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Abstract

Simulated human gastrointestinal (GI) tract systems are important for their applications in the fields of probiotics, nutrition
and health. To date, various in vitro gut systems have been available to study GI tract dynamics and its association with
health. In contrast to in vivo investigations, which are constrained by ethical considerations, in vitro models have several
benefits despite the challenges involved in mimicking the GI environment. These in vitro models can be used for a range of
research, from simple to dynamic, with one compartment to several compartments. In this review, we present a panoramic
development of in vitro GI models for the first time through an evolutionary timeline. We tried to provide insight on design-
ing an in vitro gut model, especially for novices. Latest developments and scope for improvement based on the limitations of
the existing models were highlighted. In conclusion, designing an in vitro GI model suitable for a particular application is a
multifaceted task. The bio-mimicking of the GI tract specific to geometrical, anatomical and mechanical features remains a
challenge for the development of effective in vitro GI models. Advances in computer technology, artificial intelligence and
nanotechnology are going to be revolutionary for further development. Besides this, in silico high-throughput technologies
and miniaturisation are key players in the success of making in vitro modelling cost-effective and reducing the burden of

in vivo studies.
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Introduction

Gastrointestinal (GI) models are the investigational tools
designed to understand the role of the human digestive
system in the digestion of test-intervention and its asso-
ciation with diseases. These models mimic the GI environ-
ment through in vitro bio-chemical recreation of the human
digestive system, sometimes intestinal epithelium and gut
microbiota [1]. Many physicochemical and microbial aspects
such as pH, bile salts, enzymes, faecal microbiota, tempera-
ture, peristaltic movement, transit times and anaerobic envi-
ronment were easily reproduced in the models [2]. As like
in vivo GI tract, it is not possible to investigate the interac-
tion of test-intervention between the gut and the nervous
or endocrinal system. However, these in vitro models have
diverse applications in the fields of food digestion [3], gut
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microbiota modulation [4], survival of probiotics during GI
transit [5—7], screening of prebiotics [8] and in vivo and
in vitro correlation studies for pharmaceuticals [9]. In vitro
GI tract model studies are reliable, reproducible, relatively
inexpensive, convenient and free from ethical constraints
[10, 11] as compared to in vivo studies. Minekus and co-
workers [12] have suggested that in vitro models are useful
to study substances and/or doses under controlled experi-
mental conditions and obtain reproducible results. Clark
et al. [13] suggested the use of defined microbial communi-
ties for experiments involving gut microbiota to enhance the
controllability and reproducibility of the results. Moreover,
the design of an in vitro model is quite challenging when
considering the complexity and multifactorial processes in
the human GI system.

This review presents a panoramic and evolutionary
overview of in vitro gut model systems, insights on design-
ing a new model, recent developments and scope for fur-
ther advancements based on the limitations of the existing
models.
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Evolutionary Development

In the last six decades, in vitro GI models have been con-
tinuously gaining shape according to the technological
advancements in the field. Figure 1 depicts an evolution-
ary overview of in vitro models encompassing different
phases such as geometric evolution, high-throughput
technology, miniaturisation and in silico evolution. Each
model has its own salient feature and is definitely a value
addition in the field. However, for practical reasons, we
mainly emphasised the milestones that were transforma-
tive and are still applicable to contemporary research.
Initial demonstrations of simulated in vitro GI systems
were limited to biochemical representation using simu-
lated juice under static conditions to study drug absorption
or binding or bioavailability [14—16]. In 1975, Braybrooks
and co-workers [17] used Sartorius absorption simulator
apparatus to mimic gastrointestinal tract conditions to
investigate the effect of mucin on the bioavailability of
tetracycline. The first milestone in the development of
in vitro GI models appeared in 1981, when Miller and
Wolin [18] introduced an in vitro semi-continuous fer-
mentation system to maintain the human colonic micro-
bial community. This single compartment system enables
to study the diversity of the colonic microbial population
and analyse the dynamics of the fermentation products in
response to dietary components and the biotransforma-
tion of synthetic drugs. In 1989, Macfarlane and associates
[19] developed a multichamber colon model to mimic the
human colonic continuous fermentation system to study
the degradation of pancreatic enzymes by colonic bacteria.
One of the most remarkable landmarks in the field of
in vitro GI models is the Simulator of Human Intestinal
Microbial Ecosystem (SHIME), which was developed by
Molly and co-workers in 1993 [20]. The model was the first
attempt to maintain both small and large intestinal micro-
bial communities by continuous fermentation and formed
the basis for the subsequent variations. SHIME consisted
of 5 reactor vessels representing the duodenum and jeju-
num, ileum and caecum, ascending colon, transverse colon
and descending colon. Later in 2012, Van den Abbeele and
co-workers [21] developed M-SHIME, which consisted of
mucosal compartments created by the addition of plastic
microcosms coated with mucin type II agar. Possemiers et al.
[22] co-cultured intestinal microbiota with human-derived
cell lines in M-SHIME to understand the immunomodulation
properties. Such in vitro findings will be useful in designing
targeted clinical studies to confirm the mode of action and
the significance of the observed effects. In 2014, Marzorati
and co-workers [23] introduced the Host-Microbe Interac-
tion (HMI) module with SHIME to overcome the limita-
tion on accessibility of colonic microbiota posed by in vivo
studies. During that time, the in vitro models were mainly
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focused on the colonic sections and microbiome. However,
the work on dynamic aspects of the GI tract such as peri-
staltic movement, transit of chyme, secretion of digestive
juices and absorption of nutrients was limited. In 1995, soon
after the SHIME model was introduced, Minekus et al. [12]
developed a unique, dynamic stomach-small intestinal set-up
(TNO Gastro-Intestinal Model (TIM)-1). The use of flex-
ible walls, computer-controlled transit and the flow rate of
chyme brought geometrical evolution in the field. In addition
to that, syringe pumps were employed to facilitate acid and
alkali secretion. For the first time, absorption of nutrients
was simulated via dialysis using a hollow fibre device.

