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Abstract: The human colonic microbiota plays an important role in the food digestion process and
has a key role in maintaining health status. This community of microbes is inter-individually different
due to several factors that modulate its composition. Among them, diet is one of the most relevant,
which, in turn, is affected by environmental, economic, and cultural considerations. These pieces of
evidence have promoted the study of the influence of diet on gut microbiota and the development of
in vitro models that simulate the colonic digestion of foods. This narrative review aims to present
a technical approach of the in vitro gut models available to evaluate the impact of diet on human
colonic microbiota. A description and comments on the main characteristics, parameters, applicability,
faecal inoculum preparation, and analytical tools are made. Despite the progress of in vitro colonic
digestion models and metaomic applicability in this research field, there are still some challenges
to face due to the lack of a consensus on the methodologies to conduct in vitro colonic digestions
and the need to integrate the metaomic data to fully understand the influence of food in human

colonic microbiota.

Keywords: human colonic microbiota; diet; in vitro colonic fermentation; in vitro dynamic digestion

models; faecal inoculum; metaomic

1. Introduction

The role of diet in human health has been repeatedly addressed and confirmed.
However, elucidating the relationship between nutrition and health requires an accurate
understanding of the digestion process through which foods are transformed and interact
with the organism to exert their eventual biological function [1].

Along digestion, chemical and enzymatic reactions, along with mechanical forces,
transform food matrices and their main macronutrients (lipids, protein, and carbohydrates)
into their conforming constituents, which are absorbed by the enterocytes in the small
intestine [1]. Digestion is a very efficient process, but a small fractions of food constituents
still escape the hydrolytic action of enzymes and subsequent absorption, thus remaining in
the lumen and passing to the colonic stage, where the colonic microbiota can further interact
with them, forming what is considered to be a relevant research topic nowadays [2—4].

Studying the digestion process in situ presents several vicissitudes due to the issue
of access to the digestive system, the impossibility of continuous monitoring, and burden
for the subjects as well as ethical restrictions [5]. Animal models have been extensively
applied to assess the digestion process, but the fact that animals” microbiota differ from
humans’ microbiota is widely accepted [6]. For these reasons, alternative methodologies
to study digestion have increased, including in vitro digestion models, which enable the
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simulation of digestion in the laboratory [7-10]. These models allow for the possibility
of sampling at any point of the process, assessing digestion of any food or nutrient and
establishing its effect on the microbiota profile, or determining the products generated by
the microbiota metabolism [7,11]. In vitro digestion studies address such diverse research
questions as macronutrient digestibility, bioactive compounds bioaccessibility, the release
of encapsulated substances, or the effect of gastrointestinal conditions on digestibility,
among others.

In relation to the microbiota, these models can be useful to assess the effect of prebiotics
(nutritional compounds present in foods, such as fibres), probiotics (ingestion of alive
microorganisms), or symbiotics (a combination of both) on microbiota populations or the
role of these populations in the production of metabolites related to diet. Other relevant
fields that could benefit from applying in vitro colonic fermentation relate to microbiota
transmission from mothers to infants through breastmilk, the effect of antibiotics in the
area of pharmacology, or in agronomics to determine if the presence of pesticides in some
foods were to be evaluated in colonic microbiota. Depending on the goals, the digestion
and fermentation variables must be adapted to represent the physiological conditions
to simulate [5], such as transit time, pH, digestive secretions and composition [10], or
microbiota profile [12]. Compared to the standard digestion and fermentation conditions,
these amendments are crucial in the context of food digestion studies in chronic disease
(pancreatic insufficiency, celiac disease, etc.), special physiological states such as pregnancy,
or life stages (infancy, adulthood, elderly).

Great efforts are being made by the scientific community to standardize in vitro
protocols for mimicking the luminal digestion of foods [13,14]. Thanks to the adherence of
many researchers to these protocols, which establish the basic characteristics that should
be considered in the process (e.g., duration, pH of the stages, concentration of salts, and
digestive enzymes), the comparison of results and the progress towards establishing general
knowledge has been enabled. However, despite this progress, the in vitro simulation of
the colonic stage still remains without a common consensus, probably because of the
underpinning complexity to the reproduction of a microbial population and to all of the
factors involved.

