models
simulate the anatomical shape and size of the human stomach (i.e., a J-shaped structure), through
the application of 3D printing technologies to develop the mould of the stomach and small intestine
and by the application of deformable elastic materials. Materials like silicone (Liu et al., 2019) and
latex (Li et al., 2019) have been used for this purpose since they are elastic, deformable, non-toxic,
chemically resistant and inert materials (Vrbanac et al., 2020; Wang et al., 2019). Moreover, some
novel digestion models simulate the inner surface roughness, conferred by the inner surface folds
in the human stomach lumen (Li et al., 2019; Wang et al., 2019), aiming at representing a more

12
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realistic dissolution behaviour and grinding forces. Due to the “J” shape of the human stomach
and the simulation of the pyloric sphincter, phenomena like retropulsion may take an important
role in food grinding and consequent particle sieving, since the pylorus only allows the passage to

the duodenum of particles with a diameter below 1-2 mm (Li et al., 2019; Vrbanac et al., 2020).

Simulating the human Gl peristalsis has been a concern since it takes a crucial role in food grinding.
The simulation of the Gl peristaltic movements has been achieved through different approaches.
For example, Wang et al. (2019) used a roller system to contract the /n vifro stomach and small
intestine; Li et al. (2019) applied multiple inflated pneumatic syringe systems at different locations
to simulate the human stomach contractions; Liu et al. (2019) used a belt system to apply
contraction forces to the /n vitro stomach model; and Vrbanac et al. (2020) simulated the peristaltic
contractions through a “worm gear” constriction mechanism. Due to the versatility of /in vifro
digestion models, some can even simulate the Gl conditions of population specific groups (e.g.,
infants and elderly). For instance, infant /n vitro digestion models are often composed by a gastric
and intestinal phase, i.e., the oral phase of digestion is not included mainly due to the lower a-
amylase levels and low swallowing times (i.e., the main source of nutrients comes from milk).
These models present higher gastric pH of ca. 5 which lowers pepsin digestion (i.e., optimal pH
ranging from 1.6 - 4) but promotes gastric lipase activity (i.e., optimal pH ranging from 3 - 5) which
retains its activity throughout the Gl tract (i.e., from pH 1.5 - 7), playing an important role during
the intestinal lipolysis (Mackie et al., 2020). Similar to the infants, the elderly population also
presents higher pH values in the stomach (ca. 4), however, they present higher concentrations of
o-amylase during the oral phase of the digestion (Mackie et al., 2020; Shani-Levi et al., 2017) and
lower bile salt concentration in the intestinal phase (Hernandez-Olivas et al., 2020; Mackie et al.,

2020).

Different approaches have thus been used to simulate the real conditions in the human stomach
and small intestine, in terms of anatomy, surface roughness, mechanical behaviour, population
specific conditions and sieving capabilities. However, work needs to be done to accommodate the
current differences between the existing /7 vifro digestion models and in vivo systems. For instance,
the presence of mucus in the stomach and gastric selective absorption behaviour could take an
important role towards simulating human digestion and this way, obtaining more realistic
predictions of food digestion kinetics (C. Li et al., 2020). Moreover, efforts should be done towards

standardizing dynamic /n vitro digestion models so that interlaboratory studies and comparisons
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could be made. This way, one should expect that the next step towards the standardization of /n
vitro dynamic models would be the development of easy to replicate dynamic models through the
application of, e.g., 3D printing to develop both the digestion compartments and peristatic
mechanisms. To the authors knowledge, there is still a lack of standardized /n wvifro digestion
models that simulate the Gl conditions of population specific groups (e.g., elderly and infants).
However, efforts have been made towards this path with the development of a potential standard

in vitro infant digestion protocol by Ménard et al., (2018).
2.2.3 In vitro digestion protocol challenges

Food digestion is a dynamic and very complex process, with several pH transitions, different ionic
strengths and several intervenient compounds (i.e., enzymes, salts and bile salts), which interfere
with the behaviour of nanosystems under each of these conditions. These interferences should not
be ignored, and care must be taken while performing the intended analysis. Therefore, several
challenges can be highlighted when evaluating the behaviour of nanosystems throughout the /n

vitro digestion process (C. Li et al., 2020).

During /n vitro digestion, several samples are usually taken to determine the overall digestion
kinetics and the integrity of the nanosystem or the bioactive compounds’ release kinetics at the
end of each digestion stage. Consequently, the enzymatic digestion must be stopped, or at least
attenuated, in order to obtain reliable results at a specific sample time. Commonly, samples are
kept at low temperatures (i.e., often through ice baths or liquid nitrogen) to stop further enzymatic
reactions. However, the low temperature conditions can influence the overall nanosystem dynamics
and its structure, as well as the release kinetics of bioactive compounds (C. Li et al., 2020; Pinheiro
etal., 2017). For instance, some proteins present some degree of denaturation at low temperatures
which can cause protein unfolding and aggregation, and consequently the release of bioactive
compounds (Arsiccio et al., 2020). Other techniques to prevent the enzymatic digestion of the
samples may include the addition of sodium hydroxide (NaOH) or sodium bicarbonate (NaHCQO3)
to raise the pH and stop gastric enzymatic digestion and the addition of Pefabloc® SC to block the
activity of trypsin and chymotrypsin (Mulet-Cabero et al., 2020). However, raising the pH of
digestion samples may induce unwanted phenomena such as particle aggregation due to the

isoelectric point of the nanoparticles which can in turn interfere with the digestion results.

Dynamic /n vitro digestion systems can be used to estimate the bioaccessibility of bioactive

compounds, in particular the models that encompass a filtration process in jejunum and ileum
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stages such as the TIM-1 model (Dupont et al., 2018). Their dynamic classification is often
attributed based on the control of their pH (e.g., gradual pH adjustment in the gastric phase),
stomach emptying behaviour, fluid injection over time (i.e., electrolytes, enzymes and bile salts),
as well as the presence of peristalsis (Lucas-Gonzalez et al., 2018). In order to achieve this last
feature, plastic bags are often used as containers for the digestion process, which are alternately
contracted to simulate Gl peristalsis. However, some bioactive compounds present some affinity
to plastics and adsorb to their surface (e.g., carotene) (Berni et al., 2019) and this must be taken
into account when calculating the release kinetics of bioactive compounds under Gl conditions. For
instance, Berni et al (2019) reported a change in colour of the plastic bags (i.e., colour changed to
a light yellow colour and light red colour for buriti and pitanga emulsions, respectively) due to the
affinity of carotene to plastic, especially when in an aqueous medium. This results in an
underestimation of bioaccessibility of carotene in the intestinal phase. Moreover, the validation of
in vitro digestion models is still a major challenge (Ketnawa et al., 2021; Li et al., 2020) and while
several papers reviewed the recent developments on digestion models (Goncalves et al., 2021; Ji
et al., 2021; Li et al., 2020), very few discuss the /n vitro digestion models’ validation which is the

focus of the next topic.

2.2.4 In vitro digestion models’ validation

It is clear from the previously discussed topics that, regarding the development of new dynamic /n
vitrodigestion models, different approaches and materials have been used to simulate the digestion
conditions of the human Gl tract. However, none of the models developed so far are truly validated
(Ketnawa et al., 2021; C. Li et al., 2020). In fact, several strategies were used to assess the
performance of those models which implies that no standard protocol has not yet been developed
to validate such models. It is thus important to discuss what should be considered for their

validation, the challenges associated to the validation process as well as some possible solutions.

The validation is perhaps the most complex step in the development of novel /n vifro digestion
models. Therefore, several questions arise while addressing this topic such as: What is a validated
model? Which are the current challenges that limit their validation? Which are the possible solutions

than can contribute to their validation? Is it possible to have a fully validated model?

One should expect that a fully validated model would be able to predict the bioaccessibility of
nutrients and bioactive compounds with lower errors and deviations from in vivo data, i.e., with

higher accuracy, when compared to unvalidated models. However, the models’ validation will
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dependent on several factors being one of the most important, their purpose, i.e.,, an /in viro

digestion model can be developed for:

i) the assessment of a specific food product’s digestion;

ii) the simulation of the Gl tract of a specific population (e.g., regional, continental, age
specific);

iii) the simulation of the Gl tract of specific species (i.e., simulation of the Gl tract of mice);

iv) the assessment of specific Gl pathological conditions;

V) the bioaccessibility assessment of food products and bioactive compounds.

Therefore, a model should only be validated if the in vivo validation data used can significantly
represent its final application, i.e., if an /n vitro digestion model is designed to represent the Gl
tract of a specific population (e.g., population of a given country or region), then the in vivo data
from the same population should be used for its validation (Shani-Levi et al., 2017). Of course, that
obtaining representative in vivo digestion data is still a major challenge due to ethical constrains,
complexity and cost (Pinheiro et al., 2017). In fact, the complexity of the human digestive system
poses a major challenge due to high inter and intra-individual variability, e.g., the concentration of
enzymes, transit time, gastric emptying rate, among others that vary with the individual’s diet, sex
or age (Eker et al., 2020; C. Li et al., 2020). Consequently, comparing the statistical difference
between /n wvifro and in vivo data would not be appropriate. Furthermore, the scarcity of in vivo
studies, especially regarding the assessment of nanosystems, and the reduced number of test
subjects per study (e.g., human or animal test subjects) could pose a challenge towards the

representativity of the in vivo data in the studied population.

Despite the identified challenges, some strategies could be applied to solve or at least attenuate
their consequences. For instance, the development of an open access world-wide database
composed, initially, by in vivo digestion data of predetermined, standard food
products/nanosystems could be a solution towards increasing sample size and consequently,
sample representation (Shani-Levi et al., 2017). For such development, it should be investigated
which parameters are more appropriate to be considered and measured in vivo. Such research
would result in the development of a standardized in vivo digestion protocol which would be crucial
for the comparison of data obtained world-wide, i.e., interlaboratory comparison. With the
development of a world-wide database, sophisticated algorithms, e.g., artificial neural networks,

random forests, genetic algorithms, support vector machines, cluster analysis, among others, could
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be used to identify patterns in the in vivo data and consequently estimate the digestion kinetics of
the studied product. The same approach could also be used to analyse the data variability among
individuals which would result on identifying the patterns related to the in vivo data variance. This
error pattern identification could be further used to correct the /n vifro digestion data which would

increase the /n vitroin vivo correlations.

Still, there is a lot of work to be done and world-wide efforts must lean towards the validation of /n
vitro digestion models, either through the development of standard protocols regarding the
collection and assessment of in vivo data or through the application of technologically advanced

analytical techniques to unravel data trends and better correlate /7 vitro and in vivo digestion data.

2.3 /N VITRODIGESTION OF FOOD AND DELIVERY SYSTEMS

2.3.1 Assessment of food under in vitro digestion

Many efforts have been driven towards the development of functional foods, i.e., food products that
present additional properties beyond their nutritional value (Simdes, Martins, et al., 2020). For this
purpose, bioactive compounds have been used and incorporated into food products to confer e.g.
anticarcinogenic, anti-inflammatory, antifungal, antioxidant, antimicrobial and antiviral properties,
among others (Silva et al., 2019). Such compounds may present poor water solubility and
susceptibility to the harsh digestion conditions, lowering their bioaccessibility and bioavailability
(Mahalakshmi et al., 2020). To overcome this bottleneck, bio-based nanosized delivery systems
(i.e., nanosystems) have been used to protect the integrity and functional properties of bioactive
compounds (Ramos et al., 2019; Simdes, Abrunhosa, et al., 2020). For this purpose, protein
(Mahalakshmi et al., 2020), lipid (R. F. S. Goncalves, Martins, Abrunhosa, Baixinho, et al., 2021)
and polysaccharide (Zhongyuan Guo et al., 2020) matrices have been used as vehicles to deliver
and protect bioactive compounds since they are generally recognized as safe (GRAS) materials that
have the ability to form functional structures (i.e., nanoparticles, nanodroplets, nanofibrils,
nanohydrogels and nanoemulsions) that release their content in response to external
environmental stimuli (Wei et al., 2019). These materials should fulfil the requirements for the
development of controlled delivery systems, namely, ensure the correct and timely release of

bioactive compounds.
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In fact, controlled delivery nanosystems must be capable of withstanding storage conditions as well
as the harsh conditions of the upper Gl to be considered reliable delivery nanosystems. This means
that they must resist the acidic pH of the stomach and the hydrolytic activity of enzymes (e.g.,
amylase, pepsin and lipase), to release their content in the appropriate location (Ahmad et al.,
2019). If such requirements are met, nanosystems can be widely used to improve food quality and
safety, shelf-life stability, cost and nutritional value by the controlled delivery of several bioactive
ingredients (e.g., polyphenols, vitamins, minerals, fatty acids, flavours, colours and preservatives)

(Das et al., 2020).

This section highlights the behaviour and performance of protein-, lipid- and polysaccharide-based
nanosystems under /n wvifro digestion conditions. An overview of the mechanisms that are
responsible for the digestion behaviour of proteins, lipids and polysaccharides is depicted in Figure

1, and these subjects are subsequently addressed in the following subsections.
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is based on the work of Mackie

mach; **Flocculation may occur
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digestion and their digestion mainly occurs in the gut by the microflora with a few exceptions like

starch which digestion process is depicted in this figure.

2.3.1.1.Protein-based nanosystems
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Proteins are very well known for their relevant functional properties such as emulsification, gelation,
foaming and water binding capacity. These properties, together with their biodegradable nature,
make them an ideal material for the development of nutraceutical bio-based delivery systems. Their
structural versatility allows the production of films, particles, fibres, tubes and hydrogels for the
delivery of both hydrophobic and hydrophilic compounds (Simdes et al., 2017). Furthermore,
proteins have high nutritional value and are GRAS materials (Simdes, Martins, et al., 2020). Over
the past few years, milk proteins, more specifically whey proteins, have been widely used as
effective delivery vehicles for bioactive compounds. For instance, B-lactoglobulin, the major whey
protein, is considered a suitable candidate to develop nanosystems due to its gastric stability and
capability to bind hydrophobic constituents (Simoes, Abrunhosa, et al., 2020; Simdes, Martins, et
al., 2020). However, the behaviour of protein nanoparticles highly depends on their electrical
properties, i.e., their surface charge which in turn depends on the pH of the environment and the
exposure of anionic and cationic groups. This way, their surface charge typically changes from
negative to positive as the pH decreases and passes through the nanoparticles’ isoelectric point

where the surface charge is neutral and protein aggregation occurs (McClements, 2018a).

Protein nanohydrogels (or nanogels) have attracted much attention for the encapsulation of
bioactive compounds due to their ability to swell in response to chemical (e.g., pH, solvent
composition and ionic strength) or physical (e.g., temperature, electric or magnetic field, light and
pressure) stimuli. Moreover, they are non-toxic and biodegradable materials that have a small size
with a large inner network for multivalent bioconjugation (Aratjo et al., 2020). Nanohydrogels
consist in a three-dimensional network of hydrophilic polymeric molecules that can associate to
each other through covalent or non-covalent (e.g., hydrogen bonds, van der Waals interactions and
physical entanglements) interactions (Bourbon et al., 2019). Therefore, due to its stimuli-
dependent response, hydrogels can e.g. release the entrapped bioactive compound into the media
in the presence of alkaline pH, which makes them important delivery systems of bioactive food
ingredients (Simdes et al., 2017). For example, under gastric conditions, pH-sensitive hydrogels
shrink, but under intestinal conditions they swell which results in the release of the entrapped
bioactive compound through the increase of its mobility within the network matrix (Lv et al., 2018;
Simdes et al., 2017). This indicates that such delivery systems may be used to protect a bioactive
compound from the harsh conditions in the human stomach and release its content in the small
intestine, improving nutrient solubility, bioaccessibility and consequently their bioavailability. G. Hu

et al., (2021) used acylated ovalbumin (AOVA) nanohydrogels as protective carriers of curcumin
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under /n vitro digestion conditions. The authors observed that ca. 23% of curcumin was released
during the digestion process which was significantly lower when compared to free curcumin control
(ca. 87%). Similar to nanohydrogels, protein nanoparticles can also be used as vehicles for bioactive
compounds. As such, recent studies illustrate the potential of protein nanoparticles to be used as
controlled delivery systems. For instance, Simdes et al. (2020) investigated the /n vifro digestion
performance of B-lactoglobulin micro- and nanoparticles as protective carriers of riboflavin (vitamin
B2). The authors showed that -lactoglobulin nanoparticles with an initial size of 79.4 nm were
able to retain 61.7 + 4.1% of riboflavin allowing its release in the small intestine which improved
its bioavailability. Moreover, the authors also observed an increase in particle size to ca. 4017.5 +
497.6nm and 600.8 + 44.8nm in the gastric and intestinal phase, as well as an increase in
polydispersity to ca. 0.97 + 0.05 and 0.66 + 0.06, respectively, probably due to the low surface
charge in the stomach (ca. 0.9 + 0.5mV) and consequently the absence of repulsive electrostatic
forces that prevent particle aggregation. Casein nanoparticles can also be used to produce
nanosystems to protect bioactive compounds during digestion. For instance, Du et al., (2022)
assessed the performance of casein nanoparticles to encapsulate curcumin and assessed their
stability and curcumin release during /n vifro digestion. The authors observed that the casein
nanoparticles remain stable in terms of their size during the gastric phase of the digestion (i.e.,
size of ca. 107 nm) with a curcumin release of ca. 18.5%. However, in the intestinal phase of the
digestion, particle aggregation was observed, with particle sizes ranging from ca. 200 nm to 650
nm and a curcumin release of ca. 76.4% which indicates that casein nanoparticles can significantly
increase curcumin bioaccessibility. Alternative sources of protein are also being used for the

development of nanosystems.

