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Abstract 

Orally ingestible medical devices offer significant opportunity in the diagnosis and treatment of 
gastrointestinal conditions. Their development necessitates the use of models that simulate the 
gastrointestinal environment on both a macro and micro scale. An evolution in scientific technology 
has enabled a wide range of in vitro, ex vivo and in vivo models to be developed that replicate the 
gastrointestinal tract. This review describes the landscape of the existing range of in vitro tools that 
are available to characterize ingestible devices. Models are presented with details on their benefits 
and limitations with regards to the evaluation of ingestible devices and examples of their use in the 
evaluation of such devices is presented where available. The multitude of models available provides 
a suite of tools that can be used in the evaluation of ingestible devices that should be selected on 
the functionality of the device and the mechanism of its function.  
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1 Introduction 

Orally ingestible medical devices can be used for site-directed drug delivery in the gastrointestinal 
(GI) tract, real-time imaging, microsampling and monitoring of intestinal biomarkers. Appropriate 
methods that predict performance in the human GI tract are required to evaluate these devices prior 
to their introduction into clinical testing in humans. However, recreating the intestine is complex 
due to its dynamic nature and the different component parts, specifically the composition of 
intestinal fluids and the fluctuation in volume and how these change by time and location, 
particularly after ingestion of food as well as the motility pattern that is irregular and discontinuous. 
The macro function of the GI tract is as a mixing system to transit nutrients to the appropriate site 
for absorption. On a micro scale the epithelium works as an absorptive system. An ideal model 
should incorporate macro and micro parameters whilst also mimicking the transit and regional 
differences. The regional differences can be significant; these can be considered with respect to the 
architecture of the organ of interest; the cellular epithelial layer, composition of the luminal fluid 
within that organ as well as the flow and motility. In addition, these aspects can differ in response to 
ingestion of food or in response to disease which further complicates the model systems. 
The ideal system would incorporate key features of both the macro and microenvironment; these 
features are detailed in Table 1.  
 

 Features 

Macroenvironment [1, 2] Biorelevant luminal media: composition; volumes and distribution 

Representative motility patterns (hydrodynamic conditions) 

Representative transit times between GI regions 

Representative pressures from within the GI tract 

Dynamic response in luminal media to the ingestion of food/digestion 
products and intestinal secretions 

Feedback mechanisms (e.g., caloric content in small intestine 
controlling gastric emptying) 

Microenvironment [3] Human derived cells that represent all layers of the mucosa where 
this system is stable for sufficiently long to undertake the experiment 

An epithelial substratum with a 3D structure that replicates the in 
vivo environment 

A fluidic system that provides adequate oxygenation and nutrients to 
the cell medium, as well as relevant physiological shear stress  

A flexible substrate to provide cycle deformation to the epithelium in 
a physiologically relevant manner 

A biochemical environment that replicates the crosstalk between 
epithelium/immune system and the microbiota to maintain 
homeostasis  

A system that differentiates lymphatic uptake from overall absorption 
Table 1. Summary of the macro and micro environmental conditions that should be replicated in a biorelevant system. 

A comprehensive understanding of the human gastro-intestinal tract is required as the basis for the 
development of suitable models. There have been several relevant reviews on GI conditions that the 
reader is referred to for completeness [4-7], further details on human GI anatomy and physiology 
are presented in our other paper within this edition [8]. Key factors for in vitro models are fluid 
volume and composition and these details are reviewed here, similarly, this review highlights current 
progress with microscale models, with evaluation of models that involve relevant cell types, luminal 
flow and microbiota.  This review is focused on typical models that reflect a healthy adult 
population, it is recognized that there is also a need for models that replicate all patient populations, 
including those with GI disease; depending on the nature of the GI changes it is possible to adapt 
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these models to better replicate a range of GI conditions.  This review brings together existing in 
vitro methods used to replicate the conditions within the healthy adult GI tract to provide a 
rationale for selection of an appropriate model to use in the evaluation of ingestible devices.  
 

1.1 Ingestible Devices 
Ingestible device is a term that can encompass a range of formulated and engineered products. 
These may include complex pharmaceutical products where their performance is controlled by 
aspects of their design, for example a coating that will only dissolve in certain conditions. 
Alternatively, this may include swallowable devices that incorporate sensors and transmitters, for 
example cameras that can record images of the internal GI tract. The oral delivery of biologics has 
increased interest in ingestible devices as there is a need to minimize exposure to the harsh GI 
conditions and deliver the agent to the site of absorption as efficiently as possible [9]. There have 
been some recent reviews on ingestible devices and ingestible sensors that may be of interest to the 
reader [10, 11]. 
 

1.2 Value of in vitro models for ingestible devices 
In vitro models may be used to ensure that the ingestible devices can withstand the conditions 
within the GI tract, where replication of the fluid volume, composition and motility are important 
parameters. Due to the diverse range of ingestible systems, additional parameters may need to be 
included depending on the nature of the system under test. For example, it is essential that for 
devices that respond to the microbiome, fluid composition and biorelevance must be replicated. 
Several models are designed as a simplified version of the intestine, where their purpose is to 
increase mechanistic understanding of a particular aspect of GI function. Thus, a suite of testing 
models may be required to thoroughly assess the performance of a single ingestible device 
depending on the research question(s) to be answered. For example, traditionally drug dissolution 
has been assessed separately to drug permeation; yet there are advanced systems that integrate 
dissolution and absorption may offer benefits for evaluation of ingestible devices. 
There have been several recent reviews [5, 12-17] that have described in vitro gastro-intestinal 
models mainly in terms of their value for oral drug products or digestion and these are listed in 
Supplementary Table 1 to provide additional details for the reader. The current review provides the 
broadest landscape of in vitro models that are presented with reference to their functionality in the 
evaluation of ingested devices. 

1.3 Macromodels of the GI tract 
Macroscale models of the GI tract may be useful for simulating the conditions that an ingestible device 
may have to endure to protect a therapeutic payload. These may be the physicochemical 
characteristics of GI media in physiologically relevant geometries and volumes or GI motility to 
produce relevant intraluminal flows and shear forces. Recapitulation of geometry, motility and flow 
may  be useful for ingestible devices that image the GI tract [18-21] or measure intraluminal pressure 
[22-24]. Macroscale models may be useful for the development of devices that monitor intraluminal 
physicochemical properties and the products of complex physiological processes such as digestion and 
fermentation [23-25]. Macroscale models available for simulation of such processes in the stomach, 
small intestine and colon, from basic compendial apparatus used in the pharmaceutical industry, to 
more advanced in vitro models for pharmaceutical and food-based research are presented. Dynamic 
models are defined as those where there can be a change in any relevant component that reflects the 
GI luminal environment; this may include a change in volume or composition of the media or a change 
in the motility pattern applied as a function of time to reflect the dynamically changing GI luminal 
environment. Multicomponent models are those that include more than one region of the GI tract, 
for example both the stomach and small intestine.  
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1.3.1 Compendial apparatus that simulate GI conditions 
Variations of pharmacopoeial models of the stomach, small intestine and colon are presented in 
sections 2.5, 3.6 and 4.5 respectively, although, all systems maintain the same underlying principles 
and as such are outlined in this section. There are four USP apparatus that are used to simulate the 
gastro- intestinal environment in drug product development: (i) USP I apparatus (basket); (ii) USP II 
apparatus (paddle); (iii) USP III apparatus (reciprocating cylinder) and (iv) USP IV apparatus (flow 
through cell). These are summarised in Table 2. Overall, the key benefits of pharmacopoeial models 
are that they are widely available and reproducible, validated pieces of equipment that are simple, 
easy to install, use and maintain. USP models may be suitable for the development of ingestible 
devices that test for media composition; however, the lack of physiologically representative geometry 
and hydrodynamics make them an unsuitable choice for the development of devices that incorporate 
sensors for mechanical performance such as motility, pressure and gas volumes, for example, luminal 
flow rates, Reynolds numbers [26], GI lumen volumes [27] and relevant shear forces. Considering the 
stomach or upper intestine, volumes of 250 mL and 500 mL should be used for simulating the fasted 
and fed state respectively [27-30]. In the lower intestine, 200 mL is generally considered appropriate 
[27, 31].  
 

Feature USP1 USP2 USP3 USP4 

Geometry Cylindrical 
vessel, 
hemispherical 
base 

Cylindrical vessel, 
hemispherical base 

Cylindrical 
vessels, flat 
meshed base 

Cylindrical cell with 
coned bottom 

Volume 0.1, 1, 2, 4 L 0.1, 1, 2, 4 L 300 mL Standard cell 
diameters of 12 and 
22.6 mm for volume 
of 8 or 19 mL. 

Mixing 
system 

Rotating basket 
containing 
dosage form / 
device 

Impeller Reciprocating 
cylindrical 
vessels 

Peristaltic pump 
delivering sinusoidal 
flow of 240 - 960 
mL*h-1 at 120 ± 10 
pulses min-1. 

Transparent Y Y Y Y 

Temperature 
control 

Y Y Y Y 

Absorption N N N N 

Microbiota N N N N 

Dynamic pH Requires media 
dilution or 
vessel change  

Requires media 
dilution or vessel 
change 

Requires 
multiple media 
in different 
vessels 

Requires operator to 
change pump source 

Peristalsis N N N N 

Relevant 
pressures 

N N N N 

Human-
derived cells 

N N N N 

Table 2. Summary of compendial USP in vitro dissolution apparatus and associated parameters that can replicate the GI 
tract. Y= yes; N = no 

1.3.2 Modified compendial apparatus to improve simulation of GI conditions 
There have been adaptations to this standard apparatus to better replicate the GI environment. 
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2.2.2.1 Transfer models 
To better simulate passage of a dosage form through the GI tract, a dissolution transfer model may be 
used to subject a dosage form to progressive region-specific environmental changes. A dissolution 
transfer model using USP apparatus was first described in 1999 [32]. In brief, a peristaltic pump was 
used to transfer dissolved drug within simulated gastric fluids into a USP dissolution vessel containing 
fasted state simulated intestinal fluid (FaSSIF) or fed state simulated intestinal fluid (FeSSIF) as the 
acceptor phase. The apparatus allowed both the transfer rates (0.5-9 mL*min-1) and the agitation rate 
(50, 75 and 150 rpm) within the intestinal vessel to be adjusted [32]. 
A multicompartment dissolution system has been developed by modifying a conventional six-vessel 
USP dissolution system to include a "gastric" compartment, an "intestinal" compartment, and an 
"absorption" compartment [33]. The gastric compartment contained 250 mL dissolution medium (0.1 
N HCl, pH 1.2) that is transferred to the intestinal vessel at a rate of 4.5 mL*min-1; this rate was reduced 
to reflect slower gastric emptying in elderly patients with a rate of 3.1 mL*min-1 [33]. In addition to 
fluid flow from the stomach to the intestine undissolved solids were also moved by washing with 
simulated intestinal media. The gastric vessel was stirred at 100 rpm with a paddle [33]. The 
“intestinal” compartment is linked to an absorption vessel to simulate the absorption by removing the 
dissolved drug where the flow rate between these vessels is adjusted based on the permeability of 
the compound under test [33]. The volume in the intestinal compartment is maintained at 510 mL by 
use of a reservoir; the media is FaSSIF at pH 6.5 [33]. The system is stirred at 100 rpm by a paddle 
apparatus [33]. 
The Biorelevant Gastrointestinal Transfer (BioGIT) model is a transfer model based on USP dissolution 
apparatus where fluid from the gastric compartment is transferred to the duodenal compartment. It 
has been shown to be useful for evaluating formulation performance particularly, after administration 
of conventional or enabling products of highly permeable drugs [34]. The gastric compartment 
consists of 250 mL FaSSGF (within a mini vessel of 500 mL) with stirring at 75 rpm [34].  
 