Later in 1999, a TIM-1 complementary computer-con-
trolled large intestinal simulation system (TIM-2) was devel-
oped by Minekus et al. [24]. The system was named Arti-
ficial Colon (ARCOL) model and can be used sequentially
with TIM-1. It was a single-compartment semi-continuous
fermentation system to maintain resident colonic microbiota
under simulated colonic conditions. Apart from regulation of
colonic pH, temperature and anaerobic conditions, the sys-
tem was programmed to simulate ileal content feeding to the
colonic chamber, retention time of chyme, absorption of water
and fermentation products [25].

The geometric and mechanical evolution of in vitro gut
models continued with the development of new innova-
tive approaches to recreate digestive organ geometry and
mechanical forces involved in digestion. In 2007, a patented,
computer-controlled Dynamic Gastric Model (DGM) was
invented by Wickham and Faulks at the Quadram Institute
of Bioscience (formerly the Institute of Food Research). The
model works towards mimicking human gastric processing
through accurate replication of gastric mixing, shear rates
and peristalsis (WO/2007/010238) [26]. The system automa-
tion controls gastric retention time, addition of gastric secre-
tions (acid and enzyme), gastric emptying and processing of
gastric contents.

Later in 2010, Kong and Singh [27] developed a latex
chambered, cylindrical-shaped human gastric simulator
(HGS) model connected to conveyor belts and a series of
Teflon rollers. This model mimics antral contractions of
the stomach and gastric emptying in a continuous and con-
trolled manner. In 2016, Guerra and associates [28] intro-
duced innovation in the stomach compartment to simulate
the biphasic nature of gastric emptying through the Engi-
neered Stomach and small INtestine (ESIN) model. This
model allows differential gastric emptying of liquid (expo-
nential, Elashoff model without lag period) and solid (linear
emptying with a 30-min lag phase) foods [28]. In the same
year, Chen et al. [29] introduced a J-shaped semi-soft sili-
cone stomach with rope to simulate antral contractions. This
‘rope-driven’ in vitro human stomach model (RD-IV-HSM)
has a unique wrinkled internal lumen (discussed in the sec-
tion “Recent Advances”).
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Fig. 1 History and evolutionary milestones of in vitro gastrointestinal models
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Barroso et al. [30] developed a computer-controlled mul-
ticompartmental SIMulator of the Gastrolntestinal tract
(SIMGI) system adapted from SHIME. This model allows
joint or separated simulation of the gastric and colonic fer-
mentative processes. Wright et al. [31] introduced the con-
traction-enabled human duodenum model (HDM). This sig-
moidal-shaped duodenum has contraction rings attached with
rubber finger cots for the peristaltic movement of digested
food. In recent years, Wang et al. [32] adapted RD-IV-HSM
to design a dynamic in vitro human stomach (DIVHS) system
with stomach dimensions, morphology and inner wrinkles
similar to those of a real human stomach. The model was
fabricated with 3-D printing technology and had provision for
consistent gastric emptying for both solid and liquid fractions.

Simultaneously, during the development of geometric and
mechanical evolution of in vitro gut models, Berner et al.
[33] introduced the first high-throughput in vitro Polyfer-
mentor Intestinal Model (PolyFermS) in 2013. This model
was designed to compare the effects of different treatments
(environmental, microbes, dietary compounds and drugs)
on the same complex gut microbiota in multiple reactors.
Fehlbaum et al. [34] later in 2015 used PolyFermS for con-
tinuous fermentation by employing faecal microbiota immo-
bilised in gel beads. In 2018, Cieplak et al. [35] introduced
miniaturisation in the form of an in vitro The Smallest Intes-
tine (TSI) model. This low-volume, high-throughput set-up
was the first of its kind to study the small intestinal microbi-
ota. In another high-throughput miniaturisation, Wiese et al.
[36] developed Copenhagen MiniGut (CoMiniGut) for the
small-volume working and investigation of rare and expen-
sive bio-actives. This innovation was termed nexz-generation
in vitro simulations with high statistical inference in limited
resources [36].