Soy protein isolate (SPI) nanoparticles were recently used as protective carriers for vitamin D3
during /n vitrodigestion. It has been shown that the incorporation of vitamin D3 in SPI nanoparticles
treated with high pressure homogenization improves its release kinetics by ca. 18.8% when
compared with isolated vitamin D3. The authors observed that adding carboxymethyl chitosan,
forming a protein-polysaccharide conjugate, significantly improved the performance of developed
nanosystems by ca. 46.5% and 37.2% when compared with free vitamin D3 and SPI nanoparticles
respectively (A. Zhang et al., 2020). In fact, the application of polysaccharides and lipids to improve
protein-based nanosystems stability during /n vitro digestion is common. For example, proteins can
be conjugated with k-carrageenan (Lv et al., 2018), propylene glycol alginate (Wei et al., 2018),
rhamnolipids (L. Dai et al., 2018), chitosan (W. Dai et al., 2020), among others, to improve
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bioactive compounds’ stability and, consequently, bioaccessibility, during /n wifro digestion

(Bourbon et al., 2019).

Different protein digestion kinetics can be associated to different structural characteristics of protein
nanosystems (depicted in Figure 1a), which in turn are modulated by production processing
techniques (e.g., heating, high-pressure, ultra-sound, among others) (Jin et al., 2021; Q. Liang et
al., 2021). For instance, protein digestibility can be modulated by thermal treatment since protein
denaturation significantly changes its conformational state, making previously inaccessible
chemical groups accessible to enzymatic interactions and thus proteolysis occurs (Rahaman et al.,
2017). High pressure processing (i.e., pressure between 100 and 800 MPa) of proteins can also
determine the fate of protein-based nanosystems within the Gl tract. Studies show that high
pressure treatments enhance protein digestibility by promoting partial (i.e., for pressures up to 450
MPa) protein denaturation and aggregation or complete (i.e., for pressures higher than 500 MPa)
protein denaturation and partial aggregation (Kurpiewska et al., 2019; Xue et al., 2020). Ultrasonic
treatments can also take a relevant role in improving protein digestibility. It has been reported that
ultrasonic treatments may induce high pressures and shear forces that can promote significant
changes to protein secondary and tertiary structures, particle size, charge and SH groups’
exposure, which leads to an increase of protein susceptibility to pepsin and trypsin digestion (J. Li
etal., 2018; Q. Liang et al., 2021). Proteins can also have a buffering effect during gastric digestion
due to their ability to bind H+ ions, specifically under acidic conditions and, consequently, change
enzymatic activation and digestion kinetics. However, such effect is highly dependent on protein
structure which in turn can be modulated by the aforementioned pre-processing (Mennah-Govela
et al., 2020). Despite of the advances related to the production and optimization of protein-based
nanosystems, further work is clearly required to better understand the behaviour of proteins within
the Gl tract as well as the functional compounds’ release mechanisms at the nanoscale.
Furthermore, tracking protein secondary structures during /n vifro digestion is still a challenge. The
interference of, e.g., enzymes, bile salts, among others, play a relevant role on the acquisition of
circular dichroism spectra and, if properly obtained (i.e., without interferences) this information
could lead to a better understanding of protein unfolding, hydrolysis and bioactive compounds’
release kinetics during /n vitro digestion. It is also important to mention that some proteins present
some form of allergenicity, and this must be taken into consideration when choosing protein
nanosystems for the oral delivery of bioactive compounds. For instance, protein allergenicity is

partially associated to the resistance to the proteolytic effect of pepsin by some proteins (Mackie &
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Macierzanka, 2010). An example of this behaviour is -Lg which is the main responsible for milk
allergenicity (Kurpiewska et al., 2019). However, such allergenicity may be reduced by the
previously discussed processing methods (e.g., thermal and high pressure processing) (Bhat et al.,

2021b).
2.3.1.2.Lipid-based nanosystems

Different lipid-based delivery nanosystems have been developed in the past decades to be applied
in the oral route to overcome the low bioavailability of bioactive compounds with poor water
solubility, chemical instability and low intestinal permeability. Their main benefits, which include
high biocompatibility, efficient permeation and enhanced bioavailability, are related to their capacity
of stimulating biliary and pancreatic secretions, to increase the residence time in the Gl tract and

stimulation of lymphatic transport (Berthelsen et al., 2019).

The most common lipid-based nanosystems are nanoemulsions (NE), solid lipid nanoparticles
(SLN), nanostructured lipid carriers (NLC) and liposomes. NE are composed by two immiscible
liquids (i.e., oil and water) and stabilized with emulsifiers or surfactants (e.g., Tween 20, Tween
80, lecithin and sodium caseinate). SLN are constituted by a solid lipid in the core and stabilized
with emulsifiers and surfactants. NLC are the next generation of SLN, where the core is composed
by a mixture of a solid lipid and a liquid oil also stabilized with surfactants or emulsifiers. Finally,
liposomes are vesicular structures formed with amphiphilic molecules, such as phospholipids
(Simoes et al., 2017). However, liposomes may present some stability issues which may lead to
aggregation and early drug release and degradation during storage or digestion. This way, SLN and
NLC are presented as viable alternatives to liposomes. Despite their similarity in terms of
manufacture, some differences can be identified between SLN and NLC. For instance, the SLN
nanosystems are composed by solid lipids in the core and surfactants in the shell while NLC are
composed by a mixture of solid and liquid lipids in the core and surfactants in the shell. NLC are
generally developed for high loadings and stability due to their non-ideal crystalline structure in the

core (Katopodi & Detsi, 2021; Nasirizadeh & Malaekeh-Nikouei, 2020).

Nevertheless, after ingestion, lipid-based delivery systems are subjected to several physicochemical
conditions, such as low pH and high ionic strength in the stomach, that may alter their structural
properties (i.e. surface charge and steric coating) and their stability (Wang & Luo, 2019). For
instance, triglycerides’ digestion starts in the stomach due to the presence of gastric lipase, with a

lower extent, but it is in the small intestine where most lipids are hydrolysed into fatty acids. This
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process is an interfacial process, since lipase needs to adsorb to the oil-water interface before it
starts to convert triacylglycerols (TAG) and diacylglycerols (DAG) into monoglycerides (MAG) and
FFA (McClements, 2018b). The extension of lipase’s adsorption is related to the physicochemical
properties of the oil-water interface, such as interfacial structure, composition and surface area (Ye
et al., 2019). Lipid digestion products and endogenous surfactants present in bile secretions (i.e.,
phospholipids and bile salts) can then interact via electrostatic and hydrophobic interaction and
form several structures, such as unilamellar and multilamellar vesicles, and mixed micelles, where
the bioactive compounds can be incorporated (Berthelsen et al., 2019; Macierzanka et al., 2019).
Furthermore, bile salts have a significant interference in lipolysis, since it has been reported that
their physiological function is related to the emulsification of lipids and consequently, their role
significantly changes the production of micelles (Macierzanka et al., 2019). These micellar
structures can enhance the transport of bioactive compounds across the mucus to the surface of
the intestinal membrane and their absorption (Wang & Luo, 2019). In fact, evidence points out
that the droplet size and oil type play a significant role during /n vitro lipolysis (Salvia-Trujillo et al.,
2019). In this sense, nanoemulsions composed by medium chain triglycerides (MCT) present a
higher and faster free fatty acid release in the small intestine when compared with emulsions
composed of long chain triglycerides (LCT). This is due to a higher water dispersibility observed for
MCT containing lipids and to the fact that nanoemulsions’ /n vitro digestion results in the formation
of smaller micelles that are more prone to lipase hydrolysis. However, in terms of bioactive
compound bioaccessibility, e.g. LCT lipids showed a higher eugenol bioaccessibility when
compared with MCT lipids, which can be related to the larger lipophilic micelle cores as a result of
LCT /n vitro digestion (Majeed et al., 2016). Moreover, Goncalves et al. (2021) recently assessed
different lipid nanosystems’ digestibility (e.g., SLN, NE and NLC). The authors concluded that all
nanosystems presented a fast FFA release within the first minutes of digestion with subsequent
stabilization. The authors also observed that SLN presented a significantly higher FFA release at
the end of the digestion process, when compared with NE and NLC, of ca. 23.8 % and 38.6 %,
respectively. These differences were attributed to the nanoparticle instability and agglomeration of
NE during the gastric phase (i.e., the increase in particle size promotes a lower surface area for
lipase interaction and therefore, lower lipolysis) and the combination of solid lipids and liquid (i.e.,
in the case of NLC) which results in a higher enzymatic resistance. These nanosystems can also
protect the associated tissues of the Gl tract by reducing the mucosa irritation caused by

continuous contact with some bioactive compounds (Madalena et al., 2019; C. Zhang et al., 2013).
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For instance, triptolide (TP) is known to cause several adverse conditions to the human Gl tract,
namely, Gl ulcer, bleeding, vomiting, mucosa irritation, among others. Regarding the irritation of
the Gl mucosa, it occurs due to the cellular damage caused by oxidative stress. However, the
encapsulation of TP in SLN shown to have significant results in terms of mucosa irritation and this

nanosystem can then be used to prevent this condition (C. Zhang et al., 2013).

Recent studies also showed that nanoemulsions’ digestion is also surfactant dependent. In fact,
Verkempinck et al. (2018) observed that nanoemulsions prepared with Tween 80 present a higher
lipolysis rate when compared with nanoemulsions prepared with sucrose esters as surfactant.
Gasa-Falcon et al. (2019) also investigated the influence of several emulsifiers (i.e., Tween 20,
lecithin, sodium caseinate and sucrose palmitate), at different concentrations on the /in vitro
digestion of B-carotene nanoemulsions. The authors concluded that using low mass emulsifiers,
such as Tween 20 and lecithin, produced smaller droplets when compared with sodium caseinate
and sucrose palmitate, since low mass emulsifiers are capable of adsorbing to the droplets,
preventing their aggregation. In fact, Tween 20 and lecithin containing nanoemulsions have shown
to be more stable under gastric conditions and lecithin containing nanoemulsions partially resisted
to intestinal /n vitro digestion (i.e., around 73 % of lipid digestion). This resulted in an enhancement

of the B-carotene bioaccessibility.

Proteins can also be used as surfactants and Jiang et al. (Jiang et al., 2019) recently studied the
performance of pea protein nanoemulsions and nanocomplexes as delivery systems for vitamin
D3. The authors showed that pH-shifting and sonication exposed some functional lipophilic amino
acids which resulted in a high encapsulation efficiency of ca. 93.2 + 2.1 %. Moreover, pea protein
isolate nanoemulsions showed potential towards protecting vitamin D3 during /n vifro gastric
digestion, presenting a release of 62.9 + 11.1 % in the small intestine phase of the /n vitro digestion

model.

Nanoemulsions can also interact with several disruptive and destabilizing constituents (Sarkar et
al., 2019). From enzymes to pH transitions and shear forces (i.e., due to peristalsis),

nanoemulsions can be destabilized by:

i. highly glycosylated salivary mucin via electrostatic interactions with proteins (i.e., if
proteins are used as nanoemulsion emulsifiers);
i. acidic gastric conditions that may induce a change in the nanoemulsions’ structure

(e.g., may cause aggregation);
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iii. the proteolytic activity of pepsin, when proteins are used as emulsifiers (which
interacts with protein molecules on the nanoemulsion surface, changing its interfacial
properties) or interactions with gastric lipase that can cause aggregation, flocculation
and coalescence, depending on the nature of the emulsifier used;

iv. the interaction with other enzymes present in the small intestine (where most of lipid
digestion takes place) such as trypsin and chymotrypsin (i.e., if protein emulsifiers
are used), bile salts and pancreatic lipase (i.e., responsible for the release of free fatty
acids - FFA), and pancreatic amylase (i.e., if carbohydrates are used as emulsion

stabilizers) (Macierzanka et al., 2019; Sarkar et al., 2019).

An example of a lipid digestion process can be seen in Figure 1b. It is essential to study the
behaviour of lipid-based delivery systems during /n vitro digestion processes, once the stability of
these systems and the nature of the micellar structures formed is determinant to understand
possible mechanisms used in the solubilization and absorption of the bioactive compounds. This
knowledge can then be applied to better tailor the production conditions so that these lipophilic

nanosystems can meet designated application requirements.
2.3.1.3.Polysaccharide-based nanosystems

There has been an increasing interest in the use of polysaccharides for the formulation of bio-based

nanosystems since they:

are natural, abundant and can be obtained from renewable sources (Dave & Gor,
2018);

i. have high versatility since they are able to form different nanosystems depending on
the applied chemical or physical processes (Dave & Gor, 2018);

iii. present important inherent biological properties such as antimicrobial, anti-
inflammatory and mucoadhesive (Dragan & Dinu, 2019);

iv. have a hydrophilic character with high biocompatibility (Anda-Flores et al., 2019).

The production of polysaccharide-based nanosystems relies on chemical and biological
modifications, allowing them to withstand the normal enzymatic activity and acid conditions of the
upper Gl tract and to act in response to a specific stimulus (e.g., changes in pH). During digestion,

polysaccharides are broken down into disaccharides or monosaccharides which facilitates their
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absorption in the small intestine and their easier fermentation by the gut microbiota (Lovegrove et

al., 2017). An example of a polysaccharide digestion process can be seen in Figure 1c.

Chitosan is one of the most studied polysaccharides as it presents a great potential for application
in the food industry. This biopolymer has antimicrobial and antifungal activities, with particular
physicochemical properties responsible for its biocompatibility with human tissues and enhanced
permeability (Mohebbi et al., 2019). It can be used as a controlled delivery nanosystem since it
presents a slow bioactive compound release profile and high mucoadhesiveness, thus improving
the bioaccessibility of bioactive compounds (e.g., polyphenols) (J. Liang et al., 2017). Recently,
Guo et al. (2020) evaluated the effect of /n vifro digestion conditions on chitosan’'s morphological
and cytotoxicity properties. The authors observed that chitosan nanoparticles, when applied to a
fasting food model (i.e., pH 7 phosphate buffer), did not dissolve during the /n vitro digestion
process, which resulted in agglomeration in the small intestine phase. In addition, chitosan
nanoparticles did not significantly change the transepithelial electrical resistance (TEER) as well as
cell viability, at the studied doses, when compared with the control (i.e., fasting food model). Starch
and alginate are also extensively explored polysaccharides, obtained from cereals and marine
algae, respectively (Ahmad et al., 2019). Studies in the literature show that these polysaccharide
nanosystems present a protective effect towards bioactive compounds stability. In fact, Ahmad et
al. (2019) studied the encapsulation of catechin using horse chestnut starch nanoparticles and
evaluated their performance under /7 vifro digestion. The authors observed that catechin was
protected against the /n vifro gastric conditions. Free catechin presented a significant drop on its
pancreatic lipase inhibition of ca. 81%, dipeptidyl peptidase IV (DPP-IV) of ca. 87.7 % and o-
glucosidase of ca. 9.1 %. On the other hand, under encapsulation, catechin was able to significantly

retain most of its inhibitory capabilities.