2.2.2.1 Supplementary buffer systems 
The use of bicarbonate buffer was introduced in 2003 by McNamara et al [35] and improvements on 
how to use this with standard dissolution apparatus were presented by Fadda et al (2009) [36] and 
further improved upon by Merchant et al (2014) [37]. 
The USP1 and USP2 were most commonly used for dissolution of orally ingestible dosage forms, 
however it was not possible to use the physiologically relevant buffer system. Therefore, Garbacz et 
al (2013) [38] investigated the pH shift caused by CO2 loss in different bicarbonate buffer systems and 
reported that evaporated CO2 can be partly substituted by sparging with gas mixtures, such as 5 % 
(v/v) CO2 and N2 [38]. Subsequently, the Physio-Stat was introduced, an automated device for 
monitoring and regulating the pH of bicarbonate buffers, developed using the USP2 dissolution 
apparatus system. The Physio-Stat is composed of a pH electrode, a gas diffuser, a digital 
microcontroller and a proportional valve system, driven by a bespoke software based on an AVR-GCC 
open-source platform.  
Later, Garbacz et al (2014) [39] developed the Physio-Grad device, a robust system which enables a 
biorelevant simulation of intestinal pH gradients without changing the ionic strength of the solution. 
The Physio-grad system has been used by Zakowiecki et al (2020) [40]. Both the Physio-Stat and 
Physio-Grad can be used in non-pharmacopeial systems and may be applicable to various models of 
the small intestine and colon. 
 

1.4 Microscale in vitro models for the development of milli-scale ingestible devices  
Orally ingestible microdevices for gut engineering have recently been reviewed [10]. A range of 
orally ingestible micro or nanodevices have been developed which require interaction with the 
microenvironment for functionalization and could therefore benefit from the implementation of 
physiologically accurate in vitro models of the GI microenvironment.  
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Some features of the macroenvironment mentioned above may also be suitable for the 
development of ingestible microdevices which may function using aspects of both macro and 
microenvironmental GI conditions. For example, active ingestible micro or nanodevices can undergo 
chemical actuation under specific GI macroenvironmental conditions, such as pH, to trigger self-
propulsion [41-47] and the delivery of a therapeutic payload to the epithelial microenvironment [41, 
42, 45-47]. Due to the lack of such complex in vitro models, self-propulsion devices have been tested 
mostly in murine animal models to date [41-44, 48].  
Ingestible microdevices can be passive, such as those containing drug reservoirs for administration of 
therapeutics, with the aim of achieving enhanced drug stability through protection against harsh GI 
conditions and improving targeting and uptake [49-59]. These devices must overcome difficulties 
faced by common dosage forms at the microenvironmental level, such as low drug permeability and 
retention at the epithelial surface, enzymatic degradation and shear forces due to peristalsis [56]. As 
such, in vitro epithelial models of the GI tract could be useful to test for device binding, 
mucoadhesion/penetration, and delivery of small molecules and cytotoxicity studies. The muco-
adhesion mechanism of these passive devices can be determined by the choice of targeting ligand, 
and therefore cells expressing different phenotypes could be targeted for drug delivery using these 
devices. Typically, Caco-2 monolayer models in static Transwell plates have been used for the 
development of passive drug delivery devices in the past [49, 50, 52, 53, 56-59]. However, improved 
in vitro models would use primary cells from the specific region of interest, recapitulate the human 
mucosal environment, mimic peristalsis and luminal flow and produce an array of relevant drug-
metabolising enzymes. 
Several ingestible microdevices serve as sampling and biomolecular detection tools. Chen et al (2020) 
[60] developed an orally ingestible microdevice for site-specific microsampling of microbiota and 
protein biomarkers in the GI tract. Mimee et al (2018) [61] devised the ingestible microbio-electronic 
device (IMBED) to detect GI bleeding. These microsampling and molecular detection devices may 
benefit from advanced GI in vitro models that can express certain disease-relevant biomarkers. 
Therefore, this review will explore the disease states modelled by microscale GI models that may be 
suitable for future development of passive orally ingestible microdevices that target submicron-scale 
biomarkers and microbiota and/or interact with the epithelial mucosa. 

1.4.1 In vitro models of the GI microenvironment 
In vitro models of the GI microenvironment are valuable for the development of ingestible 
microdevices that interact with the epithelium in vivo. For example to deliver therapeutics. For 
example, ingestible nanostraw microdevices that adhere to epithelial tissue to deliver a tunable drug 
loading [58]. The epithelium differs along the GI tract, a vital driving factor in regional-specific 
functionality in terms of digestion and absorption [62]. The gastric epithelium has a simple columnar 
geometry, specialized for the secretion of hydrochloric acid and digestive enzymes. The mucosa of the 
small intestine adopts a villi-crypt microarchitecture to complement its absorptive function through a 
drastic increase in surface area; villi are finger-like projections whilst crypts are deep grooves 
introverted into the submucosa. The colonic mucosa is similar to that of the small intestine in that it 
is specialized for absorption and also lined with crypts, however there is a distinct absence of villi [63]. 
Another distinguishing feature between the small and large intestinal epithelia is the presence of 
highly specialized secretory Paneth cells in the small intestine, and the elevated abundance of mucous-
secreting goblet cells in the colonic epithelium.  
Most conventional in vitro models of the GI microenvironment are colorectal adenocarcinoma-
derived Caco-2 and HT-29 cell lines cultured on porous, extracellular matrix coated membranes within 
Transwell insert culture devices. Caco-2 are an immortal human cell line of the colorectal 
adenocarcinoma; however, these cells are known to differentiate to resemble enterocytes when 
cultured as a monolayer. These static models are used primarily to study small intestinal barrier 
function or to model drug permeation and are highly standardised. However, although these cells 
have the capacity to perform the basic functions of native intestinal epithelial cells, they do not 
represent the cellular diversity of the intestinal epithelium and present a two-dimensional (2D) culture 
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format, failing to recapitulate the three-dimensional (3D) villus-crypt microarchitecture of the GI 
epithelium. Furthermore, other intestinal differentiated functions are absent such as cytochrome P-
450-based drug metabolism and the ability to produce a significant mucous layer as these cells secrete 
the gastric mucin (MUC)5AC, but not MUC2 which is typical of the intestinal tract [64]. Additionally, 
these models cannot support the coculture of commensal microbiome with the epithelial cells as the 
bacteria rapidly overpopulate the system and contaminate the human cell cultures within one day. 
Therefore, static models do not accurately reflect human intestinal physiology. Static 2D models have 
been widely documented and are not included in this review.  
To resemble the epithelium, an in vitro model should comprise many different cell types and be stable 
in culture media for long periods of time. Some static models of the small intestine have been 
developed that use 3D scaffolds to aid Caco-2 cells and organoids (see below) in achieving an in vivo 
representative 3D arrangement, which aids differentiation and increases physiological relevance.  
The use of recognized cell lines provides advantages in experimental work that includes ease of access 
and the ability to compare the output data to that already presented in the literature. However, it is 
important to note that there can be limitations of such tests in that they do not reflect the diversity 
of the typical patient population, for example the sex of a cell line should be reported as this can 
change the results found [65-67]. Caco-2 cells are derived from a male whilst HT-29 from a female 
human donor [68]. 

1.4.2 Organoid models of the GI tract 
GI epithelial organoids provide a more sophisticated in vitro model of the GI epithelium. Organoids 
are recently developed self-organising three-dimensional (3D) cellular cultivations embedded in a 
laminin-rich extracellular matrix and a medium containing specific supplementary growth factors to 
mimic the native extracellular environment. Compared with other primary cell cultures, organoids are 
advantageous in that they possess indefinite proliferative capacity in culture without incurring genetic 
aberrations or alterations and retaining characteristics representative of the original tissue. Organoids 
can also be stored cryogenically and subsequently thawed like traditional cultures. These models 
boast a wealth of drug metabolising enzymes, making them attractive for pharmacologic 
investigations and drug development with high potential for use in the development of ingestible 
devices. Organoids constitute a valued system to study epithelial mucosal biology and both normal 
and abnormal GI physiology. Additionally, organoids can replicate infection and disease since they 
develop according to the genome of the donor, genetic manipulation or bacterial/viral infection. For 
example, organoids can be modelled to develop cancers, allergic reactions or inflammatory diseases 
that result in the release of specific biomarkers that may be detectable by ingestible devices. 
Organoids modelling different regions of the GI tract typically share similar advantages and downfalls 
which are outlined by this section of the review, whilst sections 2.7, 3.7, and 4.7 highlight the current 
status of, and key diseases modelled by organoids for the stomach, small intestine and colon 
respectively. An example image of an organoid is shown in Figure 1, in part B a comparison to 
traditional monolayers is shown.  
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Figure 1. [A] The intestinal epithelium and the organoid model. [B] 3D organoids and organoid-derived models. This image 
is taken from [69] and was originally published in an Open Access article distributed under the terms of the Creative 
Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, 
distribution, and reproduction in any medium. 

 
All key regions of the upper GI tract have been modelled using murine organoids including the tongue 
[70], taste buds [71, 72], salivary glands [73] and oesophagus [74] [75]. Epithelial organoids derived 
from primary adult cells of the stomach, small intestine and colon are termed gastroids, enteroids 
(duodenum, jejunum and ileum) and colonoids respectively. Epithelial organoids form spheroid 
structures that recapitulate the characteristics of native tissue in a spheroid structure, enclosing a 
hollow lumen; for example, enteroids develop a folded epithelium with distinct crypts and villi. 
Similarly, epithelial organoids can be developed via in vitro differentiation of human embryonic stem 
cells (hESCs), both methods result in organoids comprising all intestinal epithelial cell types found in 
vivo, in similar proportions and arrangements. However, organoids lack certain elements of the 
complete organ such as mesenchymal tissue, immune and neural cells.  
Induced intestinal organoids are mini-GI models derived from human induced pluripotent stem cells 
(hIPSCs) [76]. The differentiation protocol of intestinal organoids also promotes generation of 
mesenchyme. Therefore, induced intestinal organoids are considered more representative of in vivo 
intestinal conditions, however a longer period is required to generate them, and they remain devoid 
of immune cells which are necessary to address common intestinal diseases, such as irritable bowel 
disease (IBD). 
Furthermore, several studies have demonstrated the functional orthotopic transplantation of murine 
[77] and human [78-82] GI organoid-derived monolayer epithelial tissue into mice, where they were 
observed to develop into mature tissues with morphological semblance of the original tissue [83]. This 
approach to manipulating organoids and animal models for use as advanced preclinical models may 
be valuable for the development of ingestible devices and is reviewed in more detail here [8].  
Since human GI organoids develop goblet cells, they can produce a mucous layer offering an 
advantage as it is not currently possible to study intestinal mucous physiology within the living human 
colon and ex vivo tissue explants permit study over very short timescales (< 1day).  However, the 
mucus in organoids is trapped within the central lumen of their spheroid structure, making for difficult 
physiological investigation [64, 84]. The inaccessible lumen also prevents recreation of luminal fluid 
flow and peristalsis-like deformations and makes luminal drug and microdevice exposure challenging. 
Additionally, it is not possible to co-culture spheroidal organoids with other cell and tissue types, such 
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as endothelial cells and immune cells which are important for modelling inflammation and absorption 
pharmacokinetics.  
To overcome this problem, organoids have been fragmented and cultured as a 2D monolayer. This 
permits apical access which would enable testing of performance testing of microdevices that target 
the GI mucosa. Additionally, basolateral access is also available, permitting the co-culture of other cell 
types, commensal microbiota and pathogens. An in-depth comparison of 3D cell culture models and 
their planar counterparts has been written by Gupta et al (2016) [85].  