The contemporary development of in vitro GI models
also comprises in silico evolution. The investigations into
pharmacokinetics, drug absorption and bioavailability were
mainly involved in early in silico studies [37, 38]. In 2002,
Kamerman and Wilkinson [39] developed the first model
intestinal microflora in computer simulation (MIMICS)
to simulate the intestinal microbiota using parallel high-
performance computers. Jong et al. [40] designed an in silico
GI tract tool for the interpretation of intestinal infection studies
in 2007. Beside this, other population-based absorption,
distribution, metabolism and excretion simulator platforms
were Simcyp®, GI-Sim absorption models, GastroPlus™
and PK-SIM [41, 42]. In 2017, Barth and co-workers [43]
demonstrated electrical simulation of gut motility guided
by an in silico model. This integrated neuromechanical
model was useful for studying the gut motility in certain
GI disorders. Similar to this, AgentCell, BSim and BNSim
models have been increasingly popular for in silico simulation
of microbial populations during the past few years. In 2018,
Lin and co-workers [44] introduced GutLogo, an agent-based
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modelling framework to investigate spatial and temporal
dynamics in the gut microbiome. Recently, Clark et al. [13]
designed a synthetic human gut microbiome assembly to
understand community assembly and metabolic functions.
This data-driven model was reported to perform a quantitative
assessment of microbial interactions impacting growth and
butyrate production.

In conclusion, in vitro GI models have a long history of
development and have been divided into distinct branches
that each focus on automating a different part of an in vitro
model. Beginning with the simulation of GI fluids and static
compartmental models, it went through several stages before
being introduced to GI dynamics, geometric evolution, high-
throughput technology, miniaturisation and, most recently,
computer-based simulations. Undoubtedly, the growth of
computers and nanotechnology will enable us to incorpo-
rate the subtleties of the GI system that were not taken into
account in earlier models.

Designing a Model

Simulation of the human GI environment in vitro is a multi-
faceted, multistep process involving recreation and recapitu-
lation of various anatomical, physicochemical and micro-
bial aspects of the human GI system. We have outlined the
significance of each parameter pertinent to the creation of
a simulated in vitro human GI model in the sections below
(Fig. 2). The selection of the appropriate parameter and the
extent to which it is used in the development of a new model
will typically rely on the application and study parameters
involved. Moreover, it is almost never practical to include
all the parameters for all underlying research issues. In
fact, it should be noted that not all physiological settings
that exist in vivo can be replicated in a particular in vitro
model. For convenience, we have listed significant in vitro
GI models in Table 1 together with information on various
compartmental contents.

Number of Compartments

Up to six compartments in a simulated in vitro GI model
that replicates several organs of the human GI system are
possible. Under static settings, models incorporating a single
compartment can simulate the complete GI system or just
one specific GI compartment, typically the colon [18, 24,
25, 45, 46]. Popular GI compartmental models include those
that depict the mouth, oesophagus, stomach, small intestine
and large intestine. These models often represent three to
five separate GI compartments [25, 47-49].

The literature is replete with simple in vitro models
that replicated the whole small intestine. Such research is
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Fig.2 Designing summary
of an in vitro gastrointestinal
model
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appropriate for a preliminary assessment of probiotic survival
throughout GI transit; the digestion of protein, fat and carbo-
hydrate from meals or modified carriers; the bio-accessibility
of nutrients from diverse biomatrices; etc. [49-51], while
models that elaborate on the duodenum, jejunum and ileum
of the small intestine have also been used when necessary for
a study or application [12, 20, 25, 35].

pH and Electrolytes

The digestive fluid pH primarily regulates the activity of the
enzymes involved in digestion, which is crucial to the entire
digestion process [52]. In order for enzymes to work prop-
erly during simulated GI processing, it is advised to adhere
to the ideal pH ranges. Besides this, electrolytes are princi-
pally responsible for the digestive fluid ability to buffer [53].

The pH of normal saliva is just barely acidic (6.0 to 7.0).
It can range from 5.3 at low flow to 7.8 at peak flow, and the
flow rates under stimulated (0.1 mL/min) and unstimulated
(0.2 mL/min) circumstances are different [53]. Most in vitro
models used an oral compartment with a pH of 6.5, which is
mildly acidic [47, 50].

The pH of the stomach compartment is influenced by
the pace at which gastric acid is secreted, which in turn
depends on fed or fasting state, type and quantity of food.
For instance, the median pH during a fast was shown to
range between 1.55 and 1.80. When food is consumed or
is present, the pH gradually rises, and the gastric compart-
ment is reacidified as a result of increased gastric acid
secretion rate. For existing gut models, static pH mode (pH
range = 1.2-3.0) is the most widely utilised strategy [54,
55]. In multicompartmental dynamic computer-controlled
model, Minekus et al. [12] gradually acidified the stomach
compartment over the course of 2h (O h, 4.8 to2 h, 1.7 pH)
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to imitate the digestion of milk in vivo; other researchers
adopted a similar modelling approach [7, 25, 47, 56].