It is important to consider that most polysaccharides (except for starch and starch-based
structures) are resistant to the enzymatic digestion in the upper Gl track. For instance, marine
algae polysaccharides (e.g., alginate, carrageenan, among others) are mainly digested in the colon
by the microflora fermentation, i.e., by breaking down glycosidic bonds and consequently releasing
reducing sugars that are used as substrate and consumed by the microflora. This indicates that,
despite their application in enhancing bioactive compounds bioaccessibility, they can also be used
as prebiotic to stimulate the microflora to release beneficial compounds e.g., shot-chain fatty acids

(Y. Guo et al., 2021; L. X. Zheng et al., 2020) as well as modulate its composition through
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increasing the bacterial growth of beneficial bacteria such as Phascolarctos, Bifidobacterium,
Enterococcus, among others (Y. Guo et al., 2021). Polysaccharides can also be conjugated with
other particles in order to synergistically enhance the overall nanosystem functionality (L. Dai et
al., 2018). For instance, a chitosan layer can be added to [-lactoglobulin (Simdes, Martins, et al.,
2020; Wei et al., 2019) and to improve the mucoadhesive properties of the nanosystem, prolonging
its residence time and, consequently, the bioactive compound bioaccessibility (W. Dai et al., 2020).
Polysaccharide conjugation can also be achieved with lipidic nanosystems, thus promoting

emulsion stability and bioactive compound protection (Silva et al., 2019).

Notwithstanding the increasing interest and developments on polysaccharide nanosystems, their
evaluation and characterization lacks in specificity, and they are often used as standalone systems
without being added into a food matrix. This means that there is still a need for improvements in
the development of analytical methods, which would maximize and simplify the evaluation of

polysaccharide hydrolysis.
2.3.2 Current challenges of in vitro digestion assessment techniques

Nanosystems subjected to /7 vitro digestion can be characterized in relation to their size (Simoes,
Martins, et al., 2020), surface charge (He & Ye, 2019), shape (Ahmad et al., 2019), porosity (Wei
et al., 2019) and rheological properties (L. Liu & Kong, 2019). Moreover, those systems can be
evaluated in relation to their FFA release, if applicable, (Goncalves, Martins, Abrunhosa, Baixinho,
et al., 2021) and bioaccessibility (Bhat et al., 2021a). For this purpose, several characterization
techniques have been used to assess nanosystems’ behaviour under /n vifro digestion conditions
and detailed information regarding some of these techniques can be found elsewhere (Allen et al.,
2019; Erdman et al., 2019; Nellist, 2019; Rahdar et al., 2019; Wiercigroch et al., 2017). This way,
this review will focus on the challenges associated to using these techniques to assess

nanosystems under /n7 vifro digestion.
2.3.2.1.Particle characterization challenges

Several techniques can be employed to assess particle aggregation (Araujo et al., 2020),
flocculation (B. Zheng et al., 2019) and coalescence (R. F. S. Goncalves, Martins, Abrunhosa,
Baixinho, et al., 2021), depending on the nanosystem’s nature (i.e., lipidic, protein or
polysaccharide). These phenomena are usually attributed to the presence of electrolytic salts, pH

variation, enzymatic digestion and interactions with bile salts (Brodkorb et al., 2019; Pabois et al.,
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2020). To assess such behaviour during /n vitro digestion, light scattering techniques are often
applied. For this purpose, the dynamic light scattering (DLS) is the most widely used technique
and it is used for routine quality control of nanoparticle production and to assess their /in wvitro

digestion behaviour since:

i it presents rapid analysis and acquisition times at reduced costs (Modena et al., 2019);

ii. it enables the measurement of a larger number of particles (when compared with
microscopy measurements) (Rahdar et al., 2019),which will give a better idea
regarding particle size distribution in solution;

iii. it enables particle characterization in different solvent environments (Modena et al.,
2019) which is important since the /n vifro digestion process has a complex and
dynamic environment, with different conditions along the Gl tract (i.e., different pH,

enzymes, electrolyte concentrations and presence of bile salts).

Despite being a simple and practical technique, DLS presents some requirements and limitations
that should be taken into consideration when applied to assess the performance of nanosystems
under /n vitro digestion conditions. For instance, samples must be transparent to obtain feasible
particle analysis results (Modena et al., 2019; Rahdar et al., 2019; Simdes, Martins, et al., 2020).
However, /n vitro digestion samples, in particular from the small intestine, present high turbidity
due to the presence of, e.g., bile salts, typically from porcine bile extract, which present an
orange/yellow colour as well as some potential aggregates which makes really challenging the
application of DLS to analyse samples in the small intestine since its operation is highly influenced
by large aggregates (Stetefeld et al., 2016). Thus, dilutions must be made in order to obtain clear
transparent samples (Majeed et al., 2016; Wei et al., 2019), which may alter the overall behaviour
of nanosystems. It is also important to consider that this technique is highly dependent on
temperature since it will interfere with the solvent viscosity and, consequently, with the light
scattering behaviour. As a result, the temperature of analysis must be controlled and constant, and
the viscosity of the solvent must be known. Moreover, DLS does not differentiate particles that are
close to each other, neither their shape, which makes this technique a low-resolution technique
(Modena et al., 2019; Rahdar et al., 2019). Complementary, nanoparticle tracking analysis can
also be used to study and assess size (i.e., from ca. 50 nm to 1000 nm), distribution and
concentration. This technique combines DLS with dynamic microscopy to track individual particles
in solution by analysing the centre of the light scattered when it interacts with the particles and
recording each nanoparticle trajectory (Gross-Rother et al., 2020). This way, a realtime
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visualization of the nanoparticles’ movements is possible and, adjusting the analysis parameters
(e.g., refractive index) may lead to the identification of different nanoparticle aggregates which can
make this approach more suitable for polydisperse samples (Gross-Rother et al., 2020; van der
Pol et al., 2010). On the other hand, since this technique can be dependent on the analysis
settings, it can consequently be more subjective since it may depend on the user interpretation.
Furthermore, the analysis of protein particles can pose a challenge due to their low refractive index

and consequently low scattered light (Gross-Rother et al., 2020).

Nanosystems can also be classified regarding their morphology since their shape is linked to their
functionality, environmental response and bioactive compounds’ release kinetics (Mourdikoudis et
al., 2018). This way, the morphological characterization of nanosystems is one of the most
important assessment procedures to evaluate their properties and behaviour. Some of the most
used conventional morphology characterization techniques are transmission electronic microscopy
(TEM), scanning electronic microscopy (SEM), atomic force microscopy (AFM), fluorescence
microscopy and confocal laser scanning microscopy (CLSM) where SEM and TEM are the most
used techniques to assess the size and shape of nanosystems and, as such, are often used in
combination with scattering techniques (e.g., DLS) (Modena et al., 2019) and fluorescent and
CLSM microscopy can be used to assess nanoemulsion and detect droplet coalescence through
the digestion process (R. F. S. Goncalves, Martins, Abrunhosa, Vicente, et al., 2021). Studying the
morphological changes that occur during the /n vitro digestion process provide a more realistic idea
regarding particle aggregation, size and shape, when compared with standalone analytical
techniques such as scattering techniques (e.g., DLS) (Falsafi et al., 2020). However, in the context
of /n vitro digestion, some challenges can be identified regarding this assessment. For instance,
sample manipulation is often needed to perform such analysis (e.g., sample dilutions, surface
coatings, among others) (Vladar & Hodoroaba, 2020) which can interfere with the performance of
nanosystems under /7 wifro digestion conditions. Furthermore, it is important to take into
consideration that microscopic techniques are destructive assessment techniques that only

represent a portion of the analysed sample.
2.3.2.2.Rheological Characterization

Rheology is a well-established science of the deformation and flow of matter. Rheological properties
are obtained by relating the stress applied on a material and the subsequent deformation as a

function of time. Nowadays, with the advances in instrumentation, food rheology not only plays a
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crucial role in measuring apparent viscosity, but also provides in-depth information on
microstructure and fluidity of a food matrix, allowing the assessment of the network structure

integrity (Mandala & Apostolidis, 2020).

Nanosystems’ rheological properties play a crucial role in modifying the texture of foods and in
their performance during /n wifro digestion. Few studies have been conducted regarding the
assessment of apparent viscosity of nanosystems during the different digestion phases aiming at
a better understand of their behaviour in the Gl tract and their effects on food digestion and nutrient
absorption (Liu & Kong, 2019). This information can be used to tailor the production of functional
food products. For instance, studying the changes in viscosity during gastric digestion can lead to
the conclusion that the application of high viscosity materials can promote stomach emptying
retardation and consequently, an increasing perception of satiety (Espert et al., 2019). In fact,
Espert et al., (2019) observed that higher amounts of xanthan gum and consequently, higher
apparent viscosity, promoted a significant decrease on the amount of oleic acid released from
cream digestion. Rheological studies can also be used to indirectly assess the integrity of
intermolecular bonds between nanoparticles during the /n wiro digestion process and their
resistance to the hydrolytic effect (Pabois et al., 2020). Recently, Liu & Kong, (2019) studied the
influence of different types of nanocellulose (NC) on whey protein isolate digestion. For this
purpose, the authors used cellulose nanofibrils (CNF), TEMPO-oxidized CNF and cellulose
nanocrystals (CNC) and observed that the digesta viscosity was positively correlated to the
concentration of CNF and CNC which resulted in lower whey protein isolate hydrolysis through
lowering the initial free amino nitrogen diffusion rates by ca. 31.4 % and 68.4 % in the case of CNF

and CNC respectively.

There are some limitations that can be identified regarding the application of rheological studies
as a tool for assessing nanosystems during /n vifro digestion. For instance, the complex
environment of an /n vitro digestion poses a major challenge towards data interpretation since
several interfacial phenomena occurs during digestion (Zornjak et al., 2020) and isolating such
phenomena is quite challenging. Furthermore, the rheological assessment can be a time
consuming and destructive process (i.e., since it is a contact technique) that is very difficult to
apply as an /n sifuanalytical tool since it will interfere with the digestion process and micro-rheology
can be used for this purpose.. Micro-rheology is a rheological technique that uses particle tracers
as probes and advanced imaging and processing techniques to study complex structures (e.g., gel
like structures), particles’ interfaces, among others. As such, the mean square displacement of the
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tracer is measured over time which will give important information regarding the viscoelastic
properties of the sample (Xia et al., 2018). Different particle probes (e.g., fluorescent, magnetic)
can be used for this purpose and more detailed information regarding this subject can be found in
the work of Xia et al., (2018). The application of micro-rheology to the digestion process can give
important insights regarding, e.g., the interfacial properties of nanoemulsion during the digestion
process (Yang et al., 2021), the trajectory of nanoparticles using fluorescent tracers (Xia et al.,
2018), among others. When compared with traditional rheology, micro-rheology presents a higher
sensitivity which makes it a potential technique to identify the effects and phenomena that occur
during the /n vitro digestion of nanosystems. Despite its potential, the application of micro-rheology
to assess nanosystems during the digestion process is still very limited and very few studies are

found in the literature regarding this subject.
2.3.2.3.Non-conventional /n vifro digestion assessment techniques

The assessment of nanosystems under /7 vifro digestion can also be achieved by non-conventional
techniques to further unravel the structural changes that occur in such systems and understand
the phenomena associated to the digestion process. Methods such as small-angle X-ray scattering
(SAXS), Raman spectroscopy, fluorescence resonance energy transfer (FRET) and nuclear

magnetic resonance spectroscopy (NMR) can be applied for this purpose.

SAXS is a technique that can be used to perform structural analysis (e.g., particle size, shape,
dispersity, morphology) of polymeric molecules in solution. This way, an X-ray beam is transmitted
and passes through the sample. The elastically scattered electrons are then collected, at a small
angle, by a two-dimensional detector to form a SAXS image which is then processed. Subsequently,
each pixel of the image is converted into the scattering angle. Thus, different scattering angle
patterns can determine the structural characteristics of a given sample (Brotherton et al., 2019;
Lv et al., 2018). For instance, Lv et al., (2018) applied this technique, /7 sifu, to understand the
structural changes of lipidic microemulsions during /n vifro digestion as well as the influence of the
mucus on lipolysis. The authors observed the formation of liquid crystalline phases during lipolysis
which were subsequently damaged in the presence of the mucus, which is attributed to the
hydrophobic interactions between the crystalline structures and the mucus. This technique can be
further improved by coupling it with a synchrotron, improving the scattering intensity of the radiation
(Franke & Svergun, 2020; Khan et al., 2016). This method can be used to assess the development

of colloidal structures during lipolysis in real-time. In fact, this assessment was conducted by Khan
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et al., (2016), which evaluated the precipitation and the solid-state form of lipidic nanoemulsions
(i.e., composed by fenofibrate). The authors concluded that fenofibrate precipitates in its
thermodynamically stable crystalline form during lipolysis. Therefore, SAXS techniques can be used
to study the structural changes that occur during the /n vifro digestion of nanosystems, allowing a
better understanding regarding their fate and digestion kinetics (e.g., bioactive compounds'’ release
rates, enzymatic activity, among others) in the Gl tract. Furthermore, smaller scattering angles can
be used, i.e., ultra-small angle x-ray scattering (USAXS), to perform a wider colloidal analysis since
it enables the detection of particles from 300 nm to ca. 2000 nm, when compared to SAXS (up to
100 nm) (Sakurai, 2017). This way, this technique has the potential to be used in /7 vifro digestion
studies to assess, for instance, nanoparticle interactions during the digestion process (e.g., particle
aggregation, coalescence, among others) since it can analyse a wider range of particle sizes.
However, SAXS techniques are not widely available (i.e., especially synchrotron SAXS), since they
require expensive equipment, maintenance and highly specialized knowledge regarding signal

processing and data interpretation (Franke & Svergun, 2020; J. Li et al., 2018).

Raman spectroscopy is a vibrational spectroscopic technique that uses monochromatic light to
extract information regarding the molecular vibrational modes (i.e., it correlates with the inelastic
scattering of photons) and transitions which will in turn allow inferring about intermolecular
interactions (Deidda et al., 2019; Salim et al., 2020). This methodology is a fast, non-destructive
and eco-friendly technique that requires little to no sample preparation prior to analysis and it can
be used for qualitative determinations such as to assess food quality (W. Zhang et al., 2020),
deterioration (R. Hu et al., 2019) and fraud detection (Berghian-Grosan & Magdas, 2020), as well
as for quantitative studies such as fermentation monitoring (A. Zhang et al., 2020) or compound
quantification (Chen et al., 2019). Under /n vitro digestion conditions, Raman spectroscopy can be
applied to analyse, in real-time, bioactive compounds’ solubilization (Salim et al., 2020) and
crystallization (Stillhart et al., 2013). However, this approach needs to be coupled with powerful
analytical techniques for spectra interpretation and thus, chemometric approaches (e.g., Partial
Least Squares Regression, Principal Component Regression) (Zhiming Guo et al., 2019; W. Zhang
et al., 2020) and machine learning (artificial neural networks, support vector machines, among

others) (Berghian-Grosan & Magdas, 2020; Z. Zhang, 2020) have been used for this purpose.

Despite the advancements in the application of Raman spectroscopy for the assessment of
nanosystems’ performance under /n vitro digestion conditions, these studies are still very scarce
and information on dynamic /n wvitro digestion models is still very limited, perhaps due to their
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dynamic nature which will interfere and lower the signal to noise ratio of Raman spectra (Deidda
et al., 2019). Furthermore, care must be taken when applying this technique for /n viro digestion
assessment since inconsistent results were frequently observed regarding e.g., compounds’

solubilization when compared to other techniques (e.g., SAXS) (Salim et al., 2020).

FRET is a physical phenomenon that occurs when the energy of an excited fluorophore donor is
transferred to an acceptor fluorophore through dipole-dipole interactions. Thus, this technique
requires that the two fluorophores must be near to each other (i.e., at a distance between ca. 1 to
10 nm) (Zhiming Guo et al., 2019). This principle can be used to study the interfacial properties of
emulsions (Pan & Nitin, 2016) and their interactions with other constituents (e.g., mucus) under
in vitro digestion conditions (Lv et al., 2018). Pan & Nitin (2016) assessed, in realtime, the
dynamics of a lecithin emulsion (with and without chitosan coating) interface under /in vitro
intestinal digestion conditions. The authors observed that the phospholipids in the emulsion
interface were immediately disrupted by the addition of bile salts. This disruption was significantly
prevented by the addition of a chitosan layer which implies a lower rate of FFA release. Lv et al.
(2018) also used FRET to investigate the fate of a self-microemulsifying drug delivery system under
in vifro digestion conditions. As previously mentioned, the authors used SAXS and observed that
the initial liquid crystalline phases disappeared. However, FRET measurements enabled the
authors to conclude that the interaction between the emulsion and the mucus formed micelles
from the liquid crystalline phases. Therefore, FRET can be used as a standalone or combined
technique to investigate the structural changes that may occur to bioactive compounds’ delivery

systems under /n vitro digestion conditions.