1.4.3 Organ chip models of the GI tract 
Organ-on-a-Chip systems are recently developed microphysiological systems that leverage the 
manufacturing technology behind computer microchips to create a microfluidic device in which GI-
derived epithelial cell culture can take place. Similar to organoids, the advantages and downfalls of 
these models are typically applicable to all modelled GI regions, therefore these are outlined here, 
whilst progress in the fields of the stomach, small intestine and colon is presented in Sections 2.7, 3.8 
and 4.8 respectively. Other recent reviews of GI organ-on-a-chip models are available [86, 87]. 
Generally, these models function around two microchannels; one lined with epithelial cells, 
representing the intestinal lumen (apical) and the other representing a blood vessel (basal). The mimic 
lumina are typically separated by a flexible, semi-permeable membrane that simulates the barrier 
between the intestinal lumen and intestinal vasculature, permitting the exchange of soluble molecules 
between channels. Media is pumped through each channel to replicate the dynamic in vivo 
environment. Some microfluidic chip models include neighboring channels lined by a confluent layer 
of microvascular endothelial cells, commensal microbes, immune cells and pathogenic bacteria. Some 
models also permit the application of cyclic mechanical forces to exert deformation patterns matching 
in vivo contractile activity. The chip housing permits the integration of elements such as sensors, 
electrodes or valves. Furthermore, the housing is typically optically transparent to facilitate analysis 
through light, fluorescence and confocal microscopy. Media samples can be withdrawn to allow assay 
for drug concentration, dissolved O2, metabolites, pH and signaling molecules. Human gut-on-a-chip 
models are typically fabricated from flexible, clear PDMS, allowing for real-time optical imaging of 
cells, with the additional benefit of low cost. However, this surface also absorbs small hydrophobic 
molecules which could be problematic for the introduction of microdevices. A diagram of the 
duodenum-intestine-chip in Figure 2 illustrates the typical setup of an organ on a chip device. 
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Figure 2. Schematic representation of a Duodenum Intestine-Chip, including its physical macro appearance from the top 
(left) and vertical section (right) showing: the epithelial (1; blue) and vascular (2; pink) cell culture microchannels populated 
by intestinal epithelial cells (3) and endothelial cells (4), respectively, and separated by a flexible, porous, ECM-coated PDMS 
membrane (5). Image taken from [88] 

Most in vitro studies have simply placed passive microdevices on the apical face of a Caco-2 monolayer 
or simply rocked well plates back and forth to distribute microdevices [52, 53, 57, 59]. However, the 
ability to sustain flow and peristalsis in the apical chamber of organ chip models may present a more 
physiologically relevant model of the in vivo scenario. Most gut-on-a-chip models use Caco-2 cells 
where apical flow and mechanical deformation has been shown to promote morphogenesis of the 
characteristic villus-crypt microarchitecture of the human intestinal epithelium leading to 
differentiation into absorptive, goblet, enteroendocrine and Paneth cells [89]. Since goblet cells form, 
the cells also produce MUC-2, which has been shown to vary according to luminal flow rate [90, 91]. 
Additionally, Caco-2-seeded organ chip models have been shown to support microbiota in co-culture 
[90]. However, most other previously described drawbacks of using adenocarcinoma-derived cells 
persist. More recently, cells from fragmented epithelial organoids have been cultured inside 
microfluidic chips to harness advantages from both technologies. When cultured inside organ chip 
technology, many benefits are realized over the use of organoids alone. Gut Chips enable the co-
culture of a complex microbiome in direct contact with intestinal epithelial mucosa, whilst 
experiencing luminal flow and peristaltic motion. Of paramount importance, is that this approach 
allows for both apical and basal access to the organoid, which isn’t possible when an organoid exists 
in its typical spheroid structure. The ability to access continuously flowing apical and basal channels 
may provide an opportunity for the introduction of microdevices. Organ-on-a-Chip technology 
therefore holds great potential for the development of ingestible microdevices, as previously 
suggested in a review by Mandsberg et al [10]. Particularly the use of organoid-based microfluidic chip 
models in the development of patient-specific microdevices. This may also benefit from the 
implementation of high-throughput chip systems [92]. However, correct representation of the GI wall 
remains an issue due to lack of supportive tissue structures and diverse cell types. 
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The possibility exists for more complex systems to be developed by combining different organs on 
chips. Choe et al (2017) [93] created a first-pass metabolism gut-liver microfluidic device. 
Furthermore, body chip systems are connecting multiple organ chip systems to explore inter-organ 
connectivity [94]. 
 

2 Replicating the gastric environment 
2.1 Overview of gastric function and anatomy 
The human adult stomach is formed from distinct anatomical regions, the fundus and proximal 
corpus regions function as a flexible reservoir for food intake with the distal corpus and antral 
regions control mixing and emptying [95]. The exit from the stomach, the pylorus, is easily 
recognised as a ring of muscle that marks the transit from the stomach and duodenum (the pyloric 
sphincter is part of the anatomy of the stomach rather than the duodenum). The pyloric sphincter 
controls the exit from the stomach and has been measured to be 12.8 ± 7 mm in a healthy adult [96, 
97]. 
One of the functions of the stomach is to grind food into smaller particles and mix them with gastric 
fluid (pepsinogen autoactivated in the presence of luminal acid) so that they can be passed through 
the pyloric sphincter. It does this by physically generating hydrodynamic flows and cyclic compressive 
forces and chemically by the breakdown of protein into peptides due to the presence of enzymes. 
The adult human stomach has an approximate length of 20 cm and diameter of 15 cm [98]. The overall 
capacity of the stomach has been reported to be 1.5 L [99].  
The stomach mucosa is folded into ridged structures called rugae. Gastric absorption is limited by 
the relatively low epithelial surface area of approximately 0.1 m2 [98]. The structure of the stomach 
epithelium is dominated by surface mucosal cells rather than absorptive cells. Functionally, the 
gastric mucosa is divided into acid and pepsinogen-secreting mucosa in the corpus and fundus and 
non-acid secreting regions [100].  
Surface mucosal cells secrete a thick mucous layer. The adherent mucus layer has been reported to 
have a mean thickness of 180 µm, with a range of 50-450 µm [101-103], which upon hydration forms 
two distinct layers on the gastric epithelium.  

2.2 Gastric fluid volume 
The human adult stomach volume varies depending on the fed/fasted conditions. Between meals, 
gastric secretion in the average adult is relatively low, producing an average of 4 mEq*h-1 (25 mL of 
pure gastric juice) [100]. In normal subjects, the integrated secretory response to a steak meal is about 
90 to 100 mEq over 3.5 hours, equivalent to approximately 650 to 700 mL of gastric juice [104]. 
Measurement of gastric residual volume has been reported for patients at risk of broncho-aspiration, 
most likely those in critical care. These patients are usually fasted or fed via enteral feeding and as 
such the data is not always relevant for healthy adults. There are reviews on this topic with gastric 
residual volumes typically being 0.3-2.8 mL*kg-1 (e.g. [105-107]). 
Gastric volumes are of interest in drug product performance as many drugs have poor solubility thus 
low gastric or intestinal volumes can hinder absorption and subsequent exposure. For example, the 
absorption of cefteram-pivoxil was significantly reduced when administered with 30 mL of water 
compared with its absorption when administered with 150 mL of water in a study in healthy adults 
[108]. Several studies have measured gastric volumes in the fasted state using magnetic resonance 
imaging (MRI) and the data are shown in Table 3.  
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   Volume (mL) 

Reference Health status of 
participants 

Number of 
volunteers 

Min  Max Mean (standard deviation) 

[109] Healthy 12 13 72 45 (18) 

[110] Healthy 12 103 149 122 

[111] Healthy 8 
8 

  153 (41) 
129 (46) 

[112] Healthy 12   35 (7) 

[113] Healthy 12 4 65 31 (20) 

[114] Healthy 6   26 (14) 

[115] Healthy 6 
6 
6 
6 

  23 (36) 
24 (19) 
17 (12) 
26 (24) 

[116] Healthy 8 
8 

120 

  15 (8) 
33 (23) 
25 (18) 

[117] Oral intake of one Norvir 
tablet (100 mg ritonavir) 

5   37 (12) 

[117] Oral intake of one Norvir 
tablet (100 mg ritonavir) 
preceded by once daily 

dose of esomeprazole for 
3 days 

5   20 (15) 

Table 3. Adult gastric fluid volumes reported in adult subjects as determined by magnetic resonance imaging (MRI) under 
fasted condition 

In the fed state the gastric volume increases with values of 579.6 ± 38.1 mL reported 15 minutes 
post ingestion of the FDA breakfast [113] yet this is a mix of food and fluids. Measurement of the 
gastric volume in the fed state is subject to variability in terms of the meal used to induce the fed 
state thus comparison across studies is complex. 
 

2.3 Gastric media composition 
Characterisation of gastric fluids to better understand drug absorption was first reported in 1997 
where gastric pH; bile acid and protein concentration were measured [118]; surface tension was 
measured in a similar study [119]. Later studies to characterise in vivo gastric fluid added buffer 
capacity and pepsin activity to the aspects to be characterised [120]. Further studies included 
assessment of lipase activity, viscosity and surface tension. A summary of the data on the properties 
of fasted gastric fluid is presented in Table 4. 
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Reference No of 
participants 

pH  Osmolality 
(mOsm*kg-1) 

Buffer capacity 
 
(mmol/(L*pH)) 

Surface tension 
(mN*m-1) 

Protein content 
(g*L-1) 

Bile salt conc 
(mmol*L-1) 

Pepsin 
Concentration 
(mg*mL-1) 

[121] 19 2.5 (± 1.4) 220 (± 58) 14.3 (± 9.5) 34.8 (± 5.2) 4.9 (± 1.0) 0.33 (± 0.31)  

[118] 24 2.9 (± 1.97) 191 (± 36)   1.8 (± 0.7) 0.2 (± 0.5)  

[120] 20 Range: 1.23–
7.36 

140 Median 18  45.7  <0.5 0.22 

[119] 8 Range: 0.8-4.7   Range: 33-43    

[122]  2.50 
Range: 1.1-
7.47 

 4.23 (± 3.6)     

[123] 8 Median 
(range) 1.4 
(1.2–2.7) 

144.0 (± 44.0) 27.6 (± 15.7) 43.22 (± 0.74) 0.71 (± 0.35) Median (range) 
0.054 (0-0.620) 

 

[124] 9 2.8 (± 1.1) 221 (± 15)  33.6 (± 5.9)  0.82 (± 0.57)  
Table 4. Data on parameters characterised from human gastric fluid to generate simulated gastric fluid to evaluate drug product performance. Data shown are mean (± standard deviation) 
unless otherwise stated. 
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The composition of gastric fluid changes upon ingestion of food. Characterisation of the fluid has 
typically been conducted in the fasted state, following a glass of water or following administration of 
standardised meals to generate data to enable production of a representative simulated fluid. 
However, it should be noted that the nature of the food ingested will dictate much of the contents in 
the fed state and this is inherently variable both inter and intra-individually. Characterisation of the 
gastric contents provides information upon which simulated media can be developed. A major 
difference in the fasted and fed gastric media is the pH which is lower in the fasted state with typical 
values shown in Table 4  whilst the range in the fed state is around 3.5 at 60 minutes after a meal 
[113]. 
Detailed characterisation of gastric media composition in the fed state is complicated by the nature 
of the food ingested as well as the timing of the sampling to mimic digestion. Studies that have 
characterised the composition of gastric fed media are listed in Table 5. 
 