The arrival of nutrients in the duodenum triggers pan-
creatic secretion, which mainly contains digestive enzymes
and high bicarbonate to maintain pH between 7.4 and 7.8
[10, 57]. The overall pH range in the small intestine is from
5.5 to 7.0, which steadily increases to 6.5-7.5 in the distal
ileum [58]. Studies using dynamic models showed these pH
changes in different parts of the small intestine [20, 25, 35,
47]. It has been observed that static models maintain a pH
of 6.5 to 7.0 in the small intestine compartment.

The composition and metabolic activity of the gut micro-
biota are significantly influenced by the colonic pH, which
is primarily controlled by short-chain fatty acids produced
by fermenting bacteria [8]. As a result, there is a coordina-
tion between the colonic pH and the gut microbiota [32].
In general, food/chyme undergoes a sharp pH dip (between
5.5 and 7.5) when it moves from the terminal ileum to the
caecum, and the pH subsequently rises to between 6.1 and
7.5 in the descending colon and rectum [58-60].

The most commonly used electrolytes for in vitro simu-
lations are sodium, potassium, calcium, magnesium, phos-
phate and bicarbonate [11]. Each electrolyte has a distinct
function in nutrient digestion and absorption. The most
frequent cations for preserving osmotic equilibrium are
sodium and potassium, whereas chloride and bicarbonate
are anions that are osmotically activated [61]. In vivo, the
primary role of most of the electrolytes in the mouth is
in protection. For example, calcium and phosphate help
in the remineralisation of tooth enamel [62]. Bicarbonate
ions produced by specialised cells neutralise HCI to pro-
tect the stomach’s cell lining [63]. Electrolyte and water
absorption takes place in the small intestine via simple
or facilitated diffusion and active transport [64]. Sodium,
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Table 2 Electrolytes or salts in

¢ o Electrolytes/salts Ceuppens Brodkorb Minekus Passannanti Yeo et al. [97] Oomen
simulated oral juice of oral juice etal [47]  etal[51] etal[l1] etal [55] et al. [50]

NaCl 5.13 - - - 10.27 10.27
NaH,PO,2H,0  6.46 - - - 10.00 10.00
KClI 12.07 15.1 15.1 15.1 24.14 24.14
KSCN 2.06 - - - 4.12 4.12
Na,SO,-10H,0 4.00 - - - 3.54 -
NH,CI 5.80 - - - - -
KH,PO, - 3.7 3.7 3.70 - -
NaHCO; - 13.6 13.6 13.6 - -
MgCl,-6H,0 - 0.15 0.15 0.15 - -
(NH,),CO4 - 0.06 0.06 0.06 - -
CaCl,-2H,0 - 1.5 1.5 1.5 - -
NaOH - - - - 3.60 3.60
Na,PO, - - - - - 6.95

— indicates being not added. The concentrations of electrolytes/salts are expressed in millimolars (mM)

chloride, bicarbonate, calcium, iron, potassium, magne-
sium, phosphate and other ions are all absorbed through
the mucosa. Although the ions employed in the majority
of the studies are nearly identical, their concentrations may
vary depending on the technique (Tables 2, 3 and 4).

Composition of Digestive Juices

Saliva is a complex exocrine secretion that is highly diluted
(more than 99% water) and contains a range of electrolytes
(sodium, potassium, calcium, magnesium, bicarbonate and
phosphates), proteins, immunoglobulins, enzymes, mucins
and nitrogenous products (urea and ammonia) [10]. Accord-
ingly, mucin and a-amylase have been the common compo-
nents of the oral fluid [47, 50, 51]. However, other enzymes
present in saliva (lipase, ribonuclease and protease) have
rarely been incorporated into gut model systems [62].

Gastric fluid consists of water, gastric acid, enzymes,
mucus and swallowed food material [52]. In a fasted state,
a mean secretion rate of approximately 1 mL/min and
0.03-0.07 mEq H*/min was reported for gastric secretion
(acid secretion) [52]. Pepsin, mucus and electrolytes make
up the majority of simulated gastric juice [51, 56]; however,
gastric lipase and lecithin/egg phosphatidylcholine (as a fat
emulsifier) have occasionally been added to more closely
examine fat digestion [65, 66]. Gastric mucin is one of the
crucial components of gastric juice to protect the stomach epi-
thelium against pepsin auto-digestion and stomach acid [67].