For these reasons, this narrative review aims to display a technical approach to the
in vitro gut models available, which have been used in the food science and technology
fields over the last 10 years to evaluate the impact of diet on the human colonic microbiota.
In general terms, a description and comments on the main characteristics, parameters,
applicability, faecal inoculum preparation, and analytical tools are provided.

2. Materials and Methods

Scopus was selected as the database due to its large quantity of information and
its constant updating. First, the following words were used as keywords: in vitro gut
fermentation or in vitro gut model and food. Additionally, two filters were added: a
date range from 2010 to 2021 to consider the state of the art of the last 10 years and
the document type to exclusively compile research papers and reviews. Then, some
exclusions were made by taking into account subject areas and source titles that were not
related to food and humans (subject areas: nursing, pharmacology, environmental science,
chemical engineering, engineering, material science, neuroscience, veterinary, energy,
economics, computer science, physics, social science, health professions, mathematics,
arts, business, and psychology; source titles: journal of animal science, animal, poultry
science, aquaculture, animal science journal, and in vitro cellular and developmental
biology animal.). Finally, new exclusions were made after reading the titles, abstracts, and
a full text revision. Figure 1 shows a scheme of the step-by-step methodology.
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Figure 1. Flow diagram of data selection and identification process.

3. The Colonic Fermentation Process

The large intestine is a suitable environment (pH between 6-8 and anaerobic condi-
tions) for the development of microorganism populations (colonic microbiota), most of
which belong to the Bacteroidetes and Firmicutes phyla [15]. The main biochemical reaction
occurring in the colon is fermentation, which produces a series of metabolites used by both
the microorganisms and the host as a source of energy [16]. Nevertheless, it is also involved
in the modulation of other body functions, such as the immune system and the brain-gut
axis. The preferent substrates for the microbiota are non-digestible carbohydrates, includ-
ing fibre, cellulose, hemicellulose, pectin, gums, and alginates. The colonic fermentation of
these macromolecules results in short-chain fatty acid (SCFA) production, mainly acetate,
butyrate, and propionate, and gas, such as hydrogen and carbon dioxide [17]. When the
source of non-digestible carbohydrates is limited, the microbiota utilises protein substrates,
generating sulphurated and N-nitrose compounds, ammoniac, heterocyclic amines, and
branched-chain fatty acids (BCFA). On the other hand, most dietary lipids are digested and
absorbed in the small intestine and do not reach the colon. However, when lipid intake
is high, bile salt secretion increases, and the excess that is not absorbed along with lipids
passes on to the colon and can be fermented by the microbiota, producing secondary bile
salts [18]. In general terms, from the main metabolites generated by the microbiota, SCFA
seem to be related to beneficial health effects, while sulphur compounds and secondary
bile salts have been associated with harmful outcomes [16-18]. However, despite the
acknowledgement of the important role that the microbiota plays in food digestion and the
effect that food constituents have on promoting or reducing certain microbiota populations,
many gaps in establishing explanations remain.

Even though some generalization about the species comprising the microbiota can
be made [15], a wide diversity of factors (lifestyle, habitat, birth delivery mode, maternal
nutritional status, or breastfeeding, among others) determine a specific microbiota profile
in each individual. Eating habits and type of diet have a major impact [19] and can
be modified, serving as a tool to modulate the microbiota composition. In particular,
the effect of carbohydrates has been widely studied, as they are the main substrate for
intestinal microorganisms [20]. Among them, non-digestible carbohydrates arrive in their
native form to the colon and are fermented by the microbiota promoting their growth
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and activity, subsequently generating beneficial compounds for health [21]. In upper gut
digestion, digestible carbohydrates are broken down into oligosaccharides, disaccharides,
and monosaccharides and are absorbed before reaching the colon. Nevertheless, in high-
sugar diets, they can reach the colon since the absorption capacity of the small intestine is
exceeded, thus causing losses in microbial diversity [22]. Similarly, protein and lipid intake
can also lead to changes in microbiota composition. Diets rich in animal-origin protein and
low-digestible carbohydrates lead to the microbial production of metabolites (BCFA, N-
nitroso compounds) related to the increased risk of suffering from colorectal disorders [23].
In the case of fatty acids, monosaturated fatty acids and n-3 polyunsaturated fatty acids
have been associated with an increase in beneficial bacteria and the production of SCFA,
while diets rich in long-chain fatty acids have the opposite effect [24]. Furthermore, a
wide diversity of diets is available worldwide depending on the ecosystem and cultural,
economic, or agronomic considerations. This is probably the reason behind the differences
in the microbiota profile observed from distinct geographical regions [20]. In this aspect,
Wilson et al. (2020) contributed a large international review to compare microbiota profiles
in several regions of the globe, concluding that overall, clear differences can be found
depending on the diet, even more than with genetics [25].