Reference Fed conditions  Parameters measured Time points 

[125] Standard high-calorie, 
high-fat meal 

pH, buffer capacity, lipid 
content, bile acid 
content, and viscosity  
Osmolality, lipid content 
and bile acid content in 
the aqueous phase of the 
gastric contents  

45, 105, 165 and 225 
minutes post ingestion  

[122] A liquid meal. Two 
cans of Pulmocare 
(total volume of 474 
mL, containing 29.6 g 
of proteins, 44.2 g of 
fat, 25 g of 
carbohydrates, and a 
total amount of 710 
calories) 

pH, buffer capacity 0, 15, 30, 45, 60, 90, 
120, 150, 180, 240, 300, 
360, 420 minutes post 
ingestion  

[126] 500 mL Ensure plus® pH, buffer capacity, 
osmolality, total protein 
content 

30, 60, 120 minutes 
post ingestion 

[120] 500 mL Ensure Plus® 
(Abbott Laboratories 
B.V., Zwolle, the 
Netherlands). One 
portion 200 mL 
(Ensure plus) has an 
energy content of 300 
kcal of which lipids, 
carbohydrates and 
proteins constitute 
29%, 54%, and 17%, 
respectively. 

pH, buffer capacity, 
pepsin activity, protein 
content, osmolality, 
surface tension 

30, 60, 90, 120, 150, 
180, 210 minutes post 
ingestion 

Table 5.  Studies that have characterised the composition of gastric fed media 

A recent UNGAP review on GI variability associated with drug absorption is available as a further 
resource for the reader [7]. In addition there is a detailed review on the variation in GI lipases, pH and 
bile acid levels associated with food intake, age and disease [127]. 
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2.3.1 Simulated gastric media 
USP simulated (fasted) gastric fluid has been used since the 1960s; this contains 3.2 g pepsin; 2.0 g 
sodium chloride and 7.0 mL HCl per litre to provide a pH of 1.2. Limitations in USP SGF were recognised 
in the 1990s and alternative simulated gastric fluids were proposed to better mimic the in vivo 
conditions. Fasted state simulated gastric fluid (FaSSGF) was first reported in 2005 and was developed 
based on a comprehensive literature search [128] to identify and replicate the most relevant aspects 
of gastric fluid. Further work was conducted to compare drug solubility values in FaSSGF with aspirated 
fasted gastric fluid from both dogs and humans where a good correlation was noted [129]. Details on 
the composition and manufacture of FaSSGF can be found here [130]. The pH of FaSSGF is 1.6 to reflect 
the mean data from clinical studies [128]. 
Simulation of fed gastric fluid is more complex due to the variability in food components. In drug 
research homogenised FDA breakfast has been used as well as milk [131] and Ensure® plus [29]. Fed 
state simulated gastric fluid (FeSSGF) was introduced in 2007 [132]; this comprised three alternative 
fluids to represent the early; middle and late stages of the fed state with a pH range from 3-6.4. An 
alternative to FeSSGF is available commercially, FEDGASTM (Biorelevant.com). FEDGASTM contains 62.5 
g of fat and carbohydrate per 900 mL to match that in the partially digested high fat FDA breakfast. 
The suppliers of FEDGASTM (Biorelevant.com) stated that the fat content is too low in FeSSGF and the 
stability of FESSGF can complicate analysis.  
Simulated gastric media used in food research to mimic digestion was subject to immense variability. 
A recent EU initiative (INFOGEST) sought to harmonise in vitro digestion methods [133]. The 
simulated gastric fluid within this protocol contains electrolytes, pepsin and gastric lipase and bile 
[134]. 
In summary there seems to be agreement on the media to use to replicate the fasted state yet there 
are multiple media that can be used to simulate the fed state; it is important to recognise the 
differences in these media and to select the most appropriate for the system under evaluation, or to 
select a model that allows dynamic changes in the media to better reflect the in vivo data on the 
composition of gastric media in the fed state. There may also be a need to include a solid component 
within the model rather than a liquid to better mimic the fed state. 

2.4 Gastric motility 
The stomach has three muscle layers: an inner circular layer; a middle longitudinal layer, and an outer 
but incomplete oblique layer. These muscle layers provide motility to the stomach. The motor function 
differs by region, the fundus relaxes as fluids and solids enter the oesophagus, and further as food 
enters the funds, a process known as adaptive relaxation [100]. This response allows the liquid to pool 
in the fundic pouch while the solid components of the meal remain in the mainstream of flow toward 
the pylorus. The corpus and antrum work together to provide a coordinated propulsion of the luminal 
contents towards the pylorus. The pylorus itself, remains open in anticipation of the wave of peristalsis 
where it acts as a sieve. However, the pylorus closes as the peristaltic wave hits the site to act as a 
barrier causing contraflow and mixing where the chyme is digested by enzymes prior to transfer to 
the small intestine.  
The Magenstrasse is the term used for a phenomenon observed in vivo where gastric contents, rather 
than antral emptying, passes from the fundus along a ribbon-like pathway (the Magenstrasse) through 
the centre of the antrum and (via the pylorus) directly into the small intestine [135]. It is important 
that the motility is replicated in models, this may also include replication of the Magenstrasse to 
replicate gastric emptying of solids and liquids. 
In the fasted state gastric motility is controlled by the interdigestive Migratory Motor Complex – the 
MMC. The MMC is a peristaltic contraction starting from the gastric midcorpus region and 
subsequently migrates along the gastric wall, increasing in propagation velocity and amplitude to the 
pyloric sphincter. The MMC can either stop at the upper part of the small intestine or travel all the 
way to the colon. The MMC is a four-phase, continuous cyclical pattern, each phase differing in 
contraction frequency and amplitude. Gastric motility is characterized by tonic contraction in the 
proximal areas and peristaltic muscular contractions in the distal region. The result of these muscular 
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contractions is to churn the ingested contents towards the pyloric sphincter and generate 
hydrodynamic conditions, that serve to mix gastric contents and reduce the size of ingested materials.  
There are four phases of the MMC in the stomach with a total cycle length of 85-120 minutes [16]; 
this is summarised in Table 6 taken from [16]. 

Phase Characteristics Percentage of cycle 
length or actual time 

I Resting/quiescent period, little to electrical activity, spike 
potentials occasionally 

40 – 60% 

II Irregular contraction, low amplitude (up to 40 mmHg or 
5.3 kPa), irregular spike potential 

20 – 30% 

III Regular movement, regular rhythm, at spike potential, 
contractions are strong (up to 80 mmHg or 10.7 kPa) 

3 – 6% (4 – 6 min) 

IV Transition period, regular declining (some researchers 
include this phase in Phase III) 

< 12% (15 min) 

Table 6. Description of the four phases of the MMC in the stomach, information based on [16] 

The contents of the stomach are subject to fluid motion that exerts disruptive forces on the surfaces 
of ingested solid objects, resulting in shear stresses from forces acting parallel to the surfaces and 
normal stresses from forces acting perpendicular (or normal) to the surfaces. Replication of these 
shear and normal stresses in model systems and the rate at which they are applied is complex.  
For further details on GI transit time the reader is referred to [8, 136]. 

2.4.1 Gastric emptying 
The exact mechanism of how gastric contents are emptied is complex as this can depend upon the 
volume, buffer capacity, viscosity and caloric content of materials ingested. Liquids will ordinarily 
empty faster than solids, and smaller objects faster than larger [137]. Further details on gastric 
emptying can be found in [8] where there is a full discussion on gastric emptying rates and how this 
relates to ingestible devices. 
 

2.5 In vitro models of the stomach 
A brief outline of in vitro models that incorporate a gastric environment is presented in the order in 
which they were published, the relative attributes are also compared in Table 7. 
The evaluation of the in vitro models was based on criteria associated with the features of the 
macroenvironment that were presented in Table 1. The evaluation of the biorelevance of the 
luminal media was based upon factors associated with the luminal composition used within the 
system. These were scored using the levels of simulation of luminal composition that have 
previously been reported [138, 139].  These levels are: level 0 is pH only; level 1 is pH plus buffer 
capacity; level 2 includes bile components, dietary lipids, lipid digestion products and osmolality (this 
includes FaSSGF) and level 3 also includes dietary proteins, enzymes (not digestion products) and 
viscosity effects. The ability to adjust the composition of this media via dynamic secretions during 
the test was also included as a marker of biorelevance; this was scored 1 if dynamic secretions were 
possible and 2 if these secretions were automated and responsive by the system under test 
according to an internal feedback mechanism. The volume used within the system was considered to 
be biorelevant where the volume was less than 150 mL in the fasted state and in the region of 500 
mL where the system was replicating the fed state; biorelevant conditions scored 1 where as non-
biorelevant scored 0. An overall score for ‘biorelevance of luminal media’ is given as the sum of the 
scores for the 3 previous criteria. 
The representative anatomy provides details of the shape and dimensions of the compartment used 
to mimic the stomach; where these were broadly similar to the dimensions of the stomach they 
scored 1 and where the dimensions were accurately mimicked they scored 2. The presence of a 
pyloric sphincter within the model provided a score of 1 for the biorelevance and a score of 2 if the 
dimensions matched those found in vivo. The overall score for the biorelevance of the anatomy was 
the sum of the scores for the representative anatomy and the pyloric sphincter.  
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The level of biorelevant motility score comprised the components of the agitation mechanism and 
pattern of agitation. Where the mixing mechanism applied was consistent with mixing in the 
stomach, via compression of the walls of the mixing vessel a score of 1 was applied. The pattern of 
agitation scored 1 for discontinuous mixing and 2 where the profile of discontinuous mixing matched 
that reported in vivo. Where the pressures matched those in vivo a score of 1 was awarded to the 
model. The overall score for the biorelevance of motility was the sum of the scores for mixing 
mechanism, pattern of agitation and pressures. The gastric emptying or transit time was recorded 
and this scored 1 where it was aligned with in vivo data and zero where it was not. 

2.5.1 Standardised digestion models 
There are many in vitro models that have been developed to replicate digestion, particularly within 
the gastric environment. There have been recent efforts to standardize methods [13]. The pH-stat 
lipolysis model is a frequently used digestion model which comprises a single or two-step thermostatic 
chamber.  The gastric digestion phase is simulated gastric fluid with gastric enzymes (pepsin and 
gastric lipase) [140]. The mixing is undertaken via an overhead paddle which does not replicate 
physiological mixing as evidenced from the information provided in section 2.4.  

2.5.2 SHIME 
The simulator of the human intestinal microbial ecosystem (SHIME) was developed by Molly et al 
(1993) [141], the reactor simulating the stomach was added in 1996 De Boever et al (1996). The 
stomach model can simulate food uptake and digestions and mimics the composition within the 
stomach in a dynamic way. The vessel is not designed to mimic the stomach anatomy and the mixing 
is generated via a magnetic stirrer.  The volume of the stomach section is 0.2 L and the pH from 2.0-
2.5 with a transit time of 2 hours [142]. The gastric compartment is fed three times daily to replicate 
three meals in human eating patterns and the media used is a mix of complex carbohydrate and 
protein sources with addition of mucins, minerals and vitamins [141].  The pH within the gastric 
compartment or the gastric emptying rate can be controlled to follow a predefined profile [143]. 
The gastric environment, specifically the time taken for the pH to increase following ingestion of 
formulated antacid tablets has been evaluated within the SHIME apparatus [144]. SHIME has been 
commercialized by ProDigest where access to the equipment is managed by their team.  