Intestinal fluid is complex and dynamic in nature, con-
sisting of bile salts, phospholipids, electrolytes (phosphates,
potassium, sodium, chlorides, calcium, magnesium, etc.),
short-chain fatty acids, enzymes (amylase, lipase, trypsin)
and gases [68]. The main components of the small intestine
juice are pancreatin (a mixture of pancreatic lipase, colipase,
trypsin, a-chymotrypsins and a-amylase) and bile salts/bile

Table 3 Electrolytes or salts in

¢ s Electrolytes/salts Ceuppens Brodkorb Minekus Passannanti Yeo et al. [97] Oomen
simulated gastric juice of oral juice etal.[47] etal.[51] etal.[11] etal [55] et al. [50]

NaCl 47.06 47.2 48.2 49.2 94.11 94.11
NaH,PO,2H,0  1.97 - - - 2.98 2.98
KCl 11.00 6.9 6.9 6.9 22.13 22.13
NH,C1 - - - - 11.44 11.44
KH,PO, - 0.9 0.9 0.9 - -
NaHCO; - 25 25 25 - -
MgCl,-6H,0 - 0.12 0.12 0.12 - -
(NH,),CO;, - 0.5 0.5 0.5 - -
CaCl,-2H,0 2.72 0.15 0.15 0.15 5.37 5.37

— indicates being not added. The concentrations of electrolytes/salts are expressed in millimolars (mM)
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Table 4 Electrolytes or salts in

¢ . At Electrolytes/ Ceuppens Brodkorb Minekus Passannanti  Yeo et al. Oomen et al. [50]
simulated intestinal juice saltsof oral  etal. [47] etal[51] etal[ll] etal[55]  [97]
juice
NaCl 110.03 38.4 38.4 38.4 239.90 239.90
KCl1 6.71 6.8 6.8 6.8 15.16 15.16
KH,PO, 0.37 0.8 0.8 0.8 1.18 1.18
NaHCO; 67.49 85 85 85 80.59 80.59
MgCl,-6H,0 0.15 0.33 0.33 0.33 0.49 0.49
CaCl,-2H,0 1.43 0.6 0.6 0.6 5.43 2.71

The concentrations of electrolytes/salts are expressed in millimolars (mM)

solution (phosphatidylcholine, cholesterol, sodium taurocho-
late and sodium glycodeoxycholate) [55, 56, 66, 69]. Bile
salts aid in the breakdown of fats, affect the composition of
the ingested microbiota and function as co-factors for numer-
ous enzymes [12]. If conditions are not ideal, the majority
of the digestive juices’ enzymes are inactive. The ideal tem-
perature for digestive enzymes is 37 °C, while the optimum
pH for each of the enzymes is provided in Table 5. An impor-
tant component of the colonic compartment—microbiota—is
explained separately in the section “Gut Microbiota.”

Table 5 Enzymes in gastrointestinal compartments

Retention/Transit Time

Retention times in different GI compartments vary according
to digestion processes and food type (solid, semisolid, liquid).
For example, the average time of solid food mastication in the
oral cavity is usually less than 2 min [51]. However, while
employing the same conditions in vitro, it should be ensured
that the food sample or sample under question spends suf-
ficient time in the presence of digestive juices or undergoes
relevant mechanical treatment mimicking processes such as

Compartment Enzyme Secreted by Optimal pH Action
Mouth Salivary amylase Salivary gland 6.0-7.0 Breaks down carbohydrates (polysaccharides
into glucose and maltose)
Lingual lipase Lingual glands 4.0-4.5 Break down triglycerides into diglycerides and
fry fatty acids
Salivary lysozyme Submandibular Hydrolyzes p (1 —4) glycosidic bonds in
and sublingual the bacterial cell wall polysaccharide
glands peptidoglycan
Stomach Gastric lipase Stomach gland 6.0 Breaks down fats into fatty acids and glycerol,

initiates triglyceride digestion

Pepsin Stomach gland 1.0-2.0 Breaks down proteins; secreted in the form
of pepsinogen, but HCI converts it to active
enzyme pepsin

Rennin Stomach gland 4.0-5.35 Breaks down milk casein into milk curd
(coagulates milk); release minerals (Ca, Fe,
P & K) from milk

Small intestine Enterokinase Pancreas 5.2-6.0 Transforms trypsinogen into trypsin in the

duodenum

Trypsin, chymotrypsin, carboxypeptidase Pancreas 7.9-9.7 Breaks protein & polypeptides into dipeptides
and some amino acids

Amylolytic (amylase) Pancreas 6.7-7.2 Breaks down starches and other carbohydrates

Elastase Pancreas 8.5 Breaks peptide bones involving neutral
aliphatic amino acids

Lipase, phospholipases Al & A2 & esterase Pancreas 8.0 Breaks down fats into glycerol and fatty acids

Amylolytic (sucrase, maltase, lactase) Intestinal lining 5.0-7.0 Breaks down carbohydrate fragments

(sucrose, maltose, lactose)

This is a modified version of table adapted from Cichoke [98]
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chewing, mastication or peristalsis. Consequently, a retention
time of 1-5 min has been employed by most researchers for
the oral phase of digestion [47, 50, 51]. Such modifications
help to achieve the accuracy and reproducibility of results
under lab conditions [11]. Additionally, it is interesting to note
that retention time in oral phase digestion varies under certain
circumstances. For instance, studies on oral dosage forms like
tablets and capsules demand very short retention times of a
few seconds, as there is no role for chewing or mastication.
In another example, oral phase digestion in the elderly differs
considerably due to age-related factors. Some of these include
the loss of natural teeth, a decrease in bite force and man-
dibular reflex occurrences and a decrease in saliva secretions
[70]. While studying the elderly population, we recommend
optimising oral food retention times in light of these changes.