4. Available Colonic In Vitro Fermentation Models

As anticipated, studying colonic fermentation in vivo entails several restrictions. Thus,
colonic in vitro fermentation models can be a valid and worthwhile alternative and are
increasingly used in the food research field. These models emerge with methodological
advantages since they allow the possibility of sampling at any point of the process, assessing
digestion of any food or nutrient and establishing its effect on microbiota profile, or
determining the products generated by the microbiota metabolism [7,11]. On the other
hand, the limitations related to in vitro models is that they do not take into consideration
the contribution of the host in digestion, and thus, they could be inherently incomplete.

For the simulation of colonic fermentation in vitro, four basic elements are required:
a microbial inoculum, a culture medium, a study substrate, and a bioreactor. Depending
on the complexity of the conditions of the simulation or the inoculum, different types of
models are currently available and are described hereafter.

4.1. Static Colonic Fermentation Models

Static colonic fermentation models, also called batch models, are the simplest, fastest,
and least expensive way to simulate in vitro gut fermentation. Even though no specific
equipment is required to perform static colonic fermentations, different ranges of complex-
ity, from glass vessels to bioreactors, can be found. Amaretti et al. (2020) conducted colonic
fermentation in an automatic bioreactor to assay the prebiotic effect of dextran over gut
microbiota and its metabolite production [26]. This bioreactor operated under anaerobic
conditions at corporal temperature (37 °C), stirring (150 rpm), and a constant pH around
6.5 that was automatically controlled by adding NaOH. Nevertheless, most of the static
colonic fermentation models consist of bottles, vessels, or tubes. They are typically placed
in chambers with a gas mixture (H,:CO,:N;) to maintain the anaerobic conditions, in a
shaking incubator, and at corporal temperature (37 °C) [27-29].

Regardless the complexity in the design, the fermentation process is performed with
a faecal inoculum and a culture medium. Moreover, the compounds submitted to assay;
or the non-absorbed compounds in the digesta resulting from previous digestion stages
(oral, gastric, and small intestine), are incorporated into the reactor, leading to colonic
fermentation. In some studies, the colonic fermentation is used to assay the effect of specific
compounds (e.g., polysaccharides or oligosaccharides) on gut microbiota growth or the
relative abundance of species and genera. In this type of study, the compounds to be
assayed are added to the culture medium as the only source of carbon (i.e., as extracts
or isolated compounds) [30-32]. In some other studies, the target is to assay the impact
that foods (i.e., complex structural matrices) have on gut microbiota and the metabolites
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produced after a complete digestion process (including gut fermentation). Therefore, an
upper gut digestion (oral, gastric, and small intestine) is performed prior the fermentation
of the intestinal digesta with the non-absorbed components [33,34].

It is worth mentioning that static models are discontinuous, which means that there
are no volumetric outputs or inputs while the in vitro colonic fermentation occurs. As
such, substrates are depleted with time, and the products of the microbial metabolism
are accumulated. This leads to a change in the environmental conditions (i.e., oxidation-
reduction potential) and eventually, the interruption of bacterial growth and activity. For
this reason, the simulation length is usually short (mainly 24 h), even though they could
be extended to 48 h, assuming that microorganisms need more than 24 h to degrade some
complex structures, such as complex phenolic compounds [35]. These models are usually
used to study the interaction between gut microbiota and different bioactive or functional
compounds. Table 1 summarizes the applicability of the static colonic models explored in
the food science and technology field over the last 10 years.

Table 1. Applicability of static in vitro colonic models in the food science and technology field from 2011 to 2021.