NMR spectroscopy can also be a potential technique to assess nanosystems during the digestion
process. Briefly, this technique uses a magnetic field that takes advantage of the magnetic
properties of molecular nuclei (typically 1H, 13C and 31P - proton NMR) which are then subjected
to radiation in the radiofrequency (RF) region of the electromagnetic spectrum (Hatzakis, 2019).
This technique can then give important qualitative (i.e., the position of the spectrum peaks
determines the molecular structure of the samples) and quantitative (i.e., the area under the peaks
is proportional to the number of nuclei responsible for that peak) information regarding the
chemical composition of samples and, consequently, it can be applied to monitor nanosystems’
digestion by analysing the release of metabolites during the digestion process (Smeets et al.,
2021). It can be used to assess the lipolysis of nanoemulsions (Nieva-Echevarria et al., 2016,
2017), protein hydrolysis (Deng et al., 2022) and conformational changes (Jain & Sekhar, 2022),
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among others. However, some challenges can be identified which include low sensitivity and high
cost, it requires in-depth NMR knowledge regarding theoretical and spectra interpretation.
Moreover, a standard protocol addressing sample preparation is still required for this technique to
b generalized along with the publication of NMR spectra databases so that comparisons and

statistical analysis can be made in complex samples (Hatzakis, 2019).

2.4 NIR SPECTROSCOPY

2.4.1 Theory and fundamentals

According to Hollas, J. M. (2004), spectroscopy can be defined as the empirical subject that
focuses on the study of absorption, emission and/or scattering of electromagnetic radiation by
molecules and/or atoms. In other words, spectroscopy is the study of the interaction of matter with
electromagnetic radiation (Csuros & Csuros, 2010; Hammes, 2005). This subject, at least
nowadays, uses the principles of theoretical quantum mechanics to output readable data that can
be interpreted. Despite the wide use of this technique in modern scientific studies, its application
goes back to the 17th century, with the famous experiment of Newton, in 1665, regarding white
light dispersion when it passes through a triangular prism. However, it was only in 1860 that the
first spectroscopic prism was developed, by Bunsen and Kirchhoff, that was intended to be used
as an analytical tool. It was then possible to observe some emission spectra of various samples
under a flame (i.e., light source). In 1885 Balmer was able to fit the resulting series of black lines
(from the emission spectra of a flame) with a mathematical model. Until the 20th century,
spectroscopic theory as based on Newtonian laws, and thus could not explain some phenomena
observed in experimental assays. More precise theoretical predictions became possible with the
development of quantum mechanics by Schrddinger in 1926. Still, experimental data most often
contradicted the theoretical predictions of more complex molecules due to the number of
approximations made to facilitate the calculations. Since 1960, with the development of computer
science, accurate predictions regarding the spectroscopic properties of small molecules became
possible (Hollas, 2004). This way it was possible to assess the interactions between

electromagnetic radiation and matter and correlate theoretical predictions with experimental data.

Electromagnetic radiation is a form of radiation that is comprised by an electric and magnetic

component that propagate in perpendicular planes. If one photon of such radiation would travel in
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space, along the x-axis, the electric and magnetic component of the radiation would propagate in
an oscillating wave like form and would be represented by an electric and magnetic field with

magnitude E and B, respectively, as it is illustrated in Figure 1 (Hollas, 2004).
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Figure 3 - lllustration of one photon of electromagnetic radiation traveling through the x-axis and

its electric (Ey) and magnetic (Bz) components — Adapted from (Hollas, 2004).

It is possible to observe in Figure 1 that the photon has an oscillatory, sinusoidal trajectory for both
its electric and magnetic component, that can have different wavelengths (A - nm) or wavenumber
(v = cm-1) and, therefore, can be associated to different energy levels that are described by the

Planck relationship (Csuros & Csuros, 2010; Hammes, 2005):

E=hvy=he/ (1)

This implies that different wavelengths describe different types of radiation which can be
schematically represented by the electromagnetic spectrum - Figure 2 (Csuros & Csuros, 2010;

Hammes, 2005; Hollas, 2004).
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Figure 4 - Molecular state transition during the interaction between electromagnetic radiation

and molecules or atoms - Image adapted from (Hollas, 2004).

This way, three types of processes can occur: induced absorption, spontaneous emission and
induced emission. Induced absorption occurs when a molecule or atom absorbs a quantum of
electromagnetic radiation and gets into an excited state, which is represented by the transition
from m to n. Spontaneous emission corresponds to the spontaneous release of radiation from an
atom or molecule, without stimuli. Induced emission corresponds to the release of radiation when

an atom or molecule is stimulated by radiation (Csuros & Csuros, 2010; Hollas, 2004).

Typically, spectroscopy studies are carried out by making a continuous light beam pass through a
sample and measurements of its intensity are made. This way, it is possible to quantify the amount
of light that is absorbed, transmitted, reflected or scattered by the sample, depending on the
equipment apparatus (Hammes, 2005). This work will focus on absorption spectroscopy since it
is a fast analysis that most often does not require the addition of reagents or sample incubation

(Nilapwar et al., 2011).

Light absorption, at different wavelengths, is a phenomenon that can be observed everywhere since
it is responsible for a given colour of an object. For instance, objects with a blue colour absorb light
in the yellow wavelength range (i.e., 576-580 nm) of the electromagnetic spectrum and, therefore,

transmit blue light with a wavelength range between 465 and 482 nm. This way, absorption
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spectroscopy is commonly applied to obtain the absorption spectrum of atoms and molecules for
qualitative and quantitative applications. The materials absorption properties and light absorption
are described by the Beer-Lambert law which can be expressed by (Hammes, 2005; Nilapwar et
al., 2011):

I
I

It is possible to conclude that the equipment apparatus can influence significantly the measure of

A=log( )=£Cl (2)

sample absorption, since it depends on the light path length, and thus, equipment calibration is of

utmost importance (Nilapwar et al., 2011).

A region of the electromagnetic spectra that has been receiving much attention from the food
industry is the NIR region. NIR spectroscopy is a fast, non-destructive, low cost and simple
technique to measure biological (Qi et al., 2022; Di Wu et al., 2008) and synthetic polymer (Holze,
2004) materials, among other. Infrared absorption is a process restricted to molecules that present
changes, during molecular vibration, in their electric dipole moment when they are submitted to
radiation (e.g., contractions and expansion of molecular bonds). This way, infrared spectra is
typically obtained by submitting a sample to infrared radiation and analyse the absorbed radiation
at a corresponding energy (Stuart & Preface, 2004). Particularly, NIR absorption spectroscopy
studies the absorption of incident radiation at a wavelength range between 780 and 1050 nm (Di
Wu et al., 2008). NIR signals are more reliable, fast and the typical infrared absorption behaviour
of water is mitigated (Kaavya et al., 2020). It is a suitable technique to analyse molecules containing
C-H, N-H, S-H or O-H bonds and it is widely applied in biological (e.g., lipid, protein, nucleic acids
and disease analysis, etc) and industrial (e.g., pharmaceutical, food, agriculture and paint
industries, etc) applications, among others (Kaavya et al., 2020; Stuart & Preface, 2004). In fact,
D. Wu et al., (2008) used SWNIR spectroscopy to identify different brands of milk powder. Encina-
Zelada et al., (2017) assessed the accuracy of the physicochemical characterization of quinoa
using NIR spectroscopy. The authors concluded that this technique, in conjunction with some
multivariate correction algorithms, was able to predict the dietary composition of quinoa grains and
thus, demonstrating its potential for routine analysis in an industrial environment. Weng et al.,
(2020) applied NIR spectroscopy to assess minced beef adulteration with a coefficient of prediction

of 0.973 which indicates that NIR spectroscopy can in fact be used for beef adulteration detection,

Despite the great potential of this technique, advanced mathematical models must be used to
process, extract information and interpret the NIR spectra. This can be achieved, essentially,
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through two distinct approaches: using chemometrics or artificial intelligence, more specifically,

machine learning.
2.4.2 NIR spectral multivariate calibration

Due to its complexity, NIR spectra interpretation must be done by resorting to advanced algorithms
that can extract the relevant information and correlate them with a specific application.
Chemometrics is then used for this purpose since it is a collection of computer science,
mathematical and statistical tools that aim at extracting important chemical information from a
large and complex data collection (Granato et al., 2018; Qi et al., 2022). An important field in
chemometrics is multivariate calibration which is done to detect trends and relationships between
the obtained spectra and a conventional analytical procedure. For instance, this approach is
commonly used for spectra smoothing (e.g., Savitzky—Golay filter), baseline correction (e.g., first
and second derivatives, SNV), MSC, variable selection (e.g., PLS), modelling (e.g., MLR, RR),
assessment metrics (e.g., coefficient of determination, MSE), among others (Qi et al., 2022; H.-P.

Wang et al., 2022) which will be discussed in the following topics.
2.4.2.1. Smoothing: Savitzky—Golay filter

The smoothing of spectra is one of the most used spectra pre-processing techniques since it
removes noise from the spectra and improve the signal-to-noise ration. The Savitzky-Golay filter is
one of the most applied techniques for spectra smoothing. Briefly, it fits a polynomial curve to a
predetermined set of points of the spectra (i.e., window). This way, two choices must be made
regarding the application of this filter, the window size and polynomial order. These parameters
are often determined via trial and error. It is of course important to mention that smoothing

techniques must retain the original spectra shape (H.-P. Wang et al., 2022; Zahir et al., 2022).
2.4.2.2. Baseline correction

The correction of the baseline is another pre-processing technique that is often applied to NIR
spectra. The main objective of this approach is to eliminate the influence of particle size, i.e., light
scattering which is responsible for the vertical displacement of the spectra. Therefore, the
application of this pre-processing step only makes sense if the particle size is not important. Several
techniques can be used to correct the baseline of the spectra, namely the SNV and MSC. The SNV
transformation applies scaling and centres the spectra by subtracting the average of the sample

spectrum to a specific point of the spectrum (i.e., reading at a specific wavelength) and dividing it
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by the spectrum standard deviation. This can be represented by the following equation (Naes et

al., 2004):

xp = (X —X)/0 (3)
This technique not only enhances the spectra resolution, but it corrects scattering effects of the
samples by correcting the baseline. Another popular technique for this purpose is the MSC. This
technique compares an individual spectrum to the average of the samples’ spectra and corrects
the additive and multiplicative effects caused by scattering. This way, it can be represented by the

following equation (Naes et al., 2004; Zahir et al., 2022):

Xy = a+ bxy (4)

2.4.2.3. Variable Selection - PLS

Variable (i.e., wavelength) selection methods are often used to choose, among all the spectrum
wavelengths, the ones that contribute the most to explain the variance in the dependent variable
of the study. As such, these methods make the calibration process much simpler. PLS has been
widely used for this purpose, more specifically, the VIP scores of PLS. PLS is a multivariate, data
dimension reduction technique, very similar to PCA in a way that it uses PCA to calculate the
loadings (i.e., slope of the respective principal component) and scores (i.e., the distance between
the point and its projection on the principal component) of both dependent and independent
variables. This way, principal components, also denominated as latent variables (i.e., orthogonal
linear correlations), are determined for both X and Y matrices and this is the major difference
between PLS and PCA. PLS then uses the scores of the independent variables to predict the scores
of the dependent variables and, as such, it can be used for regression. The fundamental

calculations are represented in the following equations:

X=TP+E (5)
Y=UQ+F (6)
u; =1ty (7)

Each principal component will essentially explain the variance between the variables. As such, VIP
can be calculated since it corresponds to the sum of the Y variance explained by each variable
divided by the total explained Y variance. This parameter will indicate which variables are important
for a given application. Typically, variables with a VIP higher than 1 or lower than -1 are considered

important and thus are selected for further analysis.

40



Chapter 2 | Literature Review

2.4.2.4 Regression

To estimate experimental values, e.g., protein, lipid or carbohydrate content of food samples using
NIR spectroscopy, regression models are used. As previously mentioned, PLS can be used to
predict the dependent variables (PLSR) which makes this a linear regression model. Other linear
regression models can be used to predict data e.g., MLR, RR, LASSO, ENR, BRR, among others.
MLR is one of the most used linear regression techniques that uses multiple regression coefficients

to estimate the response variable and it is represented by the following equation:

k
y=bo+ ) myx ®)
k=1
2.4.2.5. Model assessment

It is very common to use multiple regression models to estimate a dependent variable given the
values of the independent variables. Some model assessment metrics can be used to assess which
model has the better performance, i.e., the models that best fits the data. Among several metrics
that are used to evaluate and compare regression models, the r2 and RMSE are widely used for

this purpose and can be calculated according to the following equations:

SS.
r2 = res 9)
SStotal
SSres = Z(yi - yl)z (10)
i
SStotal = Z(yi - 37)2 (11)
i
1
RMSE = Essm (12)

2.5 CONCLUSIONS AND FUTURE PERSPECTIVES

The assessment of food and nanosystems as controlled delivery systems of bioactive compounds
under /n vitro digestion conditions is of utmost importance to understand their fate in the Gl tract
and unravel knowledge regarding the phenomena that occur during this process. The knowledge
of their behaviour under simulated /n7 wvitro conditions allows the optimization of nanosystems'’

design and production taking into consideration their performance under /n vitro digestion, so that
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material dosage and processing can be adjusted. Protein, polysaccharide and lipid-based
nanosystems have been used as bio-based protective vehicles of bioactive compounds, showing
promising results regarding their protective performance under harsh digestion conditions.
However, efforts must be made to further enhance nanosystems’ performance in terms of
expanding their functional properties and protective ability, as well as understanding their digestion
mechanisms and bioactive compounds’ release kinetics. It is also important to take into
consideration that, despite all the advantages of delivery systems at the nano scale, some concerns
remain unanswered regarding the safety and, consequently, the application of nanosystems to food
products and their consumption. This way, regulatory agents must address this issue to overcome
this bottleneck. To assess the performance of nanosystems under digestion conditions, it is crucial
to develop reliable analytical methods for particle size, dispersibility and surface charge
determination, as well as for morphological, rheological, electrophoretic, free fatty acid,
bioaccessibility (and consequently, bioavailability) and cytotoxicity assessment. Despite their
routine application, care must be taken while performing such analysis since the digestion process
involves the presence of several factors that can interfere with the assessment of nanosystems'’
behaviour (e.g., presence or absence of peristalsis, stomach emptying, gastric pyloric sieving,
among others). Therefore, advances in the development of reliable and realistic /n vitro digestion

models are crucial so that better correlations with in vivo data can be obtained.

There is a current effort by the scientific community to standardize /n wiro digestion protocols, so
that interlaboratory comparisons can be established, as well as to develop anatomical accurate
dynamic /n vifro digestion models with realistic peristaltic contractions, inner surface rugosity,
pyloric sieving and stomach emptying. This way, it is expected that more robust, generalized and
complex /n witro digestion systems will be developed to obtain accurate results regarding
nanosystems’ digestion behaviour. However, the validation of /7 vifro digestion models is still a

challenge due to the complexity of in vivo studies.

The fast-paced increase of research regarding the /n vitro digestion field can lead to the
development of more sophisticated real-time analytical tools, so that many of the challenges
discussed in this review can be overcome. Furthermore, with the development of novel, accurate
and sophisticated analytical tools and /n vifro digestion models, more opportunities in the field of
in sifico analysis could arise so that resources could be spared. The development of an open access
word-wide database containing data related to in vivo studies could catalyse the creation of a
standardized in vivo digestion protocol and consequently the creation of an /n7 vitro digestion model
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validation assessment through the application of advanced analytical techniques (e.g., artificial

intelligence).

Therefore, a lot of work must be done towards improving in vitroin vivo correlations by taking into
consideration e.g., the presence of a stomach mucus layer and gastric absorption, as well as by
including cellular models within /n7 vitro digestion systems, so that bioactive compounds’ absorption

can be assessed /n situ and, therefore, avoiding sample manipulation.