In vitro GI models have used a range of stomach empty-
ing durations, from as little as 30 min [12] to as long as 4 h
[49]. It depends mostly on the liquid and solid contents,
as well as on the caloric and non-caloric contents [52].
According to Braghetto et al. [71], healthy volunteers had
an average gastric emptying half-time of 34.9 +24.6 min for
200 mL of water; however, solid dose forms could stay in
the stomach for several hours. For the majority of applica-
tions, most models use a transit duration of 30 to 120 min
[54, 55, 65, 69]. Furthermore, in order to simulate an in vivo
environment, dynamic models can include fractional empty-
ing of the stomach and colonic compartments [12, 25, 47].

The typical time for a meal to pass through the small intes-
tine (from the pylorus to the ileocolonic junction) is 1 to 5 h,
and the colon takes 12 to 24 h [1]. In an average of 10 mL/
min, with rare spikes to 20 mL/min, the digesta passes through
the small intestine. This movement is basically influenced
by the viscosity of the intestinal contents, temperature and
the peristalsis and sedimentation movement of the intestinal
walls [31]. According to scientific data, at 6 h, non-digestible
particle colon filling ranges from 11 to 70% and digestible
solid colon filling ranges from 43 to 95% [60, 72]. The most
widely used in vitro GI models, including TSI and TIM, put
the colonic and small intestine transit durations at 2—8 h and
20-70 h, respectively [25, 35, 56, 66]. For models contain-
ing colonic compartments, significant adjustment of retention
time is necessary due to the high correlation between colonic
bacterial fermentation and retention times [19].

Volume of Digestive Juices

In simulated in vitro GI models, food and digestive juices
have often been used in a ratio of 1:1 [51, 55]. Despite the
possibility that this fact may not hold true in vivo, this ratio
guarantees wetting and lubrication of the meal, turning the
sample into a smooth paste and making it easier for sampling
during future research [11].

@ Springer

The amount of gastric juice secreted is influenced by both
the type of food consumed and the stomach’s fed or fasting
state. For solid food, approximately two volumes of gastric
juice is released [11]. Since GI secretions (including stomach
acid and duodenal secretions) are produced in reaction to
meals, the rate at which they are produced is more significant
than the volume. With limited function in secretion, colon
mostly participates in the absorption of water, electrolytes,
vitamins and short-chain fatty acids. The physiological ratios
of saliva, gastric juice, duodenal juice and bile are 1:1.5:3:1
[50]. Klindt-Toldam et al. [65] utilised a 1:2:50 ratio for food/
saliva/gastric medium. Ceuppens et al. [47] used a 1.5:1:2:4.5
ratio for food/saliva/gastric/intestinal simulation media.
Moreover, the amount of digestive fluids changes mostly
according to the needs of experiments and analyses.

Gut Microbiota

The gut microbiota comprises a large pool of microorgan-
isms inhabiting the human GI tract [73]. Approximately,
10'-103 bacteria (per gram) reside in the stomach and duo-
denum, 10*-107 bacteria/g in the jejunum and ileum, and
10''-10'2 bacteria/g in the colon [8]. The Firmicutes and
Bacteroidetes phyla dominate the gut microbiota of adult
humans, with lower amounts of Actinobacteria, Proteobac-
teria and Verrucomicrobia [74]. This composition varies
depending on the individuals’ age, gender, nutrition, medi-
cine and disease state [75].

In colon, the resident bacteria play an important role in
the digestion of complex carbohydrates into short-chain fatty
acids (SCFAs) like acetate, propionate and butyrate [34, 76].
Besides this, it prevents enteropathogens from adhering to
gut epithelium and supports the body’s immune system [34].
Moreover, the gut microbiota is linked to a variety of meta-
bolic, neoplastic, infectious and inflammatory disorders in
the colon and at extracolonic sites [77]. Thus, colonic fer-
mentation, characterised by the inoculation of faecal or gut
microbiota, is a crucial aspect of in vitro gut models [8].

A fresh faecal suspension is widely used to inoculate the
colonic model to recreate the microbiological niches [35, 47,
78]. Howeyver, it is challenging to maintain microbial profiles,
cell density and reproducible abundance of gut lumen and
food-mucus-associated bacterial populations [34]. In order
to address these issues, Clark et al. [13] suggested the use of
defined microbial communities or synthetically constructed
microbiomes to improve controllability, repeatability and envi-
ronmental safety. Besides this, the recreation of gut microbiota
in association with the mucosal environment helps to study
in vivo like microbial simulation. As the presence of mucus
has been shown to change the relative abundance of unique
microbiota capable of utilising or degrading mucus [79].
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Static vs Dynamic Models

Static in vitro models use constant variables like the ratio of
the feed to enzymes, electrolytes and pH for each phase of
digestion [51]. As an alternative, certain static models use
constant retention time and varying digestion parameters in
a single vessel [2]. Such models are unable to adequately
simulate the dynamics of the GI system and cannot be used
for more than 24-h experiments [68, 78]. However, because
of their simplicity and high-throughput outcome, these mod-
els are better suited for screening or preliminary research,
developing hypotheses and specific applications like adhe-
sion [3, 10, 78].