2.5.3 TIM-1 Gastric compartment 
The TIM-1 system is a multicompartmental, dynamic, computer-controlled system that simulates the 
human GI tract. The focus of the apparatus is the dynamic control of the intestinal media within each 
compartment. Each compartment is made from a flexible silicone membrane secured within a 
waterfilled outer jacket maintained at body temperature. The transit is then regulated by opening or 
closing the peristaltic valves that connect the compartments [145]. The gastric conditions of infants 
and adults with fast and slow GI transit have been modelled [145]. 
The TIM-1 apparatus has been used to evaluate the survival of probiotics in a capsule within capsule 
(Duocap®) ingested device [146]. The ability to directly observe the disintegration of the capsules 
within the gastric compartment was noted as a useful feature of the TIM-1 apparatus in this particular 
study [146].  
TIM-1 has also been reported to have been used to optimize the composition of an enteric coating as 
well as the thickness that should be applied to a probiotic ingested tablet [147]. This study also 
permitted an alteration in the GI conditions to replicate an elderly as well as a healthy adult population 
to ensure that the results observed are relevant to the appropriate patient population [147]. TIM has 
been commercialized by The TIM Company where access to the equipment is managed by their team, 
although the apparatus is available for purchase and exists in some large pharmaceutical companies. 

2.5.4 Artificial stomach duodenal model (ASD) 
This apparatus is a transfer model where the gastric and intestinal compartments are adjacent to one 
another and fluid is transferred from one vessel to the next using a peristaltic pump. The main use of 
this is to explore the risks associated with physical chemistry processed, for example precipitation, 
upon transfer from the stomach to the small intestine [148].  The original paper that described this 
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model replicated both fasted and fed conditions within a dog and as such the fluids volumes and 
composition were designed to mimic a dog rather than a human.  
This apparatus has also been used to mimic dosing conditions; specifically the coadministration of 
capsules co-formulated with Captisol (10% drug load) with Sprite as a co-administration vehicle [149].  

2.5.5 Dissolution Stress Test device 
This apparatus is designed to expose a dosage form to a sequence of movements, pressure waves and 
phases of rest to mimic in vivo conditions [150]. It is based on a USP dissolution apparatus where in 
place of a paddle or basket there is a novel mixing unit housed at the surface of the vessel. This unit is 
designed to hold the dosage form and apply stresses to the surface whilst exposing the unit to fluid 
for periods of time and having periods of time where the dosage form is not submerged within the 
dissolution fluid to mimic in vivo motion. The apparatus combined aspects of both gastric and 
intestinal physiology in a single unit; the pressure matches gastric emptying yet the fluid is simulated 
intestinal fluid [150]. 
Specifically the motility was designed to match gastric emptying which included three pressure waves 
(6-s duration, duty cycle of 50% and a fortitude of 300 mbar) [151]. In addition, the rate of tablet 
transport observed in humans was replicated during gastric emptying with velocities that ranged from 
15-60 cm*s-1. This apparatus was used to consider the rate of release for erodible modified release 
where the stresses on the surface of a tablet can control the rate of erosion [150, 151]. The pre-
conditioning of the tablet using in vitro methods can be important when assessing the performance 
in the large intestine where the drug load is designed to be released. 

2.5.6 Human gastric simulator (HGS) Riddet Institute, New Zealand 
The motility in the HGS is provided by a system of rollers to create peristaltic contractions on 4 planes 
around a latex stomach [152]. The latex stomach chamber does not reflect the anatomical shape of 
the human stomach but provides a flexible chamber such that the motion applied mimics that within 
the in vivo stomach [152]. The stomach chamber has a diameter of 10.2 cm and a length of 28 cm 
[153]; however the bottom end of the cylinder is tapered to reduce the exit diameter to 2.5 cm. A thin 
polyester mesh with a pore size of 1.5 mm is used during experiments to mimic the size of particles 
that can pass through the pyloric sphincter [153]. The maximum force recorded was 3.39 ±0.95 N 
which was considered to be representative of in vivo forces [153]. The fluid used in this system was 
SGF containing pepsin and the flow into the stomach model of this fluid was controlled as well as the 
exit flow. The motility applied to the stomach model was set at a frequency of 3 contractions per 
minute to match in vivo data. This model has predominantly been used to understand the digestion 
of functional foods and the bioaccessibility of nutrients.  

2.5.7 FloVitro dissolution system 
The FloVitro system includes a gastric and small intestinal chamber and an additional third 
compartment connected to the small intestinal component that is intended to function as an 
absorptive compartment [154]. This apparatus was mainly focused on small intestinal absorption yet 
the gastric compartment is included to evaluate the effects of transfer. The system was used to 
compare the performance of hard gelatin capsules [154].   

2.5.8 Chen et al (2011) In vitro digestion model 
A hemispherical vessel, similar in shape to a USP1/2 dissolution vessel was used as the basis of a model 
for gastric mixing. In this system a spherical probe was used to create mixing where the probe was 
moved in a vertical plane, rather than rotating as within the USP dissolution apparatus [155].  The 
rationale for this apparatus was that probe movement relative to the wall of the vessel creates a 
similar flow pattern to that of the contraction waves of the stomach wall [155]. In this model the 
simulated gastric juice contained: pepsin (1 g*dm-3); mucin (1.5 g*dm-3), and NaCl (8.775 g*dm-3), 
and pH 1.3 to 1.5, adjusted using HCl. This model demonstrated that factors that influence gastric 
digestion (such as digestion time, pepsin concentration, food to gastric juice ratio, shearing action and 
hydrodynamic flow) could be monitored as useful indices for the characterization and quantification 
of digestion processes [155]. This model has been proposed for use in studies that measure the kinetic 
process of gastric digestion under well controlled conditions. 
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2.5.9 Dynamic gastric model 
The Dynamic Gastric Model (DGM) was developed to address the need for an in vitro model which 
could simulate both the biochemical and mechanical aspects of gastric digestion in a realistic time-
dependent manner [156]. The systems has a feedback pH sensor to provide real time adjustments to 
reflect gastric acid flow rate; enzymes secretions in response to pH and food bolus; temperature 
controls; a dynamic pyloric sphincter that allows exit of material; Dynamic mixing to reflect gastric 
contractions that can be adjusted based on meal viscosity and particle sizes [156]. The physical forces 
within the DGM differ with the fundus/main body being subjected to rhythmic squeezing (0.05 Hz) 
and the antral part higher shear forces. The DGM has been shown to have value in pharmaceutical 
research predominantly to understand the performance of dosage forms (eg [157-159]) rather than 
ingestible devices. Studies have been conducted to better understand the survival of probiotics in the 
stomach [160] and to compare the performance of capsule shell materials [159]. 

2.5.10 Dynamic in vitro rat stomach system (DIVRS)  
The rat is a commonly used preclinical species to evaluate digestion; thus an in vitro system based on 
the rat stomach is of value. This model mimics the shearing and pulsing motion within the rat stomach 
using a silicone flexible structure that is based on the anatomy of a rat stomach [161]. The internal 
fluid composition was managed using inlet and outlet tubes and the motion via a mechanical system 
of angled plates that acted on the exterior of the silicone stomach [161]. The frequency of the applied 
contraction force was 1.6-2 times per minute based on prior literature [162]. The amplitude and rate 
of contractions could be changed within this system [161]. This model was adapted to include a rolling 
extrusion motility pattern which improved the correlation between this in vitro model and in vivo data 
[163]. A further advance to this model was the use of a 3D printer to generate the silicon stomach 
structure which improved the uniformity of the wall thickness and hence the reproducibility in the 
motion applied [164]. This model would be suitable to assess the transit of devices through a rat 
stomach due to the considerable efforts made to replicate the anatomy and motility. 

2.5.11 Dynamic Gastro-intestinal Digester (DIDGI) 
The DIDGI® system consists of two consecutive compartments simulating the stomach and the small 
intestine.  This model was built in order to monitor the deconstruction and the kinetics of hydrolysis 
of the food occurring during a simulated digestion. A PTFE membrane with 2 mm holes is placed before 
the transfer pump between the gastric and the intestinal compartment to mimic the sieving effect of 
the pylorus in human [165]. This model can accurately control the composition of the luminal media 
by controlling secretions in response to pH sensors. The flow rate into and out of the gastric 
compartment is also closely controlled and can be varied to mimic a range of patterns. This model has 
been used primarily for digestion studies and has been correlated to studies conducted in pigs [166].  

2.5.12 SIMulator of the GastroIntestinal tract SIMGI 
The SIMGI comprises of five compartments (units), simulating the stomach, small intestine and the 
ascending, transverse and descending colon regions [167]. The stomach compartment is formed of a 
flexible silicon tube that is housed within plastic where water flow provides peristaltic motion to the 
flexible wall [167]. The major focus of this apparatus is the colon sections rather than the stomach. 
The media used within the stomach contained gastric electrolytes and enzymes and the pH is 
controlled. The system can operate in a fed state where the pH following the meal can follow a 
predetermined protocol. Most of the work conducted on this model has been related to digestion 
with a focus on screening and development of pre- and probiotics. SIMGI has been commercialised by 
the Institute of Food Science Research in Spain and they offer services where products can be 
evaluated using this system for a fee.  

2.5.13 Rope-driven in vitro human stomach (RD-IV-HSM)  
This model incorporates a flexible silicone gastric body that is modelled on an actual human specimen 
[168]. As well as mimicking the dimensions of an adult stomach the surface characteristics of the 
internal lumen are recreated to include the rugae observed in vivo [168]. Despite matching the 
anatomy of a human stomach this model did not accurately mimic the pyloric sphincter. Multiple input 
tubes are incorporated into the model to simulate the role of gastric secretory glands. Motility is 
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generated via a rope that is wrapped around the body of the stomach where the frequency of 
contractions matches that found in vivo [168]. The maximum antral force achieved within the system 
was 3.37 ±0.59 N which matches human values and is sufficient for grinding of food [168]. The 
anatomy and motility are the strengths of this model that mimics human digestion and it has been 
shown that this model replicates the lag phase on solid emptying yet it may not reproduce the gastric 
sieve effect [168]. The accurate replication of the anatomy, morphology and motility would make this 
a useful model to evaluate the gastric retention of ingested devices and their stability (if retained) in 
biorelevant gastric media.  

2.5.14 Engineered Stomach and small INtestine (ESIN) model 
The ESIN model is a multi‐compartmental system that is composed of six successive compartments: a 
meal reservoir; a salivary ampoule; the stomach and the three parts of the small intestine [169]. The 
stomach compartment is housed in a cylindrical compartment where pressures are applied from each 
end; the pressure applied is adjusted based on an integrated pressure sensor within the gastric 
compartment [169]. This model offers advantages to other multicompartmental models as it provides 
a tool to assess the swallowing function and “ingestion” of food. The gastric emptying follows a two-
phase profile where only particles smaller than 2 mm can exit the gastric compartment replicating in 
vivo data [169]. The impact of differential gastric emptying of solids and liquids can be evaluated in 
this apparatus, particularly in terms of how this may affect the performance of oral medicines (eg 
paracetamol and sustained release theophylline) where an in vitro in vivo correlation was 
demonstrated [169]. 