Main Objective

Study Subject References

Polysaccharides and oligosaccharides from:
-Fruits: Mulberry fruit.
-Fungi: Craterellus cornucopioides.

To assay the prebiotic effect of polysaccharides -Algae: Saccharina japonica, and Corallina pilulifera.
and oligosaccharides on gut microbiota and -Plants: flowers of Camellia sinensis and A. tequilana Weber var.  [30-32,36—42]

their metabolites

-Grains: Tibetan hull-less barley.

-Bacteria: Weissella cibaria and Bifidobacteria.
-Beans: Red kidney bean.

-Tea: Fuzhuan brick tea.

To assay the prebiotic effect of some

polyphenols on gut microbiota
their metabolites.

Different polyphenols from:

-Foods: cereal, meat, and dairy.

-Drinks: coffee, tea, wine, and different juices.

-New snacks: Pineapple snack bars.

-Industrial residues: Persimmon and blueberry residues.
-Pomaces: Blueberry pomace.

and [28,29,34,43-46]

To assay the effect of sample processing on
gastrointestinal digestion and fermentation,
gut microbiota, and their metabolites.

-Dairy, egg, fish, and meat products after boiling, frying,
grilling, and roasting.

-Plant food products (alcoholic drinks, cereals, cocoa, coffee,
fruits, legumes, nuts, oils, tubers, and vegetables) after
boiling, frying, grilling, roasting, and toasting.

-Enzymatic modification of the cell wall integrity: cotyledon
cells from pinto bean seeds.

-Extrusion: whole grain oats and wheat bran.

-Particle size manipulation: maize bran, cellulose, and
whole grain oat flakes.

[27,33,47-53]

To assay the effect of whole foods or additives -Probiotic salami.
on gut microbiota and their metabolites. -Tibetan hull-less barley and refined Tibetan hull-less barley.

-Cheonggukjang: a Korean traditional fermented soybean
soup.

-Edible insects: black field cricket nymphs, grass grub larvae,
and wax moth larvae.

-Moringa oleifera Lam. Leaves

[34,50,54-59]

-Spent coffee grounds.

-Sun-dried raisins.

Additives such as:

-Dietary emulsifiers: sodium CMC, P80, soy lecithin,
sophorolipids, and rhamnolipids.

To assay the gut microbiota metabolism in -Catechin.

response to food components.

Biotransformation of polyphenols by human gut microbiota:

-Flavonoid O- and C-glycosides. (35,601

-[6]-Shogaol from ginger.




Appl. Sci. 2021, 11, 8135

6 of 15

Despite of the fact that static models are useful tools to study gut microbiota-food
interactions, they have limitations when it comes to mimicking gut fermentation as a
dynamic process [7,11]; for that reason, great effort has been made to develop dynamic
colonic methods.

4.2. Dynamic Colonic Fermentation Models

Dynamic colonic models are far more complex and expensive than the static ones.
Recently, Nissen et al. (2020) presented the available dynamic colonic models according
to their design, technical features, and main applicability [61]. Among them, SHIME
and TIM-2 stand out for being widely applied in the food science and technology fields
although SIMGI and PolyFermS are also commonly used.

These simulators have different designs so that the fermentation process can include a
single (mono-stage) or several compartments (multi-stage). While only a segment of the
colon is simulated (i.e., the proximal colon which is considered as ascendant and transver-
sal) in mono-stage systems [62-64], dynamic multi-stage models can simulate up to the
three regions of the colon: the ascending, transverse, and descending colon, reproducing
the different in vivo environmental conditions (in terms of pH, retention time, charac-
teristic volume, and availability of substrates) in each of them [65-67]. Moreover, some
of the dynamic in vitro models also include compartments to simulate part of the upper
gastrointestinal digestion: gastric and small intestine [68,69] or a dialysis system, which
simulate the absorption of the metabolites produced during the fermentation process [62].
Some others allow for the simulation of the mucosal environment to colonize and mimic
the gut mucosa microbiota [64,70], and finally, others are able to run two or three samples
at the same time in order to have a control reference or replicates [71].