NIR spectroscopy is currently being used in the food industry and both chemometric and machine
learning (or a combination of both) have been used to extract information from the spectra.
However, despite the historical success of chemometrics, ML algorithms are currently becoming a
trend, perhaps due to the technological evolution of computer science which promotes fast

calculations to complex mathematical problems (i.e., ML algorithms).
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3.1 INTRODUCTION

In vitro digestion models have been widely used in the fields of food and pharmaceutical sciences
to: i) study the release kinetics of bioactive compounds entrapped in micro/nanostructures (Simdes
et al., 2020); ii) mathematically modulate the dissolution kinetics of drugs (Sadati Behbahani et
al., 2019); iii) study the cytotoxicity of metabolites (Guo et al., 2020); and to iv) study the
physicochemical phenomena that occur under /n vitro digestion (e.g., enzymatic digestion, pH
transitions, influence of peristalsis, presence of bile salts, among others). These models are faster,
less expansive, less labour intensive and do not present any ethical constrains when compared
with in vivo trials (Madalena et al., 2019). In fact, there is a current effort towards standardizing
the /n vitro digestion process (Brodkorb et al., 2019; Minekus et al., 2014; Mulet-Cabero et al.,
2020), as well as developing realistic dynamic /n vitro digestion models that replicate the
anatomical and physical characteristics of the human gastrointestinal (Gl) tract (Dang et al., 2020;
Lietal, 2019; Liuetal., 2019; Wang et al., 2019). Such efforts unlock the possibility of comparing
inter-laboratory studies as well as developing more realistic /n7 vitro digestion models that comprise
the same anatomy of the human Gl tract (e.g., “J” shape of the stomach) which will consequently
allow the study of other important phenomena that occur during the digestion process (i.e.,
retropulsion) (Pinheiro et al., 2017). Furthermore, such advancements will consequently produce
more reliable /n vitro digestion data that present better /n vitro/in vivo correlations. However, none
of the current standard /in7 vifro digestion models encompass a realistic gastric compartment and
the recently developed anatomical accurate digestion models are not easily reproduced in the
laboratory (i.e., both gastric compartment and PB) which implies that developing a standardized
dynamic system is still a major challenge. This way, the present study proposes the development
of a reproducible and realistic /n vitro gastric model (RGM) through the application of 3D printing
technology. An experimental design was made to develop the PB and mathematically modulate
their contraction using a finite element analysis (FEA) to assess their behaviour. This model was
then characterized in terms of pH control profile and hydrodynamic behaviour by measuring the

average residence time at different stomach emptying flow rates.

3.2  MATERIALS AND METHODS

3.2.1 Materials
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The simulated gastric fluid was prepared based on the protocol reported by Mulet-Cabero et al.,
(2020). Briefly, the electrolyte gastric solution was made using stock salt solutions of KCI (6.9
mmol L-1), KH2PO4 (0.9 mmol L-1), NaHCO3 (25 mmol L-1), NaCl (47.2 mmol L-1),
MgCI2(H20)6 (0.12 mmol L-1), (NH4)2CO3 (0.5 mmol L-1) - values within parentheses
correspond to the final salt concentration in the simulated gastric fluid (SGF). The 1.75 mm
polylactic acid (PLA) filament, the raspberry pi, the 6V air pump, the ads1115, the temperature
sensor, the relay modules, the electrovalves, the pH circuit board and electrode, the level sensor
and the peristaltic pumps were purchase from Amazon Inc. (Spain). The silicone (ZN20 with Shore
21 hardness) was purchased from Castro composites (Pontevedra, Spain). The food colouring was

purchased in the local supermarket. RGM modules and development process
3.2.2 Model description

The RGM was designed on the premise of being easily reproducible so that it could be a potential
standard dynamic /n wvifro gastric model. It is composed by six modules which are depicted in

Figure 5.

PTFE

Silicone

. 3D printed PLA

. Electronic Component

Figure 5 - lllustrative representation of the RGM where: M1a — SGF and enzymes input; M1b -
module 1 connection with module 2; M2 — module 2; M3a — acid/base input; M3b - pH electrode
support; M4a — module 4; M4b - pylorus; M4c — Fibre optics support; M4d - level sensor; M4e -

stomach emptying output; M5 — module 5; M6a - module 6; M6b - electrovalve.
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Briefly, the module 1 corresponds to the sample, SGF and enzymes’ input; the module 2
corresponds to the silicone gastric compartment; the module 3 corresponds to the pH electrode
support; the module 4 corresponds to the pylorus and level sensor support; the module 5
corresponds to the modules 3 and 4 holder and the module 6 corresponds to the electrovalve
support. The modules 1, 3 and 4 are made of polytetrafluoroethylene (PTFE) using an electric
lathe; the module 2 is made of silicone since it is an elastic, deformable and inert material with
high chemical resistance (Rahimi & Mashak, 2013) and its fabrication process is described in the
topic 2.4; modules 5 and 6 are 3D printed components made of PLA using the conditions described
in the topic 2.2.2. Furthermore, to perform the peristaltic contractions in the gastric compartment,
3 PBs were placed in the stomach in physiologically relevant locations reported by Ferrua & Singh
(2012), with a contraction of 30, 40 and 80%, for PB1, PB2, and PB3, respectively, and their
design and fabrication is described in the topic 2.3. The digestion temperature is kept at 37°C

using a standard laboratory hoven.
3.2.3 3D printing process

A Flashforge Dreamer 3D printer (Zhejiang Flashforge 3D Technology Co., Ltd, China) was used
with a PLA filament as printing material. All computer-aid designs (CAD) were developed in
Fusion360 (Education li-cence, Autodesk Inc., USA) and subsequently exported to a 3D printing
compatible file format (.stl or .3mf). The Flashprint (version 4, Zhejiang Flashforge 3D Technology
Co., Ltd, China) slicer was used to set the 3D printing conditions for PLA. This way, all PLA parts

were 3D printed using the following conditions:

J Extruder printing temperature: 200 °C;
J Bed temperature: 50 °C;

J First layer height: 0.3 mm;

J Layer height: 0.3 mm;

J Base print speed: 80 mm/s;

J Travel speed: 100 mm/s;

J Shell count: 2;

o Fill density: 10%;

o Fill pattern: hexagon;

J Support type (when needed): linear.

3.2.4 PB development using an experimental design
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Soft robotic actuators were used to simulate the peristaltic contractions of the human stomach
and, for this purpose, pneumatic actuators developed by Mosadegh et al., (2013) were used and
an example of a PB can be seen in Figure 2A. As such, several design decisions had to be made
regarding the dimensions of the PBs, namely, regarding the lateral thickness (LT) of the walls, the
top thickness (TT) of the air chambers, the chambers’ width (W), height (H) and length (L), the
space between chambers (S) and the number of chambers to be used (Figure 2B). Since the
number of chambers to be used would be dependent on the total length of the PB at a given
location on the gastric compartment, it was determined that the PB1, PB2 and PB3 would be
composed by 21, 15 and 7 chambers between the PB extremities, respectively and an

experimental design was made for each PB.

G

V'/,

740\

TN

Figure 6 - lllustrative representation of a PB3 (A), the design parameters used in the Placket-

Burman experimental design (B) and the representation of the rotation angle (C)
3.2.4.1.Design parameters selection

A Plackett-Burman experimental design (Table 1), with 12 experiments and 1 central point, was
used to select the most important design parameters using the PB rotation angle (RA) as dependent
variable — Figure 6C. The selected parameters were further used in a central composite rotational
design (CCRD) to obtain the optimization curve. The RA was obtained /n sificothrough a FEA which

is described below.
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Table 1 - Placket-Burman experimental design with 12 experiments and 1 central point. All
independent variable values are expressed in mm. The RA7, RA15, and RA21 correspond to the

RA of the PB with 7, 15 and 21 inflation chambers, respectively which are expressed in degrees.

Experiment LT 1T L W H S RA7 RA15 RA21
1 400 1.00 16.00 2.00 10.00 0.50 11.25 2193 12.20

2 400 3.00 12.00 4.00 10.00 0.50 11.02 4095 14.20
3 1.00 3.00 16.00 2.00 16.00 0.50 27.79 116.69 63.70
4 400 1.00 16.00 4.00 10.00 1.50 24.05 16.74 14.90
5 400 3.00 12.00 4.00 16.00 0.50 10.60 18.49 9.70

6 400 3.00 16.00 2.00 16.00 1.50 11.10 71.81 26.70
7 1.00 3.00 16.00 4.00 10.00 1.50 53.90 122.65 72.50
8 1.00 1.00 16.00 4.00 16.00 0.50 51.50 180.00 151.10
9 1.00 1.00 12.00 4.00 16.00 1.50 72.70 84.27 46.20
10 400 1.00 12.00 2.00 16.00 1.50 15.30 31.00 17.30
11 1.00 3.00 12.00 2.00 10.00 1.50 32.60 83.76 47.40
12 1.00 1.00 12.00 2.00 10.00 0.50 28.50 9597/ 88.80
13 250 2.00 14.00 3.00 13.00 1.00 20.50 61.74 35.10

3.2.4.2 Finite element analysis of PB contraction

The FEA was made on ANSYS Workbench (2021 R2 version, Education licence, ANSYS Inc., USA)
using a “Static structural analysis”. This way, several parameters were determined to simulate the
contraction of the PB which includes the material modelling, meshing, defining the connections,
boundaries, pressure, and solution which were determined according to Xavier et al., (2020) and

Tawk & Alici, (2020), with some modifications.
32421 Material mode/

To obtain a realist behaviour of the PB in the /nn sifico analysis, a stress-strain assay, based on I1SO
37, was made to the silicone rubber using a double axis texture analyser from Stable Microsystems
(Surrey, UK), with a load cell of 5 kg and a two grip setup (Stable Microsystems, Surrey, UK). Briefly,

ten 3D printed moulds of the dumbbell geometry (Figure 7A) were made and filled with silicone.

61



Chapter 3 | Development of a realistic /n vitro gastric model

The samples were then placed on the grips and stretched until rupture to obtain the correspondent

stress-strain curve (Figure 7B).

Stress-Strain Curve
. Silicone Dumbbell 600
3D printed Dumbbell mould
;\? 400
£
©
=
» 200+
0 T T T 1
0 5 10 15 20

Stress (MPa)

Figure 7 - Silicone’s stress-strain curve (A) using the ISO 37 dumbbell (B).

At least six samples were prepared for the stress-strain curve and a boxplot (with a whisker
coefficient of 0.5) was made to eliminate outlier samples. The average of the outlier free stress-
strain curve was then loaded into Ansys Workbench and the Mooney-Rivlin 5 parameter model was
used as material model since it presented the lowest calculated residuals (data not shown) when
compared with other material models (i.e., Mooney-Rivlin 2, 3 and 9 Parameters, the Yeoh first,
second, and third order models, and the Ogden first, second and third order models). The selected

model coefficients can be seen in Table 2.

Table 2 - Mooney-Rivlin 5 parameter model coefficients.

Material Model Coefficients Values
C10 -0.081 MPa
CO1 0.151 MPa
Mooney-Rivlin C20 1.748E MPa
5 parameter model Cl1 -2.344E> MPa
C02 0.024 MPa
Incompressibility Parameter D1 0 MPa*

324211  Mesh
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To obtain convergence, a 3.5 mm “Mesh Size” was used since it is not recommended to use a
very fine mesh for large deformations (Tawk & Alici, 2020; Xavier et al., 2020), with a “Nonlinear
Mechanical Physics” preference and a “Quadratic Element Order”. Furthermore, a 3.5 mesh size
showed to be appropriate for all designs since it was compatible with the Ansys education licence’s

limit of 32000 nodes.

324212  Contacts
To detect the contact between two faces upon deflation, several frictional contact pairs were defined
(Figure 8) with a “Symmetric” behaviour, to minimize penetration, and an “Augmented Lagrange”

formulation (Tawk & Alici, 2020).

Figure 8 — FEA contacts in the PB.

324213  Analysis Settings

The “Large Deflection” option is turned on and a fixed number of “Substeps” was set to 20 so that
the pressure could be gradually applied; with “Auto Time Stepping” on, an “Initial Time Step” of
0.001 s, a “Minimum Time Step” of 0.001 seconds and a “Maximum Time Step” of 0.05 seconds.
Additionally, a “Fixed Support” boundary was added to one of the extremities of the PB and a
“Pressure” of 5 kPa (i.e., at the 20th substep) was applied to the inner chambers of the PB.

3.2.5 Silicone casting moulding — A step by step guide
3.2.5.1.Gastric compartment’s production process

The moulds were 3D printed using the equipment and configurations described on topic 3.2.3.
The outer part (Figure 9A-1) and the inner part of the mould (Figure 9A-2) were divided into four
different pieces represented by Figure 9A-3, Figure 9A-4, Figure 9A-5, Figure 9A-6 and Figure 9A-
7, Figure 9A-8, Figure 9A-9, Figure 9A-10, respectively, due to the dimensions of the 3D printing
platform. This way, after 3D printing the pieces, the left pieces (Figure 9A-3 and Figure 9A-6) and
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the right pieces (Figure 9A-4 and Figure 9A-5) of the outer part of the mould were glued together.
The same procedure was made to the inner part of the mould (left: Figure 9A-7 and Figure 9A-9;
right: Figure 9A-8 and Figure 9A-10). Liquid silicone (Figure 9B-11) was then prepared according
to the supplier (100:5 ratio between the liquid silicone and the polymerizing agent) and poured in
the outer part of the mould. The liquid silicone was then spread using the inner part of the mould
(Figure 9C) and dried at 50 °C for 4h, which resulted in a polymerized silicone rubber represented
by Figure 9D-12. The same procedure was repeated for the other half of the stomach. Both silicone
stomach halves were then connected using more liquid silicone (Figure 9E) and assembled into

the module 1 and 3 of the RGM (Figure 9G).

Figure 9 - lllustrative representation of the gastric compartment production where A and B
correspond to the silicone mould inner and outer parts in a connected and divided view,
respectively, and C, D, E, F, G and H correspond to the steps required to produce a gastric model.
Furthermore, the numbers in the illustration represent: 1 — outer parts of the mould; 2- inner parts
of the mould; 3 - top left part of the outer mould; 4 - top right part of the outer mould; 5 - bottom
right part of the outer mould; 6 - bottom left part of the outer mould; 7 - top left part of the inner
mould; 8 - top right part of the inner mould; 9 - bottom left part of the inner mould; 10 - bottom

right part of the inner mould; 11 - liquid silicone; 12 - cured silicone.
3.2.5.2.PBs’ production process

The design of the PBs was based on the pneumatic actuators developed by Mosadegh et al., (2013)
and a step-by-step guide can be found on the “SoftRoboticsToolKit” website developed by the
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“Harvard Biodesign Lab” group. Briefly, three PBs were produced with an N of 7, 15, and 21. The
moulds (Figure 10A) were designed according to the specifications obtained in the ED and
subsequently 3D printed using the conditions specified in the topic 3.2.3. The inflation chambers’
mould is assembled by connecting the top (Figure 10A-1) and bottom (Figure 10A-2) part and
subsequently filled with liquid silicone (Figure 10B-4). Half of the strain limiting layer mould is also
filled with liquid silicone and a piece of paper is placed on top of the liquid silicone; the parts are
then dried at 50 °C for 4h. The top part of the inflation chambers’ mould is then removed, and the
rest of the liquid silicone is poured on the strain limiting layer mould (Figure 10C). The inflation
chambers are then carefully placed, so that the chambers’ air channels are not obstructed, on top
of the liquid silicone (Figure 10D). The PB is demoulded (Figure 10E), a 5 mm hole is made on
one of the extremities of the PB and a silicone tube is placed and fixed with more liquid silicone

(Figure 10F).

A

B Top part of the inflation chambers’ mould
B Bottom part of the inflation chambers' mould

Silicone
W Paper

Figure 10 - Step-by-step illustration of the PB production process where: 1 — top part of the
inflation chambers; 2 — bottom part of the inflation chambers; 3 - strain limiting layer mould; 4 -
inflation chambers’ mould filled with liquid silicone; 5 - paper sheet; 6 - half of the strain limiting

layer mould filled with liquid silicone; 7 - silicone tube
3.2.6 Control system design — An loT approach

3.2.6.1.User interface and user flow
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To control the gastric peristalsis, stomach emptying, electrolyte and enzyme solution pumping rates
and gastric pH, a web application was created to provide a user interface since it is compatible
with all operating systems (OS) without the need to develop OS specific software. The web
ap\plication communicates with a backend server which serves as a common application
programming interface (API) to establish a connection between all sensor data, obtained through

sensors connected to a raspberry pi, and the user - an internet of things approach.

Table 3 - Project registration fields and their respective description. It is important to refer that

these fields can be subject to change in the future.

Field

Project Metadata
Project Type
Title
Sample
Sample Type
Public Project

Protocol Settings
Digestion Times
Dry Weight
Peristaltic Frequency
Food Volumes
Lipid Contents
Protein Contents
Carbohydrate Contents
SGF Rates

Stomach Emptying Settings
Stomach Emptying Mode

Stomach Emptying Time
Steps

Stomach Emptying Volume

Enzymes’ Settings
Enzymes’ Rates
Lot Number
Activity
Enzyme Solution in Water

Ci

Initial pH
pH Delay

Description

Possible values: International Standardized Protocol; Automatic; Manual
The project title that will be displayed in the respective project page.