2.5.15 Dynamic Gastric Simulating Model (DGSM) 
The DGSM is formed from a cylindrical vessel with a truncated cone at the lower end, the total capacity 
is 300 mL [170]. Motion is applied in the vertical plane at a frequency to match in vivo data. The exit 
is restricted to particles smaller than 2 mm in size to match the pyloric sphincter closed size reported 
for adults. Inlet and outlet tubing controls the media within the vessel and the gastric emptying rate 
for the apparatus [170]. The DGSM incorporates compressive forces to disintegrate food, mimics 
continuous gastric emptying, and simulates gastric secretions that generate pH profiles similar to 
those of the human stomach. This model was used to evaluate the efficacy of supplementary enzymes 
in assisting food digestion and is a useful tool to study enzyme activity under dynamic physiologically 
relevant conditions [170]. 

2.5.16 In vitro mechanical gastric system (IMGS) 
This system is formed from a 3D printed flexible stomach compartment that incorporates realistic 
morphology and dimensions (900 mL volume capacity) [171]. The system includes a J-shaped stomach, 
a mechanical system with realistic peristaltic frequency and force magnitude, and a reproduction of 
the gastric pH curve. Motility was controlled using 8 pistons arranged around the gastric compartment 
to replicate forces taking into consideration the relevant force by region of the stomach. The model 
was used to evaluate the impact of a more realistic gastric peristalsis on the intestinal lipolysis of 
protein-stabilized O/W emulsions, This model showed good correlation to in vivo force data, 
particularly peristalsis [171]. There is no transit within this model as it is a closed system. 

2.5.17 Biorelevant Gastrointestinal Transfer (BioGIT) model 
This model is a transfer model based on USP dissolution apparatus where fluid from the gastric 
compartment is transferred to the duodenal compartment. It has been shown to be useful for 
evaluating formulation performance particularly, after administration of conventional or enabling 
products of highly permeable drugs [34]. This model can accurately replicate the composition of 
intestinal fluid and the rate of transfer can be controlled yet there is no attempt to mimic the motility 
within the stomach in this apparatus. 

2.5.18 TIM Advanced gastric compartment (TIMagc)  
The TIMagc has been demonstrated to simulate gastric anatomy, motility and physiology. The 
apparatus comprises 3 parts: the gastric body, proximal antrum, and distal antrum [172]. The size of 
the TIMagc is three times smaller than the adult human where the maximum gastric volume is 300 mL 
[172]. TIMagc can replicate a range of mixing protocols including one that mimics the simulated fasted 
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state migrating motor complex phases 1 and 2. The amount of content that is pushed through the 
pyloric valve can be determined by setting the difference between the amount of contraction and 
relaxation of the distal and proximal antrum parts, respectively. 
Mix 1 is a pattern of mixing to replicate phase 1 of the MMC that includes oscillation between the 
proximal and distal antrum with 12 second pauses between cycles where the frequency of contraction 
profiles repeats every 21 seconds. The maximum flow rate experienced was 0.081 ms-1 during mix 1.  
Mix 2 is a pattern of mixing to replicate phase 2 of the MMC that includes an independent proximal 
antrum compression and expansion, a concurrent proximal antrum compression and distal antrum 
expansion, followed by the reverse operation, and then a 9 second pause. The frequency of 
contraction profiles repeats every 20 seconds. The maximum flow rates experienced was 0.19 ms-1 
during mix 2. 
The highest shear rates within the TIMagc were at the vessel walls; the shear rates were found to vary 
between 0.001 and 360 s-1.  The fluid hydrodynamics produced within TIMagc during Mixes 1 and 2 
were predominantly within the range of Reynolds numbers observed in vivo [173]. 
The gastric component used in the TIM was based on a bionic gastric reactor (BGR).  Measurements 
within the TIMagc have been compared to in vivo data using the SmartPill technology as a means of 
validating the biorelevant conditions produced in the TIMagc system [172]. This is a clear example of 
an ingestible device (SmartPill) being used within an in vitro model and as such this model could be 
used to evaluate other similar devices. 

2.5.19 V-form glass vessel 
This model was introduced as a semi-dynamic model that can replicated changes in pH; gastric 
emptying and dynamic addition of digestive enzymes and gastric fluid [174]. It can handle both liquid 
and semi-solid materials and has a maximum capacity of 70 mL [174]. The fluids used within this model 
are based on a digestion protocol as reported [175]; where the simulated fluids are matched based 
on the electrolyte concentrations; yet enzymes were also included to better replicate gastric fluid. The 
gastric emptying is designed to mimic physiological emptying where the exit is limited to material of 
less than 2mm diameter to match reports of the size of materials that exit the pyloric sphincter in vivo 
[99]. Experimental data in this model on the extent to which food structures impact on nutrient 
delivery was compared to results from a previous human study on the same foods where the gastric 
behaviour in the model was similar to that in vivo [174]. 

2.5.20 Model of an Infant Digestive Apparatus (MIDA) 
 A model designed to reproduce the physiology of the GI tract of a six-month-old infant, MIDA has 
been described. This model consists of four consecutive compartments to replicate the oesophagus, 
the stomach, the pyloric sphincter and the intestine [176]. The construction used two concentric tubes 
for each section to enable motion to replicate peristalsis. The gastric compartment had an inner 
diameter of 35 mm and a length of 185 mm [176]. This is a flow through system where the composition 
of fluid can change over time according to the input materials. This model has been used to evaluate 
the starch digestibility of baby foods. The model employed electrolyte solutions mixed with enzymes 
to simulate digestive fluids. A total gastric volume of 280 mL was used [176]. No details on the motility 
or mixing applied were found in the literature.  

2.5.21 Gastric Digestion Simulator (GDS) 
The gastric digestion simulator has transparent observation windows that enable researchers to see 
how the mixing affects solid particles and observe physical changes [177].  This model was developed 
to analyze the effects of physical digestion including the break-down of solid food particles and the 
mixing of gastric contents. The vessel is made of flexible material and its volume (capacity) is 550 mL 
and peristaltic forces are applied via mechanical action of rollers. The exit incorporates a sieve set to 
restrict exit of particles greater than 2mm in diameter. The input and output flow can be controlled 
to enable replication of gastric media and gastric emptying [177]. Specifically this model has been used 
to observe the disintegration and/or swelling of food particles under biorelevant motion. 
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2.5.22 Mechanical antrum model 
This device as developed to evaluate the gastroretentive potential of dosage forms by simulating 
antral contraction waves in a realistic manner [178]. The gastric compartment consists of an elastic 
silicone tube with a diameter of 3.5 cm that is surrounded by an inflatable ring-shaped balloon. The 
balloon is inflated which results in a local occlusion inside the silicone tube. Motion of this balloon 
along the cylindrical tube via a stepping motor mimics the propagation of an antral contraction wave 
[178]. This model was used to evaluate the gastro-retentive potential of a range of objects that 
differed in size, shape and material, the results showed different times for each object showing some 
discrimination of the model yet there was no link to in vivo data [178]. This model may be of particular 
interest to evaluate gastric retention of larger ingestible devices. 

2.5.23 GastroDuo 
GastroDuo is a biorelevant dissolution test device combines a fed stomach model and a dynamic 
open flow-through dissolution system [179]. This apparatus was designed to simulate particular 
aspects of the postprandial stomach, including dynamic pH changes, gastric peristalsis, and the 
kinetics of gastric emptying, with a specific focus on how gastric emptying can impact upon the 
performance of oral solid dosage forms, specifically to replicate the Magenstasse (stomach road). 
This apparatus includes a gastric cell where the dosage form is placed between two blades that are 
located inside this cell. The blades are  moved with defined velocities to simulate realistic 
movements of a formulation present in the human stomach [179]. In addition, pressure events can 
be replicated using a balloon placed between the blades that can be inflated to mimic the 
occurrence of pressure events in the stomach as they are observed in the fasted and fed state. The 
cell is fed by a flow of gastric media and the flow rate can be adjusted to mimic a range of gastric 
emptying rates. Data obtained from fed state in vivo studies on two oral immediate release drug 
products was explained by the results obtained from the GastroDuo apparatus particularly 
highlighting how the interplay of drug properties, formulation properties and GI physiology, can 
contribute to the variability of drug plasma concentrations.  Further work with this apparatus has 
explained in vivo data on fast disintegrating and dissolving aspirin tablets compared to conventional 
tablets where the rapid emptying of dispersed aspiring in the fed state could be replicated in vitro 
[180]. Further work exploring the link between this apparatus and in vivo data compared the 
performance of one film-coated tablet and three different capsule immediate release formulations 
of caffeine; although the in vitro apparatus discriminated between the performance of these dosage 
forms the in vivo data was not in line with this in vitro data [181]. 

2.5.24 Artificial Gastric Digestive System (AGDS)  
The artificial gastric digestive system (AGDS) is a 3D printed silicone stomach model that replicates 
the detailed  anatomy and morphology of an adult stomach, including the size, the shape and the 
folds of the inside stomach wall (rugae) [182]. It uses a system of externally applied rollers to 
generate forces to mix the contents of the gastric model. The fluid used within this model has 
included gastric fluid with digestive enzymes; fluid can be added and removed during the 
experimental process to provide a dynamic environment. The pressures generated within this model 
(27 mmHg) were reported to be similar to those in vivo (25 mmHg) [182]. A major limitation of this 
apparatus is that there is no exit to the duodenum. This model has been used to evaluate the 
digestion of α-lactalbumin (which is sensitive to pepsin and pH changes), the results showed that the 
hydrolysis and morphology of protein, peptide and amino acids accumulation obtained by AGDS 
were different from static digestion and semi-dynamic digestion models [182]. This finding suggests 
that pH and gastric motility have an effect on protein hydrolysis. The data found with AGDS was 
similar to in vivo data which aids in validating this model [182]. 

2.5.25 Gastric Simulation Model (GSM) 
The gastric simulation model is formed from an anatomically representative latex chamber where 
the motility is applied from a series of external syringes that surround the stomach chamber where 
the distribution, amplitude and frequency of contractions are similar to human gastric conditions 
[183]. The model has a maximum capacity of 600 mL and the pyloric sphincter has an opening 
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diameter of 1.0 cm and it sieves material only allowing those smaller than 1-2 mm to pass [183]. 
Motility patterns can be applied to mimic peristaltic motion where the amplitude, frequency and 
trends of mechanical forces can be adjusted. The highest pressure recorded was 70 mmHg at the 
terminal antrum position [183]. A pump controlled the input flow into the stomach model [183]. The 
model uses simulated gastric fluid that is delivered into the model via 8 tubes to allow uniform 
distribution to better mimic secretion of gastric juice. This model has been used to evaluate 
digestion [183] where a range of simulated media can be incorporated. Existing work evaluated the 
breakdown kinetics and size distribution of sausage particles as a function of contraction force 
applied, however this was not correlated to in vivo data [183].  