In general terms, dynamic models enable a continuous regime (substrates are continu-
ously coming in the system while the products of the reactions are removed), allowing for
the stabilization of the microbiota to the environmental conditions and reaching the steady
state [72]. Once the steady state is achieved, the observed changes in the composition and
function of the microbiota can be attributed to those experimental conditions, rather than
to the adaptation to the environmental conditions. The stabilization period is essential in
dynamic models, and it is performed before starting the experiment. The followed protocol
depends on the system characteristics [62,73,74]. Furthermore, achieving the physiological
conditions of the environment is a key aspect for reaching the proper simulated microbiota
in each colonic region. Consequently, these models work at 37 °C, maintain anaerobic
conditions (e.g., by periodically flushing nitrogen), control the pH by automatically adding
NaOH or HCl to each vessel, and mixing the compartment contents (e.g., by magnetic
stirring or peristaltic movements) [73,75]. Finally, colonic variables such as pH, retention
time, and volume not only depend on the utilized model but also on the aim or purpose of
the study. For instance, in studies with PolyFermS focused on assaying both, the colonic
fermentation of both the elderly [76] and children [77], the parameters in terms of pH,
retention time, and volume were set up according to an age model.

Altogether, dynamic models allow for the study of the effects of food on gut micro-
biota in a more complex environment that simulates the in vivo conditions better than
static models and allow for the assessment of longer periods of time (e.g., one or several
weeks) [61,65,66]. The main research objectives when using these models have been the
evaluation of the prebiotic, probiotic, and symbiotic effect of some compounds on gut
microbiota: Table 2 gathers the objectives and references of published studies reporting the
applicability of dynamic colonic models in food science and technology fields over the last
10 years. As in the case for the in vitro simulation of digestion in the upper gut, most of the
studies have focused on a food extract rather than a complete food matrix, probably due to
the increased complexity of the experimental procedure and analytical determinations that
food matrices imply.
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Table 2. Applicability of dynamic in vitro colonic models in the food science and technology field from 2011 to 2021.

Dynamic Model

Main Objective and Examples

References

SHIME

Assessing the probiotic effect of some bacteria:

-Bacteria (e.g., Lactobacillus, Bifidobacterium, or Enterococcus) carried in cheese,
chocolate, cereals, sausages, and drinks.

-Probiotic formulations (e.g., Lactobacillus, Bifidobacterium, or Bacillus)

[63,68,78,79,79-84]

Assessing the prebiotic effect of some compounds:

-Polyphenols (e.g., black tea or red wine grape extract, t-resveratrol, and
e-viniferin extract).

-Polysaccharides (e.g., branched fructans, arabinogalactan,
fructooligosaccharides, commercially available plant polysaccharide)

[85-89]

Assessing the symbiotic effect (probiotic + prebiotic):

-Milks and beverages fermented by different microorganisms (e.g.,
Lactobacillus) and supplemented with different compounds (e.g., passion fruit,
grape pomace)

-Probiotic and prebiotic formulations (e.g., Bifidobacterium + 3'-sialyllactose,
Lactobacillus + red win polyphenolic extract, Lactobacillus +
fructooligosaccharides, Bifidobacterium + pectins

-Repressing Escherichia coli colonization of the gut mucus.

[65,67,70,71,90-92]

Other applications assessing the effect of:

-Food ingredients (e.g., Mexican “taco” from corn tortilla and black beans).
-Dietary emulsifiers (e.g., polysorbate 80 and carboxymethylcellulose).
-Antibiotics (e.g., amoxicillin, ciprofloxacin, and tetracycline).

-Processing (e.g., fresh and pasteurized orange juice).

[75,93,94]

TIM-2

Assessing the prebiotic effect of some compounds:

-Polyphenols (e.g., polyphenols in pre-digested mango peel, pre-digested
Hibiscus sabdariffa calyces)

-Polysaccharides: (e.g., High- and low-acetylated
galactoglucomannooligosaccharides, agave fructans, xylo-oligosaccharides,
pectins, chicory root pulp polysaccharides)

[62,73,95-98]

Other applications assessing the effect of:

-Supplementation with minerals (e.g., iron).

-Food ingredients (e.g., two types of Mexican sauces)

-Symbiotic effect (e.g., functional pasta with Bacillus and (-glucans).