The sample that will be digested

Possible values: Other system; Controlled Release System; Food Product

Choose whether you make your projects' data public or private

Default: 120 min.

The sample dry weight (%)

Choose the number of contractions per minute: between 3 and 5 contraction per minute.
The amount of sample (mL) that is used in the digestion protocol

The lipidic content of the sample

The protein content of the sample

The carbohydrate content of the sample

The electrolyte solution flow (mL/min)

Possible values: Automatic; Temporized; Manual

Number of gastric emptying procedures to be done during the digestion (this option is disabled if the

“Gastric Emptying Mode” is “Manual”)

The amount (mL) of digesta to be emptied from the stomach

The enzyme solution flow (mL/min)
The respective enzyme lot number
The respective enzyme activity

The respective enzyme volume (mL)

The amylase stock solution concentration (mg/mL). This option is only enabled for amylase

pH Settings
The initial sample pH. Default: 7

The delay time (s) for the microcontroller to start monitoring the pH changes
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Pumping Time  The time (s) for the peristaltic pump to be on to control the gastric pH
pH Curve A pH curve that can be adjusted manually. Based on the pH curve reported by Mans Minekus et al., (1995)

s - This parameter will be requested or automatically calculated if the project type is “International Standardized Protocol”, *- This parameter will
be automatically calculated if the project type is “Automatic”.

This information described in Table 3 is requested to determine certain digestion parameters (e.g.,
digestion time, peristaltic pumps flow, etc) as well as some control settings (e.g., pH curve delay
and pumping time to adjust the pH). The user can then perform a new experiment where it is
possible to manually control all the peristaltic pumps (i.e., to fill the silicone tubing with the
respective fluids), calibrate the pH sensor and monitor the pH and temperature during the digestion
process as well as control the digestion timer. All data regarding the experiment (i.e., temperature
and pH over time) is saved in an external database at the end of the digestion process, which may

be consulted and exported on the project’s page.
3.2.6.2.System control modules

The RGM control system is composed by four distinct modules (Figure 11): the raspberry pi
module; the relay module; the peristaltic contraction module; the pH module. The raspberry pi
module is the main component as it is responsible for sensor data acquisition and controlling the
peristaltic pumps. This way, it is composed by a raspberry pi and an analogue to digital convertor
(ADS1115). The relay module is responsible for controlling the stomach emptying, enzymes and
electrolytes’ peristaltic pumps and stomach emptying electrovalve. As the name implies, it is
composed by a four-channel relay module that controls three 12V peristaltic pumps and a 12V
electrovalve. The peristaltic contractions’ module is responsible for controlling the inflation and
emptying of the PB air chambers. For this purpose, it is composed by a 2-channel relay module
that controls a 6V air pump and a 5V electrovalve. This module also encompasses an MPX4250
pressure sensor so that the inner pressure of the PB air chambers can be measured and used to
control their behaviour. The pH module is responsible for controlling the pH throughout the gastric
digestion process. It is composed by a BNC connector module (Figure 11 pH Meter), two peristaltic
pumps to inject HCI or NaOH into the gastric compartment and a 2-channel relay module to control
the pumps. All modules are connected to the raspberry pi module which communicates with a
backend server via WebSocket so that a two-way communication can be established between the
raspberry pi and the backend server. This type of communication allows the raspberry pi to send

sensor data or notifications without the need of receiving a request from the client (i.e., user).
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Figure 11 - System control modules’ schematics.
3.2.6.3.Stomach emptying control

The stomach emptying can be controlled using three different methods: an automatic method
where the stomach emptying will occur when the gastric digesta reaches the level sensor; a
temporized method where the stomach emptying will occur periodically based on the “Stomach
Emptying Time Steps” calculated (if the project type is the “International Standardized Protocol”)

or provided by the user; a manual method where the user decides when to perform a stomach

emptying.

3.2.6.4.Gastric pH control
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During the digestion process, the pH control algorithm is responsible for: checking the desired pH
value based on the pH curve and updating the desired pH value depending on the digestion time;
adjusting the pH value according to the desired pH; verifying if the pH read is stable. This way, the
gastric pH is controlled by injecting 1M HCI or IM NaOH into the gastric compartment depending
on the target pH at a given time. The volume of HCI or NaOH will depend on the “Pumping Time”
specified by the user, under the pH settings of the project registration form, and the difference
between the target pH value and the actual pH read. This way, the pumping time is determined by
the following equation:

tharget - pHread
MaxDif f

(13)

Pumping time (s) = * Max Pumping Time

The MaxDiff corresponds to the maximum difference between the target and actual pH read which
was set to 2, and the Max Pumping Time corresponds to the “Pumping Time” specified by the
user. The pH read is obtained by converting the analog signal received from the BNC module into
a pH value (i.e., calibration). For this purpose, 20 measurements are taken, and the average analog
read is used for conversion. To convert the analog values into pH, the pH meter is calibrated using
a standard 4.03 and 7.09 pH solution. The respective analog values are saved into a configuration
file and a linear regression is made to determine all pH values. This way, it is important to obtain
a stable read prior to saving the corresponding analog values. The algorithm determines the
stability of the measurement by analysing the standard deviation of the 20 analog reads. To
determine the threshold value of the standard deviation of a stable read, ten measurements were

taken (i.e., ten measurements of 20 analog reads) after inducing a pH change (Figure 12).
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Figure 12 - pH and pH standard deviation over ten measurements to determine the standard

deviation of a stable pH read.

It is possible to observe, from the analysis of Figure 12, that a sable read is obtained from the third
measurement which corresponds to a standard deviation of ca. 0.07 (from measurement 3 through
10). This way, a standard deviation of 0.07 was considered an appropriate threshold for a stable

pH read and this value was further used in future reads.
3.2.6.5.Peristaltic pump flow measurement

All peristaltic pumps used in the RGM were characterized in terms of their pumping rate. For this
purpose, 100 mL of water were emptied using the peristaltic pump and the emptying time was
recorded to calculate the emptying rate of the peristaltic pump. The experiment was performed ten
times for each pump and the average pumping rate was used to convert liquid volume into pumping

time which is represented in Table 4.

Table 4 - Peristaltic pumps’ pumping rate characterization.

PP1 PP2 PP3
Pumping rate (mL/min) 10833+ 1.15 23497 +277 293.80 +5.74

3.2.7 Hydrodynamic characterization of the RGM

A hydrodynamic characterization of the RGM was made to unravel the gastric geometry influence
on the mixing behaviour and particle transportation of the stomach and, consequently, its influence
on the digestion of food. For this purpose, 500 mL of distilled water were placed inside the RGM
and maintained at 37 °C to mimic the physiological temperature of the Human gastrointestinal
tract. Furthermore, 1 mL of food colouring (i.e., tracer, purchased at the local supermarket) was
injected into the RGM input module, and a peristaltic pump (120U/DV 200rpm pump, Watson-
Marlow Pumps, Falmouth, Cornwall United Kingdom) was used to perform the gastric emptying at
a fixed flow rate. The predetermined volumetric flow rates were calculated according to 4 different

types of dairy products which are represented in Table b.
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Table 5 - Stomach emptying flow rates used for the hydrodynamic characterization the RGM. The
portion and nutritional values are examples of commercially available dairy products and were
obtained from the respective producer. The stomach emptying (i.e., volumetric flow rate) were

calculated based on the semi-dynamic /n7 vitro digestion standard protocol developed by Mulet-

Cabero et al. (2020).

Yogurt Milk Fermented milk Cheese

Portion (g) 125 250 160 50

Proteins (%) 2.70 3.60 2.30 22.50
Lipids (%) 1.80 1.60 1.60 24.50
Carbohydrates (%) 3.40 4.90 11.00 2.10
Volumetric flow rate (mL/min) 10.64 9.27 6.80 1.88

The concentration of food colouring was determined, in real-time, by a fibre optics (T300-RT-
VIS/NIR, Oceanoptics, Orlando, USA) UV-VIS-SWNIR spectrophotometer (AvaSpec-2048-DT-4,
2048-pixel, 200-1100 nm) coupled with a halogen light source (AvaLight-Hal LS-0308016, 360-
2500nm, Avantes, Apeldoorn, the Netherlands). All spectra were acquired every 30 seconds for
30 minutes using the AvaSoft 7.5.3 software by averaging 30 spectra on each acquisition. At least
six experiments were made for each volumetric flow rate and the average residence time

distribution (RTD) was determined using the following equations:

Ciotal :f C(t)-At (14)
0
C(t)
E(t) = 15
() Ctotal ( )
t
RTDgyg =JE(t).At (16)
0

It is important to notice some important factors such as viscosity were not considered during this
assay and must be considered in future assessments. The food products listed in Table 5 were

merely used to obtain different emptying rates according to the standardized semi-dynamic /n vitro

digestion model (Mulet-Cabero et al., 2020).

3.2.8 Statistical Analysis
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All statistical analyses applied to experimental data were performed using Origin (2018, OriginLab
Corporation, Massachusetts, USA). The statistical significance (at p< 0.05) was determined using
one-way ANOVA followed by post hoc. Tukey's tests with at least triplicate samples, unless it is
mentioned on the respective section otherwise. The Placket-Burman and CCRD experimental
design tables and results were obtained in Protimiza Experiment Design Software

(http://experimental-design.protimiza.com.br)

3.3 RESULTS AND DISCUSSION

3.3.1 PB modulation using an experimental design
3.3.1.1.Variable selection using a Placket-Burman experimental design

A Placket-Burman experimental design was performed to identify the most significant independent

variables in terms of their impact on the RA of the PB and the results are shown in Table 6.

Table 6 - Placket-Burman experimental design results with a 5% significance level.

Independent Variable p-value of PB7 p-value of PB15 p-value of PB21
LT 0.0005 0.0054 0.0137
T 0.0618 0.8218 0.3825
W 0.7207 0.1496 0.2956
L 0.0090 0.7009 0.6241
H 0.2916 0.2959 0.5485
S 0.0323 0.5630 0.3060

Note: Variables with a p-value < 0.05 are significantly important and are highlighted in bold.

It is possible to observe from the analysis of Table 6 that, depending on the number of inflation
chambers (N), different parameters were identified as being significantly important regarding their
impact on the RA. For instance, for the PB3, the LT, L and S significantly impact the RA of the PB
(pvalue < 0.05); for the PB2 and PB1, the LT significantly impacts the RA of the PB (p-value <
0.05). This indicates that PBs with a higher number of inflation chambers are only affected by the
LT of the chambers since N tends to nullify the effects of other variables. Nevertheless, the selected
variables were subsequently used in a CCRD experimental design with a significance level of 5%,
to mathematically modulate the RA of the PB with the selected variables and the experimental

design conditions are shown in Table 7 with the respective equations. The equation’s coefficients
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that were not statistically significant (p-va/ue > 0.05) were removed from the equations and the

obtained curves are shown in Table 7 with their respective models and correlation coefficients.

Table 7 - CCRD experimental design experiments using the selected independent variables.

Experiment LT w S L H T RA Modulation
PB1
1 124 300 1.00 1400 1300 200 113.70 \\
100 \
2 376 300 100 1400 1300 200 30.00 <
::;
L)
N
3 1.00 300 1.00 1400 1300 200 132.00 ° |
125 15 175 2 225 25 275 3 325 35 375
LT (mm)
4 400 3.00 1.00 14.00 13.00 200 27.50 RAP31:51-72_4’3-07LT+19-92LT2
(rr=10.9994)
5 250 300 100 1400 1300 200 51.60
PB2
150
1 124 300 1.00 1400 13.00 200 131.20
2 376 300 100 1400 1300 200 36.00 g
575 \
3 1.00 300 100 1400 1300 200 150.00 ™~
\4\\
4 400 300 100 1400 1300 200 32.80 P P P S PR

Lt (X1, mm)

RApg, = 62.02 — 48.58 LT + 21.05 LT

5 250 300 100 1400 1300 200 6170 (r = 0.9996)
PB3

1 161 240 070 1400 1300 2.00 54.30

2 339 240 070 1400 1300 200 16.20

3 161 360 070 1400 1300 200 55.20

4 339 360 070 1400 1300 200 20.50

5 161 240 130 1400 1300 200 50.30 g

6 339 240 130 1400 1300 200 21.40 s

7 161 360 130 1400 1300 200 50.70

8 339 360 130 1400 1300 200 21.00

9 1.00 300 100 1400 1300 200 75.80

10 400 300 100 1400 1300 200 16.50

11 250 199 100 1400 1300 200 30.30 RApgs = 31.29 —16.92 LT + 5.14 LT?

+1.77LT S

12 250 401 100 1400 1300 200 30.40 (= 0.9929)

13 250 300 050 1400 1300 200 34.80

14 250 300 150 1400 1300 200 31.10

15 250 300 100 1400 1300 200 31.00
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It is possible to observe, from the results obtained in the experimental design, that the
mathematical models for the PB1, PB2 and PB3 have a correlation coefficient of ca. 0.9994,
0.9939, 0.9929, respectively, which makes these models appropriate to predict the RA of a PB
given its design parameters. However, the equations can also be used to determine the design
parameters of the PB given a desired RA and this was the approach used in this study since the
different PBs have different contraction amplitudes due to their location in the gastric compartment.
This way, an LT of 3.61, 3.29 and 0.86 mm must be used for a RA of 30, 40 and 80% for the PB1,
PB2 and PB3, respectively, considering that the PB3 “s” parameter was set to O (i.e., an “s” of 1

mm).
3.3.2 RGM characterization
3.3.2.1.pH kinetics profile

A pH kinetics profile assessment was made to characterize the RGM in terms of pH control. For
this purpose, the gastric pH was monitored and accordingly adjusted to the correspondent pH at
a given time, taking into consideration the pH curve reported by Mans Minekus et al., (1995). The

results are depicted in Figure 13.
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Figure 13 - Gastric pH kinetics control characterization.

It is possible to observe from Figure 13 that the pH curve obtained experimentally follows the same
trend and behavior of the intended algorithmic pH curve. Furthermore, the correlation between

both curves is ca. 0.73 which indicates a relatively high correlation. It is important to notice that
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the slow mixing of the gastric compartment can significantly influence the homogenization of the
pH inside the /n vitroRGM which explains the relatively high standard deviation among experiments.
To further investigate the mixing properties of the RGM, a hydrodynamic characterization was

made.
3.3.2.2.RTD assessment

The RTD of the particles inside the /n vitro RGM was evaluated to understand the hydrodynamic
characteristics of the stomach. The experiments were made without peristalsis to only characterize
the geometry of the stomach and understand its impact on the mixing and transportation of
particles. For instance, by using this approach it is possible to identify the presence of dead zones
inside the stomach as well as by passing (i.e., particles with very low residence time). Therefore,
this approach was used using different volumetric flow rates (i.e., stomach emptying rates) and

results are depicted in Figure 14.

1.88 mL/min 6.80 mL/min

Time (min) Time (n

Figure 14 - Response of the stomach to a tracer injection at different volumetric flow rates.

It is possible to observe from Figure 14 that the geometry of the stomach itself promotes high
variability in the dispersion and transportation of the tracer particles (i.e., high standard deviation
of the curves). Except for the 1.88 mL/min flow rate, all other experiments showed a similar curve
shape and as expected, particles at higher flow rates reach the fibre optics’ sensor faster.
Furthermore, the oscillations in the curve plateau may be indicative of the existence of dead zones
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since the tracer is being gradually and heterogeneously released over time which promotes a
sinusoidal behaviour in the plateau of the curve. In fact, this study indicates that the stomach “J”
shape has a significant impact towards the tracer dispersibility, probably due to its accumulation
in the stomach antrum. However, this is only speculative and more assays should be done, namely,
by aping the inside of the stomach regions in terms of tracer concentration. The average particles’

residence time was also calculated, and the results are represented in Figure 15.
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Figure 15 - Average residence time of particles inside the stomach at different flow rates. Note:

columns with the same letter are not statistically different from each other (p-va/ue > 0.05)

It is possible to observe from Figure 15 that, despite the high variability of the dispersion assays,
this variability was not translated into the average residence time of the particles and statistically
significant differences (p-value < 0.05) were identified. Namely, it is possible to conclude that higher
flow rates resulted in lower particles’ residence time which makes sense since each particle travels
at a higher velocity and thus spending less time inside the stomach. This behaviour is in fact
indicative that liquid dispersion samples (i.e., faster stomach emptying) will spend less time in the
stomach than solid samples which will consequently influence their interaction with enzymes and,

therefore, their digestion.