2.5.26 Near Real Dynamic In Vitro Human Stomach (DIVHS) 
This model is an advance on the RD-IV-HSM described previously (2.5.13). The dynamic in vitro 
human stomach (DIVHS) has been designed to match the anatomy of the human adult stomach; it is 
3D printed in a soft-elastic silicone and has a similar stomach morphology, dimensions and wrinkled 
inner structure to in vivo [184]. It has a maximum internal volume of 400 mL as the stretch of the 
material would not allow expansion to match the reported capacity of the human stomach at 1.5 L 
[184]. The motility is mimicked using a combination of rollers that are applied externally; the 
mechanical stress generated within the DIVHS corelated to a reasonable level to that in a human 
stomach ranging from 5134 to 67 292 N*m2 [184]. Fluids are added and removed from the DIVHS 
using peristaltic pumps to reflect dynamic changes in composition within the system. The junction to 
the duodenum does not house a pyloric sphincter yet the geometry limits transfer only to particles 
<1-2 mm in diameter [184]. This model has been used to evaluate the gastric emptying of meals as it 
replicated the mixing and grinding of foods as well as enzymatic breakdown due to the nature of the 
fluids used within the system. The performance of the model was evaluated by comparing the 
gastric emptying, pH and particle size of beef stew with in vivo data. The gastric emptying was 
similar to that from the reported in vivo gastric emptying curve [185]. 

2.5.27 Bionic Gastrointestinal Reactor (BGR) 
The BGR is similar to the TIMagc in terms of the stomach component bulk structure however the 
BGR also incorporates the morphology of the stomach with folds in the gastric body [186]. The BGR 
was manufactured using elastic and contractile silica gel and the simulated stomach component 
consists of three parts, namely, fundus, gastric body, and antrum [186]. These gastric component 
parts can be contracted and dilated independently because they are placed in transparent glass 
vessels filled with water. GI wall peristaltic contractions and gastric diastole were simulated by 
adjusting the water pressure that circulated in the space between a glass jacket and a flexible 
membrane. A contraction strength of 22 mmHg was generated by BGR with the basic motility 
pattern and 120-220 mmHg when simulating the housekeeper wave [186]. There is no data on the 
use of this model that can link to in vivo data although great efforts have been made to replicate the 
forces and crushing strength within the BGR. 

2.5.28 Human Gastric Simulator (HGS) Food Engineering Laboratory (University of California Davis) 
The Human Gastric Simulator (HGS) simulates ACWs through a mechanical system of rollers. The 
stomach compartment is formed of a bag that is sealed at one end. The bag has a length of 70 cm 
and the diameter varied from 3-24 cm [187]. Two tracks of rollers initiate a contraction at the 
beginning of the distal region of the stomach liner and carry the contraction through the simulated 
pylorus at a rate of 3 contractions per minute. The forces within the HDS system have been 
correlated to in vivo data demonstrating that the forces applied replicate the forces involved in 
mixing in vivo [187]. The maximum force recorded was 5.9 ±0.3 N [187]. Detailed experiments have 
probed the hydrodynamics within this apparatus to determine fluid flow based on the gastric region 
[187].  

2.5.29 3D printed in vitro dynamic digestion model (ARK®) 
A 3D printed stomach model was used to determine the gastric retention of material based on 
particle size [188]. This is a very new paper and it was not possible to access the full text version to 
extract further details on this model at the time of writing this review. 
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Model 
name and 
reference 

Single or 
multi-
compart
ment 

Bioreleva
nt 
compositi
on 

Dynam
ic 
gastric 
secreti
ons 

Volu
me 
(mL) 

Biorelev
ant 
luminal 
media 
score 

Represent
ative 
anatomy 

Pyloric 
sphincter 
exit 

Bioreleva
nce of 
represent
ative 
anatomy 

Mixing 
mechani
sm 

Pattern 
of 
agitation 

Pressures 

Biorelev
ance of 
motility 
score 

Gastric 
emptying/tr
ansit 

Biorelev
ant 
transit 
time 
score 

Simulator 
of the 
human 
intestinal 
microbial 
ecosystem 
(SHIME)  
[142] 

Multi 

Fed a 
represent
ative 
liquid 
meal. 
Level 3  

Yes 200 5 
A duran 
flask 

A narrow 
tube 

1 
Magneti
c stirrer  

Continuo
us 
stirring at 
150 rpm 

Not stated 0 

2 hours 
residence 
time within 
the stomach 

1 

TNO TIM1 
original 
gastric 
compartm
ent [145] 

Multi Level 3  

Interna
l 
feedba
ck 
control
s 
sectioti
ons 

300 5 
Cylindrical 
tube 

A narrow 
tube 

1 

The 
flexible 
walls are 
compres
sed and 
relaxed 
by 
changing 
the 
water 
pressure
, which 
enables 
mixing 

Can be 
adjusted 

Not stated 2 
Peristaltic 
valves 
control flow 

1 

Gu et al 
(2005) 
model to 
include 
absorption 
[33] 

Multi 
0.1N HCl 
Level 0 

Yes 250 1 
USP 
dissolution 
vessel 

A narrow 
tube 

1 
Vessel 
stirred  

Continuo
us 
stirring at 
100 rpm 

Not stated 0 
Mapped to 
in vivo data 
 

1 

Artificial 
stomach-
duodenum 
(ASD) [148] 

Multi 
0.01N HCl 
Level 0 

No 70 1 
A 
cylindrical 
beaker 

Not 
stated 

0 
Magneti
c stirring 

Continuo
us 
stirring 

Not stated 0 
Mapped to 
in vivo data 
 

1 
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Dissolution 
Stress Test 
device 
[150] 

Single 
HCl (pH 
1.0) 
Level 0 

No 1150 0 

A chamber 
above a 
USP 
dissolution 
vessel 

N/A 0 

Dissoluti
on 
media 
stirred at 
200 rpm. 
The 
dosage 
form 
spent 
50% of 
time 
submerg
ed in the 
media 

Pulsatile 
inflation 
and 
deflation 
of 
balloons 
inside the 
chamber. 
Continuo
us 
stirring of 
dissolutio
n media 

Represent
ative 
forces 
reported 

3 N/A 0 

Human 
gastric 
simulator 
(HGS) 
Riddet 
Institute, 
New 
Zealand 
[152], 
[153].  

Single 
SGF with 
pepsin 
Level 3 

No 70 4 

Soft latex 
conical 
shaped 
vessel 

0.32 cm 
diameter 
plastic 
tube 

3 

Contract
ions by 
mechani
cal 
driving 
device 
providin
g vertical 
and 
rotation
al 
motion 

3 times 
per 
minute 

Maximum 
antral 
contractio
n forces of 
up to 
3.39 ± 0.9
5 N 

4 
3.0 mL*min-

1 
1 

FloVitro 
[154] 

Multi 
SGF 
Level 0 

No 40-60 1 
Cylindrical 
vessel 

A narrow 
tube 

1 

Stirred 
at 300 
rpm with 
a paddle 

Continuo
us 
stirring 

Not stated 0 Not stated 0 

Chen et al 
(2011) In 
vitro 
digestion 
model 
[155] 

Single 
SGF with 
pepsin 
Level 3 

No 100 4 
Hemispher
ical vessel  

N/A 0 

Vertical 
motion 
of a 
probe 

Continuo
us 
motion 

Not stated 0 Not stated 0 

Dynamic 
Gastric 
Model 

Single 
SGF with 
lipids 
Level 2 

Interna
l 
feedba
ck 

20 in 
reste
d 
state 

5 

Conical 
shaped 
flexible 
vessel  

Not 
stated 

1 

Rhythmi
c 
squeezin
g of the 

Contracti
ons at 
three 

Represent
ative 
forces 
reported 

4 Not stated 0 
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(DGM) 
[156, 189] 

control
s 
secreti
ons 

vessel 
for the 
upper 
part ad 
peristalti
c motion 
toward 
the 
pyloric 
sphincte
r 

times per 
minute 

Dynamic in 
vitro rat 
stomach 
system 
(DIVRS) 
[161]. 

Multi 
0.25 M 
HCl 
Level 0 

No 

3 (to 
matc
h the 
volu
me in 
the 
rat) 

1 

Silicone 
mold of an 
actual rat 
stomach 

3.5mm 
internal 
diameter 
tube 

3 
External 
compres
sion 

Three 
compress
ions per 
minute 
(cpm), 
and the 
amplitud
e of the 
angle 
plate was 
set at 2.6 
mm 

Compressi
ve forces 
are larger 
than the 
contractiv
e forces 
produced 
during in 
vivo 
experimen
ts 

4 

Gastric 
emptying 
controlled 
by motility 
and 
pressure 

1 

Dynamic 
Gastro-
intestinal 
Digester 
(DIDGI) 
[165] Multi 

SGF  
Level 2  

Yes 

30 
(faste
d 
volu
me) 
plus 
150 
ingest
ed 

4 
Cylindrical 
beaker 

A Teflon 
membra
ne with 2 
mm 
holes to 
mimic 
the 
sieving 
effect of 
the 
pylorus 

2 
Magneti
c stirring 

Continuo
us 
stirring 

Not stated 0 
Transit time 
(t1/2) = 70 
minutes 

1 

SIMulator 
of the 
GastroInte
stinal tract 
SIMGI 
[167]. 

Multi 
SGF  
Level 2 

Yes 
Not 
state
d 

3 
Flexible 
cylinder 

Tubing 
port 

1 

Externall
y applied 
water 
pressure 
to create 
peristalti

Not 
stated 

Not stated 2 
Programma
ble transit 

1 
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c waves 
and 
magneti
c stirrer 

Rope-
driven in 
vitro 
human 
stomach 
(RD-IV-
HSM) [168] 

Single 

Artificial 
gastric 
juice 
Level 1 

20 
silicone 
tubes 
are 
connec
ted to 
the 
gastric 
corpus 
in a 
rando
m 
fashion 
to 
simulat
e the 
roles of 
gastric 
secreto
ry 
glands 

25 3 

Silicone 
mold of an 
actual 
human 
stomach 

6mm exit 
pipe 

3 

Ropes 
wrapped 
around 
the 
antrum 
produce 
contracti
ons in 
the 
stomach 
model 

Contracti
ons at 3 
times per 
minute. 
The 
amplitud
e of the 
contracti
ons on 
the 
model 
was set 
at 1 cm 

Maximum 
antral 
contractio
n forces of 
3.37 ± 0.5
9 N 

4 
6.25 
mL*min-1 

1 

Engineered 
Stomach 
and small 
INtestine 
(ESIN) 
model 
[169]. 

Multi 

SGF that 
can 
include 
food 
Level 3  

Yes 50 6 
Cylindrical 
shape 

Allows 
the 
passage 
of small 
size 
particles 
(< 2mm) 
and 
liquids 

2 

Agitation 
is 
perform
ed by 
shaft 
stirrers 
equippe
d with 
adjustab
le rotors 

Contracti
ons at 3 
times per 
minute 

Not stated 1 
Mapped to 
in vivo data 
 

1 

Dynamic 
Gastric 
Simulating 
Model 

Single Level 3  Yes 300 4 

Cylinder 
with a 
truncated 
cone 

a 2 mm 
gap is 
left at 
bottom 

2 

Vertical 
planar 
moveme
nt of a 
probe 

Contracti
ons at 3 
times per 
minute 

Not stated 1 
Mapped to 
in vivo data 
 

1 
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(DGSM) 
[170]. 

attached 
to a 
texture 
analyzer  

In vitro 
mechanical 
gastric 
system 
(IMGS) 
[171]. 

Single Level 3 
pH 
respon
sive 

360 4 
J-shape 
flexible 
structure 

N/A 2 
External 
compres
sion 

Contracti
ons at 3 
times per 
minute 

Mechanist
ic forces 
ranged 
from 0.20-
1.89 N 

3 
Mapped to 
in vivo data 
 

1 

Biorelevant 
Gastrointe
stinal 
Transfer 
(BioGIT) 
model [34] 

Multi 
Level 2 
FaSSGF 

yes 250 3 
USP 
dissolution 
vessel 

Not 
stated 

0 
USP 
Paddle 
rotation  

Continuo
us 
stirring at 
75 rpm 

Not stated 0 

half-life of 
gastric 
emptying 
was set at 
15 min 

1 

TIMagc 
[173] 
[172]. 