[99-101]

SIMGI

Assessing the probiotic effect of some bacteria
-Lactobacillus.

Assessing the prebiotic effect of some compounds:

-Polysaccharides: (e.g., apple, potato, oat and psyllium fibres, hydroxypropyl
methylcellulose, and microcrystalline cellulose).

-Polyphenols: (e.g., grape pomace extracts).

Other applications assessing the effect of:
-Food (e.g., red wine).

PolyFermS

Assessing the prebiotic effect of some compounds:
-Polysaccharides: (e.g., fructo-oligosaccharides, 3-glucan,
a-galactooligosaccharide, xylo-oligosaccharide

Other uses assessing the effect of:
-Supplementation with minerals (e.g., iron).

5. Addressing Colonic In Vitro Digestion Studies

As anticipated above, when aiming to perform a colonic in vitro simulation, a series
of prior considerations need to be considered. Among them, faecal inoculum collection
and processing are of great importance. Furthermore, sampling points and analytical
determinations are also essential and must be decided upon depending on the aim of

the study.
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5.1. Faecal Inoculum Collection and Preparation

The collection of a faecal sample (from one individual) or a faecal pool (from different
individuals) is one of the first steps of an in vitro colonic simulation. Faecal donors are
selected according to age, gender, body mass index, presence, or absence of illness, etc.,
depending on the aim of the study. General considerations for donors include not having
received antibiotics and prebiotics or probiotics at least some months before the faecal
donations. The healthy individuals selected as control or reference groups must follow
a standard diet and assure that they are free of any gastrointestinal disease. The faecal
collection must be done as quickly as possible in anaerobic conditions, placing the sample
in anaerobic tubes, jars, or chambers, or using devices that promote the preservation of
anaerobiosis, such as OXOID ones.

After the collection, an individual faecal sample or faecal pool is mixed with a solution
(e.g., phosphate buffered saline or sodium chloride) to obtain a faecal suspension or faecal
slurry (e.g., 10% w/v or 20% w/v). Then, the suspension is manually homogenised or is
homogenised using a stomacher [31,36,43,56,69]. In addition to the previous homogenisa-
tion stage, some protocols include filtering [27,30,54], or centrifugation steps [37,65,80] so
that the supernatant is used as faecal inoculum in the fermentation process. In addition,
other protocols include the extraction of the bacterial mass from the rest of the components
of the faecal sample by means of the use of iohexol (Nycodenz®), which is added to the
supernatant of a previously homogenised faecal suspension, causing the isolation of viable
cells. After centrifugation, the sample results in a concentrated phase containing the bac-
teria, which can be recovered and purified with sequential rinsing with sodium chloride.
This bacterial extract ensures higher amounts of microbial inoculum, but on the other hand,
may cause the loss of some of the species due to the additional processing [105]. Finally,
some other authors add a cryoprotective agent (glycerol) to the faecal suspension so that it
can be frozen for later use [28,95,105,106].

5.2. Changes in the Microbiota Populations and Their Metabolic Response

Either during the fermentation process or at the endpoint, samples are collected
from the reactors to monitor the effect of the experimental conditions on the microbial
populations and activity, which also referred to as the basal situation after inoculum
stabilisation. Among them, the composition of microbial populations and the production
of metabolites are of great importance when assessing the impact of food or extracts on
the gut microbiota. In this context, metaomic approaches, which include metagenomics,
metatranscriptomics, metaproteomics, and metabolomics have been developed and widely
applied to characterize microbial communities [107]. Additionally, some other techniques
are applied depending on study aim and tools availability.