3.4 CONCLUSIONS

The results obtained in this study represent a potential guideline towards the development of a
standardized dynamic /n vitro gastric model due to its interlaboratory reproducibility. Furthermore,

the Plackett-Burman experimental design shows that the RA of PBs with higher N are more prone
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to the effect of the LT of the inflation chambers. The RA of PB1 and PB2 is mainly affected by the
LT of the inflation chambers while the RA of PB3 is affected by the LT, and S. These parameters
were subsequently used in the DCCR experimental design. The equations obtained from the CCRD
were further applied to determine each design parameter of the respective PB, depending on its
location in the stomach. This way, an LT of 3.61, 3.29 and 0.86 mm was determined so that the
PB1, PB2 and PB3 have an RA of 30, 40 and 80%, respectively. Furthermore, the RGM model
showed to adapt and control the pH through the digestion process using a stability threshold of
0.7. However, some variability was observed probably due to the mixing properties of the RGM. In
fact, the hydrodynamic characterization of the RGM also gave important insights regarding the
model variability, showing that the anatomical geometry of the stomach itself is a probable cause
of the RGM variability. This characterization also showed that higher stomach emptying flow rates
will lower the residence time of the food samples and consequently their contact with enzymes
which will change its digestion kinetics. Despite the developments of this study, much work needs
to be done towards the RGM characterization and performance assessment. It is of utmost
importance assessing the RGM performance in digesting food products, i.e., either liquid, semi-

solid of solid foods which will be the focus of the next chapter.
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4.1 INTRODUCTION

The use of /n vitro digestion models is very well established by the scientific community study the
digestion process of food. The use of in vivo models can then be avoided, or at least reduced, since
these are expensive, labour-intensive models that present some ethical issues (Bellmann et al.,
2016; Madalena et al., 2019; Simdes et al., 2020). Consequently, many /n vitro digestion models
have been developed to address the increasing interest on this topic. In fact, the COST INFOGEST
group is responsible for developing static (Brodkorb et al., 2019; Minekus et al., 2014) and semi-
dynamic (Mulet-Cabero et al., 2020) digestion models that can be used for inter-laboratory
comparisons. However, the development of a fully dynamic standardized /n vitro digestion model
is still a challenge, and the previous chapter addresses this issue by proposing the development of
a reproducible RGM that has the potential to be used as a standardized dynamic /n vifro gastric
model. The current assay aims at assessing the performance of the RGM in the digestion of food.
For this purpose, commercially available semi-skimmed milk was used since it is a very complete
and nutritious food product that contain several proteins, fats, and carbohydrates. As such, the
standardized semi-dynamic /n vitro digestion protocol was used, and protein hydrolysis and fat
digestion were assessed. Protein digestion was evaluated using the OPA method (i.e., to quantify
the release of amino-acids) and SDS-PAGE while milk fat globules digestion was analyzed using GC
to quantify the release of FFA. CLSM was also used to visually assess both protein and fat digestion
throughout the /n vitro digestion process. In addition to these conventional analytical techniques,

UV-VIS-SWNIR spectroscopy was also used to assess, in real-time the digestion of proteins.

4.2 MATERIALS AND METHODS

4.2.1 Materials

The potassium chloride (KCI), potassium di-hydrogen phosphate (KH2PO4), sodium bicarbonate
(NaHCO03), sodium chloride (NaCl), magnesium chloride hexahydrate (MgCI2(H20)6), ammonium
carbonate ((NH4)2CO3), TEMED, Tris, APS, Coomassie Blue R-250 solution, ethanol, absolute,
(with purity >=99,8% HPLC grade), acetic acid glacial, Nile red, FITC, a-amylase 10 mg.mL-1 (1154
U.mg-1), pepsin from porcine gastric mucosa (1264 U.mg-1) and lipase from porcine pancreas
(15.7 U.mg-1) were purchased from Merck (Darmstadt, Germany). All enzyme activities were

determined using the protocol described by Mulet-Cabero et al., (2020). The SDS was purchased
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form Panreac Quimica SLU (Castellar del Valles, Barce-lona). The commercially available semi-
skimmed milk was purchased in the local supermarket containing 3.4 g/100mL of proteins, 1.6
g/ 100mL of lipids and 4.9 g/100 mL of carbohydrates (mainly sugars) which represent ca. 10%

of solids in milk.

4.2.2 In vitro digestion protocol

The INFOGEST 2.0 /n vitro digestion protocol (Mulet-Cabero et al., 2020) was used to assess the
gastric digestion of milk that is being used as a food model to evaluate the performance of the
RGM. Briefly, the simulated electrolyte fluids were prepared using stock salt solutions of KCI (15.1
mmol.Lt), KH,PO, (3.7 mmol.L?), NaHCO; (13.6 mmol.L?), MgCl,(H.0)(0.15 mmol.L), (NH.).CO;
(0.06 mmol.L?) for the simulated salivary fluid (SSF) and KCI (6.9 mmol.L1), KH,PO, (0.9 mmol.L
1), NaHCO; (25 mmol.L1), NaCl (47.2 mmol.L*), MgCl,(H.0); (0.12 mmol.L?) and (NH.).CO, (0.5
mmol.L) for the simulated gastric fluid (SGF) - values within parentheses correspond to the final
salt concentration in the respective simulated fluid. The /n vifro digestion conditions were calculated
according to the samples’ nutritional composition which are detailed in Table 8. Subsequently, 250
g of milk were mixed with SSF, 0.3M CaCl, and water. Salivary amylase was added and the oral
phase started with a duration of 2 minutes. The contents were transferred into the RGM which
contained a basal volume of 21.01 mL of SGF and 0.3M CaCl,. Both SGF and enzymes were
gradually pumped at a flow rate of 3.99 and 0.17 mL/min, respectively.

Table 8 - Summary of the main /n vitro digestion conditions.

Gastric SGF flow  Enzymes flow  SE rate Number
Oral phase
phase (mL/min) (mL/min) (mL/min) of SE
Electrolyte
20.0 (SSF) 210.0 (SGF)
solution (mL)
3.99 0.17 9.24 12
0.3M CaCl, (uL) 125.0 137.50
Water (mL) 3.87 54.86

4.2.3 Offline milk /n vitro digestion assessment

Some offline techniques were used to assess the /7 vifro digestion of milk namely the OPA method
to quantity the release of amino acids during protein gastric digestion, an SDS-PAGE under reducing

conditions to assess protein aggregates during digestion, a FFA quantification (i.e., C18:1, C18,
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Cl16,C14,C12,C10) using GC and, finally, microscopy images were taken using confocal scanning
laser microscope (CSLM) to assess the protein particles and lipid droplets’ integrity throughout the

in vitro gastric digestion.

4.2.3.1.0PA Method

The OPA method was used to quantify the amino acids released during the /n vitro gastric digestion,
using serine as a reference. For this purpose, all samples were previously centrifuged at 14000
rpm for 15 min to separate the protein aggregates from the free amino acids. Subsequently, 20
ulL of centrifuged samples were transferred to a 96 well microplate and 200 pL of OPA reagent
was added. The micro plate was then incubated at 50 °C for 60 min and a fluorescence read was
made with an excitation and emission wavelengths of 340 and 455 nm, respectively, with a gain

of 50.

4.2.3.2.5DS-PAGE

An SDS-PAGE under reducing conditions was performed in order to evaluate the behaviour of milk
proteins under gastrointestinal conditions throughout the digestion time, based on previous works
(Ferreira et al., 2021; Pereira et al., 2021). All samples were diluted with sample buffer to a final
protein concentration of 0.15% aiming at eliminating the effect of sample dilution during Gl
digestion caused by the presence of the simulated gastric secretion. The sample buffer used was
2x Laemmli Solution (Bio-Rad Laboratories, Inc., Hercules, CA, USA). All samples were added to
the sample buffer to achieve the desired final protein concentration, heated at 80 °C for 10 min
and then loaded into the gel well. A molecular weight marker (PageRuler™ Unstained Broad Range
Protein Ladder 5-250 kDa, where 100, 50, and 20 kDa bands were used as reference, Thermo
Scientific) was used to identify the respective molecular weight of the bands and consequently the
respective protein/ protein aggregate. A Mini Protean Tetra-cell (Bio-Rad Laboratories, Hercules,
CA, USA) was used to perform the electrophoresis analysis along with acrylamide/bisacrylamide
gels. Resolving and stacking gels of acrylamide/bisacrylamide (37.5:1, 30%) were prepared at a
concentration of 12% and 4%, respectively. A solution of Tris-HCI 1.5 mol/L at pH 8.8, %, APS at
10%, SDS at 10% and TEMED was used to prepare the resolving gel. The stacking gel was prepared
similarly with the slight difference of replacing tris-HCI 1.5 mol/L at pH 8.8 with tris-HCI 0.5 mol/L
at pH 6.8. A stock solution of running buffer was prepared with Tris (0.250 mol.L"), glycine (1.920
mol.L?) and SDS (36 x 10-3 mol.L) and diluted 10 times before use. The running conditions used
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were 300 V and 60 mA for, approximately, 40 min. The staining of gels was performed with a
Coomassie Blue R-250 solution (0.1%) prepared with ethanol and acetic acid at 40% and 10%,
respectively. The staining of gels was followed by the destaining with a solution of ethanol and

acetic acid at 40% and 10%.

4.2.3.3.Free fatty acid analysis using GC

A GC analysis was applied to assess lipid digestion of milk in the /n vifro RGM by quantifying FFA,
namely the C18:1 (oleic acid), C18 (staric acid), C16 (palmitic acid), C14 (myristic acid), C12
(lauric acid) and C10 (capric acid). For this purpose, the assay developed by Neves et al., (2009)
was applied. The analysis was carried out in a GC system (VARIAN 3800) equipped with an FID.
LCFA are separated using a Stabilwax-MS column (30 m x 0.25 mm x 0.25 pym), with He as the
carrier gas at 1.0 mL/min. The air flow is set at 250 mL/min, nitrogen and hydrogen flow of 30
mL/min. Temperatures of the injection port and detector were 220 and 250 °C, respectively. Initial
oven temperature was 50 °C for 2 minutes, with a 10 °C/ min ramp to 225 °C, and a final
isothermal for 10 minutes. Briefly, 2 mL of the digestion samples were transferred to glass tubes
and mixed with 1.5 mL of IS solution (1000 mg/mL), 1.5 mL of 25 % (v/v) HCI (37%):1-propanol
and 2 mL of DCM. The solution is then vortex mixed and digested at 100 °C for 3.5 hours. The
tubes are let to cool down at room temperature, vortexed and the content is transferred with 2 mL
of ultra-pure water into a 10 mL vial that is subsequently closed with a rubber stopper and
aluminium crimp cap. The vials are inverted for about 30 minutes so that the organic phase of the
solution is in contact with the rubber stopper. A plastic syringe is used to transfer 2 mL of the
organic phase to a 2 mL vial containing a small amount of Na2S03 to remove any residual water
in the samples. The supernatant (i.e., samples without Na2S03) is carefully transferred to another
2 mL vial that is tightly closed with a screw cap containing a silicone/PTFE septum. Finally, the
samples are put in the GC sample holder and 1 L is transferred to the GC. The chromatogram
peaks were identified by comparing the digestion results with the calibration chromatogram using
C6:0, C8:0, C10:0, C12:0, C14:0, C16:0, C16:1, C18:0, C18:1, and C18:2. However, only the
most abundant FFA were analysed in the digestion proteins, i.e., C18:1, C18:0, C16:0, C14:0,
C12:0 and C10:0 (Clulow et al., 2018). The respective digestion chromatogram peaks were

integrated and compared with the ones in the calibration.
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4.2.3.4.CSLM

Microscopy images were taken using CSLM (Olympus BX61, Model FluoView 1000) to assess the
integrity of protein and lipid structures in the milk samples, using a 60x oil immersed objective
lens. The samples from times 0, 30 and 59.5 min were stained according to Liang et al., (2017).
Briefly, 5 uL of fluorescein isothiocyanate (FITC, 10 mg/mL in dimethyl sulfoxide) and 10 uL of
Nile red (1mg/mL in methanol) were added to 200 uL of sample for protein and lipid staining,
respectively. The stained samples were then vortexed for 5 minutes and 7 ulL were transferred to
the microscope slide. The samples were then analysed using a green (laser488 BA:505-540) and
red (laser559 BA:575-675) laser since the emission and excitation wavelengths form FITC and Nile
red are 488-545 nm and 515-605, respectively. All images were acquired and processed with the

software FV10-Ver4.1.1.5 (Olympus).

4.2.4 UV-VIS-SWNIR Spectroscopy

4.2.4.1.Description

The /n vifro milk digestion was also assessed via UV-VIS-SWNIR spectroscopy using a fibre optics
(T300-RT-VIS/NIR, Oceanoptics, Orlando, USA) multichannel spectrophotometer (AvaSpec-2048-
DT-4, 2048-pixel, 200-1100 nm). A halogen light source (Avalight-Hal LS-0308016, 360-2500nm,
Avantes, Apeldoorn, the Netherlands) was used since it covers the region of interest of the spectrum
(360-1100 nm). The spectra were subsequently acquired using AvaSoft 7.5.3 by averaging 30
spectra on each acquisition. A multivariate calibration was made using serine as a reference amino
acid, similar to the OPA method. For this purpose, 200 mL of distilled water was put in the RGM.
Subsequently, 1 mL of serine solution (1 mg/mL, w/v) was sequentially added and mixed.
Furthermore, 50 spectra were acquired at each serine concentration. During the digestion process,
the spectra were obtained at each stomach emptying, using time O as a blank. The free NH2 was

predicted using the previous calibration.

4.2.4.2.Signal processing software

The software responsible for the NIR spectra pre-processing was developed using python version
3.9.12. The sci-kit learn library was used for spectra smoothing, wavelength selection, peak
identification, and regression. The library pyDOEZ was used to obtain the DOE matrix. The numpy

and pandas libraries were used for matrix calculations.
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4.2.4.3.Sample separation

The serine calibration dataset consisted in a collection of 500 spectra containing 10 serine
concentrations. As such, the dataset was randomly split into two groups: a calibration and
evaluation set in a 3:1 ratio, respectively. This technique is often applied to ensure that overfitting

does not happen.

4.2.4.4.Spectrum smoothing

All obtained spectra were smoothed using the Savitzky-Golay filter. This way, the window size and
polynomial order were determined used an FCD. The r? of the serine concentration prediction was

used to optimize the smoothing parameters.

4.2.4.5.Baseline correction and resolution enhancement

Two strategies were tested to correct the baseline and enhance the resolution of the spectra: the
SNV and MSC. The spectra transformations were manually calculated and the code snippet can

be consulted below.

def snv(self, interval=[0,None]):

snv_data = []

num_spectra = len(self.spectra_abs)

for i in range(num_spectra):
print(f"\rApplying SNV correction to spectum {i+1}/{num_spectra}", end="")
spectrum = self.spectra_absi][interval[0]:interval[1]]
snv_data.append((spectrum-np.average(spectrum))/np.std(spectrum))

return snv_data

def msc(self, window=10):

print("Applying MSC correction...")
input_data = np.array(self.spectra_abs, dtype=np.float64)
ref =[]
sampleCount = int(len(input_data))
for i in range(input_data.shape[0]):

input_datali,:] -= input_datal[i,:].mean()
data_msc = np.zeros_like(input_data)
for i in range(input_data.shape[0]):

i in range(0, sampleCount, window):
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ref.append(np.mean(input_datalj:j+window], axis=0))
fit = np.polyfit(refi], input_datali,:], 1, full=True)

data_msc[i,:] = (input_datal[i,:] - fit[0][1]) / fit[O][O]
return (data_msc)

4.2.4.6.Wavelength selection

To identify and select the wavelengths that contribute the most to explain the serine variance in the
dataset, VIP values of PLS were used with a threshold of -0.8 and 0.8. The selected wavelengths

were subsequently used in regression.

4.2.4.7 Regression

Several regression models were compared, namely, the MLR, RR, LR, ENR, BRR, SVMR and RFR.
The models were fitted with the calibration subset and the r2 was calculated using the evaluation

subset.

4.2.5 Statistical Analysis

All statistical analyses applied to experimental data were performed using Origin (2018, OriginLab
Corporation, Massachusetts, USA), unless it indicated in the text otherwise. The statistical
significance (at p < 0.05) was determined using one-way ANOVA followed by post hoc. Tukey's
tests with at least triplicate samples, unless it is mentioned on the respective section otherwise.
The FCD matrix was obtained by the pyDoE library and the optimization curves were further

obtained in Protimiza Experiment Design Software (http://experimental-design.protimiza.com.br).