Most dynamic models are either continuous or semi-con-
tinuous in nature. These models allow variations in pH and
bile, fractional stomach emptying and intestinal compart-
ment dialysis to simulate nutrition absorption in accordance
with in vivo conditions [2, 12, 47]. A well-designed dynamic
model enables thorough research of the gut microbiota and
factors responsible for modifying the same under almost
in vivo settings, making it suitable for challenging investiga-
tions [79]. Besides simulating the geometry, flow and motility
of GI organs, dynamic models may replicate the mechanical
and physical factors that result in non-homogenous digested
materials with diverse biochemical niches [3]. Moreover,
dynamic models have drawbacks since they demand trained
workers, are expensive and time-consuming and are therefore
unsuitable for screening tests [2].

Limitations

The GI tract is made up of several parts, each of which is
difficult to replicate. Consequently, existing models have
certain limitations that need to be considered while design-
ing a new model. Each GI compartment leads to the diges-
tion of food in a different way. Certain major processes in
digestion, such as mastication, salivation, peristalsis, dynam-
ics of digestive juice secretion and absorption of nutrients
from food, are very difficult to simulate in vitro. Anatomical
details such as villi, wrinkles, dimensions and geometry of
organs and their mechanical action on food, along with peri-
staltic movements and biochemical conditions, were not yet
considered properly. Furthermore, validation of in vitro trials
with in vivo data is sparsely available for existing models.
The composition of digestive secretions frequently failed
to replicate in vivo conditions in gut models. For example,
saliva has over 30 distinct enzymes [10] but most of the
in vitro models use only a-amylase. Besides this, it is diffi-
cult to check digestive enzyme (lipases, amylases and pepti-
dases) activities when they are in a mixture. The sodium
taurocholate in in vitro models only makes up 20% of the

bile salts found in vivo [68]. Moreover, the compounds with
varying physicochemical properties are difficult to combine
and use. For example, fasted- and fed-state simulated intes-
tinal fluids consist of lecithin but not of their hydrolysis
product, lysolecithin, which has a different solubility during
digestion. Similarly, pancreatin enzyme levels vary across
different assay systems and the United States Pharmaco-
poeia recommendation for its dissolution does not depict an
in vivo scenario [68].

Fecal microbiota is another important factor to consider
while dealing with gut modulation studies. In the in vitro
setup, the diet, lifestyle and gender-related variation in the
individual gut microbiota were not considered, thus leading
to the reproducibility issues [2, 80]. Sometimes, the amount
and diversity of bacterial populations employed in gut model
samples are different from those of faecal inoculum [81].

Batch fermentation models are restricted due to accu-
mulation of bacterial metabolites during stationary/declin-
ing growth phase [81]. Other limitations for most in vitro
digestion models are related to recreating a chewed meal,
inhomogeneous mixing in the fundus, shear and mix-
ing conditions in the antrum and the temporal delivery
of gastric digesta to the duodenum. SHIME suffer from
data limitation due to restricting the studies to one or two
compartments [8]. Apart from this, the major limitations
of the existing in vitro gut models are the lack of feedback
mechanisms and immune and nervous system involvement.
Lastly, results obtained using in vitro gut models describe
gut microbiota responses that are independent of the host
microbial community [79, 80].

Recent Advances

In vitro GI models have recently made progress in recreating
anatomical, physical, mechanical and biochemical features.
Chen et al. [29] developed a ‘rope-driven’ in vitro human
stomach model (RD-IV-HSM) consisting of a wrinkled
stomach compartment made of silicon material, a rope-
driven rig (to provide peristaltic motion), the gastric fluid
secretion and digesta emptying mechanism in a temperature-
controlled box. Besides this, in vitro mechanical gastric sys-
tem (IMGS) [82], artificial gastric digestive system (AGDS)
[83] and gastric simulation model (GSM) [84] were created
to simulate GI movements.

Nowadays, organoid engineering enhanced the domains
of individualised medicine, food-food/drug interactions,
pharmacokinetics and pharmacodynamics, host-microbe
connections and other disciplines [85]. An organoid is a
small, three-dimensional organ created in vitro from organ-
specific stem cells (stomach and or intestine). On the other
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hand, mesenchymal cells and organ-specific epithelial cells
are jointly developed by pluripotent stem cells [86].

Recently created gut-on-a-chip systems use microfluid-
ics and typically have compartments that are perfused with
culture media and colonised cells. Through appropriate cell
configurations, the physiological simulation of the targeted
tissue or organ is accomplished [87]. Co-culturing of cells to
study interactions between the two tissues or organ systems
is another feature of these models [88]. Beside this, it is also
possible to build three-dimensional organ-specific structures
such as crypts or villi, to mimic real miniaturised architec-
ture using gut-on-a-chip models [89, 90]. Kim et al. [91]
built a human gut-on-a-chip with mechanical characteristics
including peristalsis and microbial growth for possible use
in drug discovery and intestinal illness models.