Metagenomic techniques, both 165 rRNA sequencing and shotgun metagenomics,
have been widely applied to determine the composition and functionality of human micro-
bial communities. Nevertheless, metagenomics cannot elucidate which genes are expressed.
In this context, metatranscriptomic and metaproteomic methods have gained weight. On
the one hand, metatranscriptomic methods, which study the transcripts produced by a
microbial community, reveal knowledge related to the induced /repressed genes and ac-
tive/inert/dead microorganisms. The tools used for metagenomics assessment can be
adapted to be used in metatranscriptomics methods, which allow for its easy integration.
On the other hand, metaproteomic methods contribute to a better understanding of micro-
bial functionality since they study the proteins produced by a microbial community. In
this case, mass spectrometry (MS) is generally performed. Finally, in terms of function-
ality assessment, the metabolomic approach studies the metabolic pattern of a microbial
community. Both mass spectrometry (MS) and nuclear magnetic resonance (NMR) are
applied, but MS is preferred over NMR because of its higher sensibility. Even though it is
still challenging, the integration of metaomic data could bring promising insights in terms
of the human microbiota composition, functionality, and metabolite activity [108].
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After this introduction, some of the analytical techniques used to assess in vitro gut
fermentation in the last ten years were collected. Regarding the analysis of microbiota
populations, 165 rRNA gene sequencing is widely applied [36,37,54]. In parallel, other
methodologies can be used to target or quantify specific bacteria genera or species or total
bacteria, depending on the specificity of the primer used (e.g., qPCR, PCR-DGGE gel or
FISH) [26,53,80,102]. When it comes to metabolite analysis, SCFA or BCFA production
are typically analysed using gas or liquid chromatography (GC or LC) coupled with
either different detectors (e.g., FID or UV) or MS [43,54,56], but when other metabolites,
such as phenolic compounds, are being considered in the studies, LC techniques coupled
with MS [44,102] or antioxidant tests are commonly used when studying antioxidant
capacity [33]. Finally, ammonium, pH, lactic acid, and gas volume measurements are also
analysed in most of the studies [36,65,71]. Table 3 collects different analytical techniques
that usually applied in in vitro gut fermentation studies.

Table 3. Analytical techniques used to assess in vitro gut fermentation.

Main Objective

Analytical Determinations References

To assay the prebiotic effect of
different polysaccharides or
oligosaccharides on gut microbiota
and their metabolites.

-Microbiota analysis: 165 rDNA Sequencing, qPCR, plate
counting with selective media or PCR-DGGE gel.

-SCFA analysis: GC-FID.

-SCFA and BCFA analysis: ion-chromatography.

-Metabolite analysis in fermentation broth: GC-MS or HPLC.
-pH measurement: pH meter.

-Ammonia: anion measurer connected to a selective-ion
electrode.

-Volume gas production: graduated syringe displacement
method.

-Other analysis: Reducing sugar (DNS method), viscosity
measurements (rheometer), or particle size measurements (laser
diffraction particle size analyser).

[26,30,31,36-38,42,54,64,69,79,80,97,109]

To assay the prebiotic effect of
different polyphenols on gut
microbiota and their metabolites.

-Microbiota analysis: 165 rDNA Sequencing, plate counting
with selective media, qPCR or PCR-DGGE gel.

-SCFA and metabolite analysis: GC-FID, HPLC or GC-MS.
-Phenolic compounds analysis: HPLC-MS, UPLC-MS,
UHPLC-MS, or UPLC-ESI-MS/MS.

-Ammonium: pH/ion meter coupled to an ammonium
selective-ion electrode.

[29,43,44,46,85,86,95,99,102]

To assay the effect of sample
processing on antioxidant capacity

-Antioxidant tests: TEACpppy assay, TEACgrap assay,
Folin-Ciocalteu assay and TEAC zpTs assay.

during gastrointestinal digestion -Determination of phenolic acids: LC-MS or HPLC. [334547,110]
and fermentation. -Microbiota analysis: 165 rDNA Sequencing.
-SCFA analysis: GC-FID.
To assay the effect of dietary -Microbiota analysis: 165 rDNA Sequencing and
emulsifiers on gut microbiota and metatranscriptomic analysis. [56,75]
its pro-inflammatory contributions. ~ -Other analysis: Cell culture for flagellin detection (flagellin is a
virulence factor).
To assay sample processing -Gut microbiota contents: 165 rDNA Sequencing, gPCR, or
(extrusion, and diverse thermal FISH. [50,51,53]
treatments) on gut microbiota -SCFA analysis: HPLC or GC.
-Antioxidant assays: TEACprs assay, TEACgrap assay,
TEACoy method, TEACaapy method, GEACgrgp method,
solid residue antioxidant capacity, Folin—-Ciocalteu colorimetric
To assay functional foods effect on method. [34,59,111]

gut microbiota.

-Analysis of phenolic acids: HPLC.