4.3 RESULTS AND DISCUSSION

4.3.1 Ex situassessment of milk digestion.

4.3.1.1.Protein hydrolysis

Milk products are very well known for their nutritious value due to its content of proteins, lipids and
carbohydrates. This way, milk was used as a food model to assess the performance of the in vitro
RGM. To evaluate protein hydrolysis, the OPA method and an SDS-PAGE were made to quantify

the free NH, and assess the protein fractions. It is possible to observe from the analysis of Figure
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16 that, despite the differences observed between the three independent digestion assays, all
assays have the same curve shape, i.e., an exponential increase in the release of NH, with an initial
lag phase. In fact, several factors may have contributed to the late release of NH, groups during
the digestion. For instance, the gradual acidification of the digestion fluids may have significantly
contributed to a gradual release of free NH, groups. In fact, for all experiments, a high correlation
was observed when the pH kinetics and protein hydrolysis were compared with an rz of 0.961,
0.837 and 0.934 for the experiment 1, 2 and 3, which are depicted in Figure 16B, C and D,
respectively. Since some variability was observed in the pH profile across experiments, the
variability of NH, groups release could be explained by the different pH kinetics of the experiments.
The gradual input of enzymes, namely the pepsin, may also have contributed to the gradual release
of NH, and explaining the lag phase in the curves. The combination of pepsin gradual input and
pH kinetics gave shape to the release kinetics’ curves of the NH, groups since pepsin activity is
optimal between pH 1.6 and 4.0 (Mackie et al., 2020; Shani-Levi et al., 2017). This way, lower pH
values correspond to a higher protein hydrolysis. This behaviour was observed elsewhere
(Hodgkinson et al., 2018) where the authors obtained higher protein hydrolysis at pH 3.0 when
compared to pH 5.0. Other studies also observed similar exponential protein hydrolysis. For
instance, Dong et al., (2021) used an AGDS to assess the digestion of milk and other dairy products
(i.e., yoghurt and cheese). The authors observed an exponential release of free NH, during the
gastric /n vitro digestion process with a concentration ca. 0.9 mg/mL of free NH, at the 60 minutes

of digestion.
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A B

H Experiment 1 Experiment 2 Experiment 3 Digestion pH

Figure 16 - Protein hydrolysis during the /n vitro RGM digestion where: A — quantification of free
NH, per gram of protein; B, C and D correspond to the correlation between the experiment 1, 2

and 3 pH profile and the free NH, per gram of protein, respectively.

With the p/ of casein, the main protein of milk, being at 4.6 (Tagliazucchi et al., 2016), protein
destabilization may occur which can in turn promote protein aggregation. To further assess this
process an SDS-PAGE was made, and the results are depicted in Figure 17. It is possible to observe
that all bands suffered a decrease in intensity, except for SE10 and SE12 where protein aggregation
may have occurred. Furthermore, a band at ca 15 kDa (para #CN) appeared at the early stages
of digestion (i.e., from SE1) and its intensity remain constant (despite the dilution of samples) until
SE8 where its intensity starts to decline. This indicated that some fractions of ACN were hydrolysed
into para #CN. Similar results were observed by Ye et al., (2019) and the authors attributed the
cause of protein aggregation to the appearance of para #CN. Roy et al., (2022) also observed /in
vivo the appearance of para 4CN as a result of 4casein hydrolysis. Whey proteins like 3-Lg and a-
La were observed throughout the digestion process. This indicates that they resist the in vitro
digestion process, as expected. This is in accordance with previous studies (Dong et al., 2021; Li
et al., 2021; Madalena et al., 2016) where whey proteins were able to resist pepsin digestion. For
instance, the resistance to proteolysis from (-Lg is often attributed to its low pH stability (Ye et al.,

2019) since its p/is around 5.2 which is further from the highly acidic conditions of the stomach
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(Madalena et al., 2016). On the other hand, despite its appearance, o-La bands decreased in

intensity, specially from SE8 which indicates that some extent of protein hydrolysis occurs.
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Figure 17 - Protein digestion assessment using SDS-PAGE where: Molecular weight marker; MC
- undigested milk samples; the lanes identified with the numbers 2, 4, 6, 8, 10 and 12 correspond

to the respective stomach emptying.

4.3.1.2.FFA assessment through GC

Lipids in milk are mainly expressed as triglycerides which comprise ca. 98% of the fat content of
milk (Clulow et al., 2018). Despite of the main digestion site being the small intestine (i.e., by
interacting with pancreatic lipase) some extent of lipid digestion still occurs in the stomach (De
Oliveira et al., 2016) and the results of this process are described in this topic. This way, the
lipolysis of milk was assessed through GC to identify and quantify the release of FFA in milk and
the results are depicted in Figure 18. Despite the high variability of the samples, some trends can
be identified in the digestion data. It is possible to observe the same kinetic curve shape for all
FFA, i.e., an exponential increase with a lag phase. C16:0 was the most released FFA followed by
C18:1, C14, C18, C12 and C10 with a release of ca. 61.98 + 31.72, 33.48 + 16.54, 21.24 +
12.12, 16.39 + 7.99, 7.69 + 2.17 and 5.47 + 3.42 mg/mL FAA/ g lipid, respectively. It is also

possible to observe that the FFA release kinetics «present a similar shape when compared with the
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free NH, groups release. To further explore this observation, CSLM was made in conjunction with

a multivariate analysis through PCA.
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Figure 18 - FFA release profiles during the RGM /n vitro digestion.

4.3.1.3.Assessing milk protein and lipid digestion — A multivariate analysis.

Protein and milk digestion is highly dependent on milk composition and structure. As such, it is
known that fat globules may interact with casein and significantly influence its coagulation under
gastric conditions (Ye, 2021). This way, CLSM was used to assess the /in vitro digestion of both
milk proteins and fat and the images are represented in Figure 19. It is possible to observe that
the initial milk samples (i.e., undigested milk samples) are composed by small protein particles
with ca. 5-10 um (represented by green particles) and fat globules (represented by red particles).
It is also possible to observe that lipid and protein particles seem to interact with each other since
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fat globules inside protein particles were observed. Some variability regarding the different
experiments were observed but some conclusions can be drawn. For instance, all experiments
exhibit protein aggregation in SE6 and SE12 which can be explained by casein coagulation during
gastric digestion due to its instability at low pH and its interaction with Ca> ions (Ye, 2021; Ye et
al., 2019). It is also possible to observe that fat globules were tendentially near protein
agglomerates. This tendency was also found elsewhere (Dong et al., 2021) with different dairy
products, including milk. However, the SE6 of experiment 2 appears to have some degree of lipid
coalescence. With the exception of samples SE12 from experiment 3, where protein particles
aggregated and formed a network structure, it is possible to observe the appearance of smaller
particles that can be small polypeptides that are being released due to proteolysis. Further
investigation made to unravel the correlations and interactions between all factors during the

digestion and, as such, a multivariate analysis was made, i.e., a PCA.
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Exp 1 Exp 2 Exp 3

SE6 - 3D

SE6

SE12

Figure 19 - CLSM images obtained through the digestion process of three distinct experiments
(i.e., Expl, Exp 2, and Exp 3) at times O (milk sample), 29.76 (SE6) and 59.50 (SE12) minutes as

well as the 3D projection at time 29.76 minutes. The white bar represents 20 um.

It is possible to observe form the analysis of the PCA (Figure 20) that the extraction of two PCs
explains 99.71% of the data variability which means that two PC account for a major part of data
variability and are good representations of the data, with PC1 itself explaining 91.59% of data
variability and PC2 8.12%. This means that the horizontal distance between points is significantly
more important that their distance along the y-axis, which means that the release of NH, groups

during the digestion is correlated with the C10:0, C12:0, pH (despite its vertical distance), C14:0
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and C18:0, while C18:1 and C16:0 appear to be on separate groups. This indicates that in fact,

the digestion of proteins and lipids in milk can be correlated and the digestion pH takes an

important role towards protein and lipid digestion.
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Figure 20 - PCA of milk /n vitro digestion in the RGM. Values within parenthesis account for the

variability explained by the respective principal component.

4.3.2 Real-time monitoring of milk protein digestion

To assess milk digestion in realtime, a fibre optics UV-VIS-SWNIR spectroscope was used. This
technique allows a rapid, non-destructive way to measure the release of amino acids during the /n
vitro digestion process without sample manipulation (i.e., centrifuging, extraction, ice bathing, etc).
This way, serine was used to calibrate the equipment using the NIR region of the spectra by
smoothing the data, correcting the baseline of the spectra, selecting the most important
wavelengths and estimating the concentration of serine by fitting several regression models,
namely, MLR, RR, LR, ENR, BRR, SVMR, and RFR. Primarily, the optimum window and polynomial
order were determined for the Savitzky-Golay filter using an FCD. The results are depicted in Figure
21. It was possible to determine a w of 73. Note that the coefficients of the polynomial were

removed since they were not statistically significant (p-va/ue > 0.05).
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Figure 21 - Savitzky-Golay optimization using an FCD.

An SNV was made to correct the baseline of the spectra to remove the effects of light scattering.

The effect of smoothing and SNV can be seen in Figure 22.
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Figure 22 - Effect of smoothing and SNV transformation of the serine spectra at different
concentrations where: A — raw spectra; B — smoothed spectra; C — SNV. Note that each spectrum

is represented as the average of 50 acquired spectra.

Subsequently, PLS was used to select the wavelengths that contributed the most for the serine

concentration variance. This way, the wavelengths 721.21, 776.53, 858.72, 869.83, 967.36,
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987.02, and 1080.11 nm. The wavelengths were further used to fit the regression models and the

results are represented in Table 9.

Table 9 - Regression results.

MLR RR LR ENR BRR SVMR RFR

0.8901 0.9488 0.9607 0.9635 0.9527 0.9838 0.9873

It is possible to observe that the RFR algorithm has shown to be more precise in predicting the
serine concentration using the selected wavelengths. Furthermore, it is also possible to conclude
that machine learning algorithms (SVMR, RFR) had better performance when compared with the
linear models (MLR, RR, LR, ENR, and BRR). This way, the calibration of the NIR spectroscope was
further used in the digestion data to predict the digestion of proteins in the /n vitro RGM and the

results are depicted in Figure 23.

xperimental Result

B
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(_..l..l
N

Estimated result

Figure 23 - Comparison between protein hydrolysis obtained experimentally and estimated.

It is possible to observe that the estimated and experimental values present a high correlation
coefficient of ca. 0.9455. This indicates that in fact UV-VIS-SWNIR spectroscopy can be used to

predict the release kinetics of amino acids during protein hydrolysis.

4.4 CONCLUSIONS

An in vifro RGM was used to assess milk digestion in terms of its protein and lipid hydrolysis. This
way, conventional assessment techniques were used to assess protein (OPA, SDS-PAGE), lipid (GC)

and the combination of both (CLSM). Very interesting results were observed in this study, namely,
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the high dependence of protein hydrolysis with pH due to enzyme activation and protein clothing;
the exponential hydrolysis kinetics with a lag phase was observed for both protein and lipid
digestion; the appearance of para 4CN due to the hydrolysis of Acasein as it has been seen on
previous studies (Roy et al., 2022; Ye et al., 2019); The morphology of protein particles drastically
changed during the /n vitro digestion process. In fact, protein aggregation was seen in SE6 and SE
12 when compared with the undigested milk samples. Furthermore, it was also possible to observe
a tendency of fat globules to associate with milk proteins as well as the formation of smaller
particles, despite the existence of protein aggregation, which may be attributed to the appearance
of small polypeptides. In fact, the PCA results reinforced the connection between proteins and
lipids. Protein hydrolysis was also measured in realtime using fibre optics UV-VIS-SWNIR
spectroscopy. For this purpose, the spectra were pre-processed and a Savitzky-Golay window of 73
was determined for all spectra smoothing. The SNV transformation was applied and the most
important wavelengths were identified using PLS VIP being 721.21, 776.53, 858.72, 869.83,
967.36, 987.02, and 1080.11 nm. Subsequently several regression models (i.e., both linear and
machine learning models) were used to estimate protein hydrolysis and RFR obtained the best
results with a correlation of 0.9873. The RFR model was further used in the digestion spectra and
a correlation of 0.9455 was obtained between the estimated and experimental data which shows
that UV-VIS-SWNIR spectroscopy is in fact a suitable technique to assess protein /n vitro digestion
in real-time. The results in this study suggests that the RGM is a suitable /7 vitro digestion model

that can potentially be used as a standard /n7 vifro gastric model.
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5.1 GENERAL CONCLUSIONS

The application of /n viiro digestion models to study food digestion has been well established by
the scientific community. As such, the work presented in this dissertation aims at developing a
more realistic /n vitro gastric digestion model that encompasses the anatomical geometry of the
human stomach. The /n vifro RGM has the potential to be used as a novel standard dynamic /in
vitro gastric model due to its interlaboratory reproducibility. This way, several conclusions can be
taken from this work. For instance, the optimization of the PB enabled the mathematical
modulation of the PB’s behaviour and, consequently, the determination of the design specification
so that the PB would rotate at a specific, pre-determined angle, namely, an LT of 3.61, 3.29 and
0.86 mm could be used so that PB1, PB2 and PB3 would rotate 30, 40 and 80%, respectively. It
was also possible to observe that the RGM presented some intrinsic variability due to its geometry,
more specifically and probably, due to the geometry of the antrum which hypothetically promoted
a potential dead zone and gradual mixing of the tracer. Furthermore, higher flow rates resulted in
lower residence times, as expected, which indicates that in fact, liquid food products have a lower
residence time than solid food products which in turn indicates a lower contact and interaction with

gastric enzymes.

Milk was used to assess the performance of the RGM since it is a very complete food product
containing proteins, lipids and carbohydrates. It was possible to observe that both lipids and
proteins had an exponential hydrolysis with an initial lag phase which could be indicative of the
slow mixing and storage in the stomach antrum, along with the gradual input of gastric enzymes.
It was also possible to observe the high dependence of protein hydrolysis with pH due to enzyme
activation and protein clothing. Furthermore, both the morphological assessment and multivariate
analysis indicated that proteins and lipids’ digestion were interconnected since it was observed the
association of fat globules to protein aggregates during the /n vifro digestion process. In addition,
a real-time analysis was also made to assess /7 sifu the digestion of proteins. For this purpose, UV-
VIS-SWNIR spectroscopy using fibre optic was applied. Some spectra pre-processing techniques
were applied to extract important information from the spectra and correlate it with the release of
free NH, groups using serine as a reference amino acid, similar to the OPA method. This way, the
optimization of the Savitzky-Golay filter resulted in the determination of an operation window of 73
with a third order polynomial order. Subsequently, the spectra were baseline corrected and the

most important wavelengths were identified using PLS VIP being 721.21, 776.53, 858.72, 869.83,

102



Chapter 5 | General conclusions and future work

967.36, 987.02, and 1080.11 nm. The selected spectra were further used for NH, groups
estimation. The RFR showed to be the most precise regression model by showing a higher
correlation coefficient of 0.9873. This model was subsequently applied to predict free NH, groups
during the /n vitro digestion process and a correlation of 0.9455 was obtained between the
estimated and experimental data which shows that UV-VIS-SWNIR spectroscopy is in fact a suitable

technique to assess protein /7 vitro digestion in real-time.

This way, the development and application of dynamic /n vitro digestion models is of utmost
importance since they try to recreate as close as possible the physiological conditions of the human
Gl tract by mimicking its chemical environment and motility. However, much work needs to be
done towards the development, standardization and validation of novel /n vitro digestion models
since both the food and pharmaceutical industries could benefit from such developments which
would consequently lead to tailoring innovative food products and bioactive compounds’ delivery

systems.

5.2 FUTURE PERSPECTIVES

Despite the developments of this thesis, many work still needs to be done and many questions
need to be answered. This way, this work can lead to the development of, for instance, novel /n
vitro digestion models. Consequently, the approach here applied can be easily transferred to
develop an /n vitro small intestine model that could also incorporate nutrient absorption through
the application electroporated membranes as well as a real-time analytical system using UV-VIS-
SWNIR spectroscopy. A standard dynamic /n vitro oral digestive system with mastication is still
inexistent and should also be a focus of new developments in the field. Furthermore, despite the
development of many /n vitro digestion models, their validation is still a major challenge. As such,
the development of guidelines and standards for this purpose should also be a priority. For this
purpose, an international open access database should be created, specially regarding the /n vivo
assessment of food so that the factors responsible for inter-individual, or even intra-individual

variability could be identified and recreated /n7 vitro, if possible.
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