The in silico models employed computer algorithms to
recreate exact organ geometries and motility patterns, GI
fluid flow, transport of nutrients, gut microbiota metabolites
and their effect on gut motility [92]. The primary objective
of in silico models is to reproduce the outcomes obtained in
reality. Such models are developed using huge data sets on
metabolites, cells, gut microbiota and their interplay derived
from various in vivo and in vitro trials. There are two popu-
lar technologies used in building in silico models: (1) agent-
based modelling (ABM) and (2) genome scale nodels (GSMs).
ABM carries out modelling of distinct agents (e.g. cells) which
encodes behavioural responses to external stimuli and their
mutual interactions [93]. For example, an ABM-GutLogo has
been developed by Lin et al. [44] to study spatial and temporal
dynamics of four microbial genera in the ileum perturbed by
factors such as diet, flow rate of the GI contents and the pres-
ence of probiotics. GSMs, on the other hand, are more complex
metabolic networks that are used to understand host, diet and
microbe interactions [93, 94]. Henson [95] studied changes in
gut microbiota metabolism in association with gouty arthritis
using a genome-scale metabolic model. A patient-specific bac-
terial community metabolic model revealed dominant genera
with high and low gout conditions, as well as their specific
metabolic products and metabolic product exchange between
genera. Interestingly, the predictive ability of this model could
suggest a probable biochemical marker for the disease [95].

Barth et al. [43] developed an in silico gut motility model
to enable the optimization of neuromodulation therapy
involving higher-frequency rectangular current pulses to
increase intrinsic peristalsis. The model consisted of a net-
work of enteric neurons, smooth muscle fibers and intersti-
tial cells of Cajal and a simulated pellet. Sinusoidal current
at 0.5 Hz was found to be more effective at increasing peri-
stalsis and pacemaker frequency in Cajal interstitial cells.
These findings were verified by in vivo experiments per-
formed in awake rat models.

@ Springer

Scope of Improvement/Proposed
Modifications

Even though there have been many improvements made in
the development of in vitro GI models, there is still ample
scope for further improvements. Innovations are required to
introduce more detailed aspects of anatomy and geometry
of the organs and their structures into gut models. Nutrient
absorption should be based on realistic intestinal approaches
such as specific transporters/receptors [35]. Endocrine and
nervous system influences must be incorporated into in vitro
GI models for comprehensive studies. Moreover, reliable
analytical techniques and technologies with increased speci-
ficity and selectivity are essential to investigate metabolites
and members of microbial communities. To get beyond the
limits of clinical trials and other ethical concerns, a hassle-
free in vitro recreation of microbial ecology with regard to
age and health is necessary. Finally, an unbalanced or disor-
dered environment needs to be created in order to compre-
hend GI illnesses and efficacy-related investigations.

Cost-effectiveness

It is worth considering the run and analysis costs of the
in vitro GI systems owing to their broad applications and
tremendous scope. The cost is mostly dependent on the qual-
ity of the outcome, the number of parameters to investigate
and the in vivo data validity status [7]. SHIME and TIM
are currently the most well-known commercial service pro-
viders in the field of in vitro gastrointestinal tract studies.
The approximate base run and analysis cost starts at more
than 10,000 USD and depends on the required analysis.
Until now, the cost-effectiveness of the in vitro models has
not received much attention. This could be due to limited
commercial scope. The industries engaged in probiotics,
prebiotics, nutritional supplements, drugs and formulation
research were mostly availing the services from commercial
GI model companies. In academia, gut models are simulated
and used for research based on available data. Furthermore,
we believe that the development of high-throughput technol-
ogies and miniaturisation will significantly reduce service
or product costs in the long run.

Conclusion

The gastrointestinal tract plays a pivotal role in human
health through digestion of food, absorption of nutrients,
biotransformation, immune modulation, establishment of
gut-brain axis, etc. Consequently, GI tract—related studies
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have a long history and the field has evolved over decades in
profound ways. Due to the inherent limitations of in vivo GI
studies, the need for in vitro demonstrations is highly indis-
pensable. The design of an in vitro GI model is multifaceted
and completely depends on its purpose of study or applica-
tion. Models range from simple mono-compartmental static
to complex multicompartmental dynamic. Considering the
limitations of the existing models that fail to reproduce the
anatomical and mechanical aspects of the GI tract, recent
advances have taken place in the same direction. Devel-
opment of gut-on-the-chip, 3D organoids, synthetic gut
microbiomes and in silico simulations of GI features are
the highlights of contemporary in vitro models. Undoubt-
edly, the field is advancing at a pace with the advent of
new technologies such as artificial intelligence, artificial
neural networks, automation and miniaturisation. Although
in vivo studies will always remain irreplaceable, in vitro GI
models are propitious and we envisage developing in vitro
approaches will reduce the need for pre-clinical or clinical
trials, if not completely eliminate them.
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