-SCFA analysis: HPLC or GC-FID.

-Microbiota analysis: 165 rDNA sequencing or plate counting
with selective media.
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Table 3. Cont.

Main Objective Analytical Determinations References

-SCFA analysis: GC-FID.

-pH measurement: pH meter.

-Ammonium: Using a selective ion meter coupled to a

selective-ion electrode or realising ammonium as ammonia and  [68,79,81,83]
titrating it with HCL.

-Microbiota analysis: qPCR, plate counting, PCR-DGGE, or 16S

rRNA sequencing.

To assay the probiotic effect of some
bacteria on gut microbiota.

-Microbiota analysis: 165 rDNA sequencing, plate counts,

PCR-DGGE, or gPCR.

-SCFA analysis: GC-FID.

-Ammonium analysis: Using an anion measurer connected to a

selective-ion electrode or realising ammonium as ammonia and  [65,67,71,84,92]

titrating it with HCL

-Lactic acid: spectrophotometrically with an enzymatic

D-/L-lactic acid Kit.

-Phenolic metabolites analysis: UPLC-MS/MS.

gPCR: quantitative polymerase chain reaction; PCR-DGGE gel: polymerase chain reaction and denaturing gradient gel electrophoresis; GC-
FID: Gass chromatography and flame ionization detector; GC-MS: gas chromatography and mass spectrometry; HPLC: high-performance
liquid chromatography; DNS method: 3,5-dinitrosalicylic acid method; HPLC-MS: high-performance liquid chromatography and mass
spectrometry; UPLC-MS: ultra-performance liquid chromatography and mass spectrometry; UHPLC-MS: ultra-high-performance liquid
chromatography and mass spectrometry; UPLC-MS/MS: ultra-high-performance liquid chromatography and tandem mass spectrometry;
TEACppp assay: Trolox equivalent antioxidant capacity against DPPH radicals; TEACgrap assay: Trolox equivalent antioxidant capacity
referred to reducing capacity; TEACagrs assay: Trolox equivalent antioxidant capacity against ABTS-+ radicals; LC-MS: liquid chromatog-
raphy and mass spectrometry; TEACop method: Trolox equivalent antioxidant capacity against hydroxyl radicals; TEACaapy method:
Trolox equivalent antioxidant capacity against AAPH- radicals; GEACRrgp method: gallic acid equivalents antioxidant capacity referred to
reducing capacity.

To assay the symbiotic (prebiotic +
probiotic) on gut microbiota

6. Conclusions

The connection between nutrition and health cannot be explained without considering
the digestion process. In this context, in vitro models have been developed as alternative
methodologies to assay the digestion process in the laboratory, avoiding in vivo study
limitations and offering methodological advantages, at least for systematic or screening
approaches. Those that include the oral, gastric, and small intestine stages have been widely
applied, reaching a wide consensus. In contrast, in vitro simulation of the colonic stage
remains without consensus, probably because of the variability and difficulty involving the
reproduction and stabilization of microbiota. Nevertheless, in vitro colonic models have
been developed, and different types of systems are available. In all of them, achieving
the physiological conditions of the colonic environment is a key aspect for achieving the
properly simulated microbiota. On the one hand, the static colonic fermentation models are
simpler, faster, and less expensive, but their simulation length is shorter, and these models
have limitations when it comes to mimicking gut fermentation as a dynamic process. On
the other hand, dynamic one models are more complex, expensive, and longer in the
simulation, and different examples can be mentioned according to the applicability, design,
and protocols. Finally, this review compiles some considerations when addressing colonic
in vitro digestion studies. When it comes to assessing changes in the microbiota populations
and their metabolic response, metaomic approaches must be considered to characterize the
microbial communities, their functionality, and the underlying food effect. Although they
achieved meaningful comprehension, great efforts are being made to integrate metaomic
data so they can produce promising insights. At the same time, other techniques may be
applied, depending on the study’s aim.

In conclusion, in vitro digestion models followed by an adequate samples assay can
be considered as being suitable to generate knowledge even though there is a need to reach
a consensus on the methodologies to conduct colonic in vitro digestion simulations and on
the integration of the metaomic data, with the intention of determining promising insights.
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