Multi Level 3 Yes 300 4 3 parts to 
replicate J 
shape 

Not 
stated 

1 External 
compres
sion 

Motilitly 
mapped 
to in vivo 
data 

Represent
ative 
forces 
reported 

4 Mapped to 
in vivo data 

1 

V form 
glass [174] 

Single Level 3 

Yes via 
a 
syringe 
pump 

70 5 
A V-form 
vessel 

No 0 
Mini 
gyro 
rocker  

Continuo
us 
motion at 
35 rpm 

Not stated 0 
Mapped to 
in vivo data 
 

1 

Model of 
an Infant 
Digestive 
Apparatus 
(MIDA) 
[176] 

Multi Level 3 Yes 280 4 
Flexible 
cylindrical 
tube 

3 way 
valve 
(deimens
ions not 
stated) 

0 
External 
compres
sion 

Frequenc
y and 
amplitud
e not 
mentione
d 

Not 
mentione
d 

1 
Time not 
stated. 

0 

Gastric 
Digestion 
Simulator 
(GDS) 
[177].   

Single Level 2 Yes 100 4 

Conical 
shaped 
with 
dimension
s similar to 
the human 
antrum 

A sieve 
with 
2mm 
pore size 

1 

Gastric 
peristalsi
s is 
simulate
d by 
compres
sing 
deforma
ble 
rubber 

Contracti
on waves 
at a 
speed of 
2.5mm/s 
and 
frequenc
y of 1.5 
per 
minute   

Estimated 
compressi
on forces 
range 
from 0.65-
1.9N   

4 

Contents 
emptied 
every 15 
minutes 

0 
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walls 
using 
pairs of 
rollers 

Mechanical 
antrum 
model 
[178]. 

Single 

0.5% m/m 
Tween 80 
in water 
Level 0 

No 150 1 
A 
cylindrical 
tube 

N/A 0 

An 
occludin
g ring 
along a 
flexible 
cylinder 
mimickin
g antral 
contracti
on 

Propagati
on 
velocity 
of waves 
was 
3mm/s. 
Frequenc
y was 1 
per 
minute 

Not stated 3 N/A 0 

GastroDuo 
[179] 

Single  
SGF  
Level 1 

Yes 

Flow 
throu
gh 
syste
m 

3 No N/A 0 

Blades 
to 
simulate 
realistic 
moveme
nts 
present 
in the 
human 
stomach 

Program
med to 
replicate 
in vivo 
data 

Not stated 2 
Mapped to 
in vivo data 
 

1 

Artificial 
gastric 
digestive 
system 
(AGDS) 
[182] 

Single 
SGF with 
enzymes 
Level 3 

Yes 400 4 

3D printed 
silicone 
stomach 
model 

 2 mm 
diameter 
silicone 
tube 

4 
External 
compres
sion 

Designed 
to 
replicate 
in vivo 
data 

Represent
ative 
forces 
reported 

4 
Mapped to 
in vivo data 
 

1 

Gastric 
Simulation 
Model 
(GSM) 
[183] 

Single 
SGF with 
enzymes 
Level 3 

Yes at 8 
positio
ns 
within 
the 
stomac
h 
model 

150 6 
Reproduce
d gastric 
geometry 

1 cm 
pyloric 
sphincter 
that can 
sieve 
particles 
<2mm 

3 
External 
compres
sion 

Contracti
ons 3 
times per 
minute 

Represent
ative 
forces 
reported 

4 
Mapped to 
in vivo data 
 

1 
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Near real 
dynamic in 
vitro 
human 
stomach 
(DIVHS) 
[184]. 

Multi 
SGF  
Level 1 

Yes 400 2 

A flexible 
silicon 
shape 
based on a 
human 
stomach 

Sieve to 
restrict 
flow to 
particles
<2 mm 

4 
External 
compres
sion 

Designed 
to 
replicate 
in vivo 
data 

Represent
ative 
forces 
reported 

4 
Mapped to 
in vivo data 
 

1 

Bionic 
gastrointes
tinal 
reactor 
(BGR) 
[186] 

Multi 
Not 
stated 

Not 
stated 

Not 
state
d 

0 

3 parts to 
replicate J 
shape Not 

stated 
1 

External 
compres
sion 

Designed 
to 
replicate 
in vivo 
data 

Represent
ative 
forces 
reported 

4 Not stated 0 

Human 
gastric 
simulator 
(HGS) Food 
Engineerin
g 
Laboratory 
(University 
of 
California 
Davis) 
[187]. 

Single 
Not 
stated 

No 
Not 
state
d 

0 
Approxima
ted j shape 

Sealed 
unit 

1 
External 
compres
sion 

Contracti
ons 3 
times per 
minute 

Maximal 
contractio
n force in 
the 
antrum 
was 
5.9 ± 0.3 N 

4 
N/A sealed 
unit 

0 

Table 7. Summary of dynamic in vitro gastric models (presented in order in which they were published 
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Table 7 highlights the diversity of gastric models available. The majority have focused on the fluid 
composition yet many also mimic the anatomy and motility. Most models are derived from 
pharmaceutical or food research and therefore they mimic disintegration and dissolution to 
measure the bioaccessibility of nutrients or drugs; therefore adaptations may be required to 
evaluate monolithic devices due to their size.  

2.6 Gastric organoid models 
Human gastric organoid models have been reported derived from both primary human gastric tissue 
[80, 190-197] or hIPSCs [198]. Many studies have also used murine primary gastric organoids [192, 
196, 199, 200] including co-culture with autologous immune cells [200] and immortalized stomach 
mesenchymal cells [201], in addition to murine pluripotent stem-cell-derived gastroids [202, 203]. 
Mainly, these models have been used to investigate H. Pylori infection [190-192, 194, 195, 197, 198], 
cancer [80, 193, 196, 199, 200] and pharmaceuticals [201]. H2D human fundic organoid layers have 
been used to study H. Pylori infection [197]. 
Gastric organoid models have mainly been developed to better understand disease progression 
although there is scope for such models to be used in toxicity assessment and pharmacokinetic 
analysis [204]. 
 

2.7 Gastric Organ-on-a-chip models 
Lee et al [205] has reported a human stomach-on-a-chip system by embedding a single hIPSC-derived 
antral gastric organoid in Matrigel inside  a chamber. A pair of borosilicate micropipettes, ∼50 μm in 
tip diameter, were inserted into opposite sides of the organoid and connected to a peristaltic pump 
to recreate luminal flow through the organoid. Flow was periodic in order to mimic that induced by 
rhythmic stomach contractions. This study demonstrated the proof-of-concept for long term delivery 
and observation of luminal agents, which could include ingestible micro or nanodevices in the future. 
Moreover, the use of gastric organoids enables such testing to take place in patient-derived stem cells 
from the perspective of ingestible devices in personalised medicine. However, this is the only 
stomach-on-a-chip model to date (known by the authors). This replication of the “microphysiology” 
of the stomach can be used to simulate dissolution rates, for example, from oral solid dosage forms, 
to observe the effect on precipitation or other relevant factors.  
 

3 Replicating the small intestinal environment 
3.1 Overview of small intestine function and anatomy 
The human adult small intestine (SI) is approximately 7 meters in length, starting at the duodenum 
and ending at the ileocecal valve. It is divided into three sections: the duodenum, jejunum, and ileum. 
The majority of the duodenum is located in the retroperitoneum, whereas the jejunum and ileum are 
intraperitoneal structures [4]. The duodenum is the proximal section of the small intestine and is 
reported to be 25 cm long in adults [4]. The main pancreatic duct and the common bile duct join and 
empty into the midportion of the duodenum. The pancreas secretes about 500 mL of fluid each day 
in a healthy adult which contains the highest amount of bicarbonates in all GI secretions. This 
bicarbonate rich secretion is responsible for the post-gastric rise in luminal pH within the small 
intestine, further details on pancreatic secretions can be found here [206]. Bile is secreted into the SI 
to aid in the solubilisation of ingested nutrients or drugs. Bile micelles form at bile salt concentrations 
in excess of 25mmol*L-1 [206]. For further details on bile formation and secretion the reader is 
directed to this review [207]. The ligament of Treitz is a fixed point that marks the junction between 
the duodenum and jejunum. The jejunum and ileum follow on from the duodenum with reported 
lengths of 2 and 3 metres respectively [4]. There is no clear anatomic landmark that marks the 
transition from the end of the jejunum to the beginning of the ileum. Further details on regional 
differences between the duodenum, jejunum and ileum were highlighted in a recent review [103]. 
The ileocecal valve (ICV) is a distinct feature of the small intestine that prevents the faecal contents in 
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the colon from entering the small intestine and controls the flow of contents from the small intestine 
into the colon. The valve is triggered by distention in the small intestine where if the ileum becomes 
distended, the valve will relax and allow the passage of contents from the small intestine into the 
colon. 
The function of the small intestine is the absorption of nutrients, maintaining water and electrolyte 
balance, providing an immunologic barrier, and endocrine secretion. The lumen of the small intestine 
is designed to aid nutrient absorption where the structures maximise surface area with a total 
absorptive surface area of up to 250 to 400 m2 [4]. However, it should be noted that there is some 
debate in the literature on the actual overall surface area with lower values of 32 m2 reported [208]. 
The complexity in reporting the overall surface area comes from the transverse folds of mucosa and 
submucosa that increase the surface area of the small intestine; these structures are more prominent 
in the proximal intestine and diminish along the length of the small intestine. Villi are finger-like 
projections of the mucosa that further increase the surface area; they are longest in the duodenum 
and shortest in the distal ileum. Microvilli line the apical border of the enterocyte and further increase 
the surface area. As reported for the in vitro models of the stomach only few models replicated the 
morphology of the stomach to accurately reproduce the true surface area; this aspect is potentially 
more important for the small intestine, particularly when considering the overall surface area for 
absorption. 
The villus is coated with a single layer of enterocytes and goblet cells that secret mucin are found 
between the enterocytes; the density of goblet cells increases along the length of the small intestine. 
The epithelium of the small intestine is replaced every 3 to 6 days. 
 

3.2 Small intestinal fluid volume 
The fluid volume in the small intestine can control the dissolution of a drug, particularly for poorly 
soluble drugs. It is important that in vitro models replicate the small intestinal volume present to 
mimic in vivo conditions. A summary of studies that report small intestinal volume is provided in  Table 
8. 

   Volume (mL) 

Reference Health status of 

participants 

Number of 

volunteers 

Min Max Mean 

(standard 

deviation) 

[109] Healthy 12 45 3192 105 

[112] Healthy 12 5 158 43 

[115] Healthy 6 

6 

6 

6 

  45 (35) 

52 (43) 

51 (32) 

54 (37) 

[117] Oral intake of 

one Norvir tablet 

(100 mg 

ritonavir) 

5   12.5 

Table 8. Intestinal fluid volumes reported in adult subjects as determined by magnetic resonance imaging 

(MRI) under fasted conditions. 
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The volume of fluid in the small intestine has been reported to decrease upon ingestion of a meal with 
a reduction from 105 mL to 54 mL 60 minutes after a meal [109] and 86 mL to 34 mL 90 minutes after 
ingestion of breakfast [209]. This reduction in free water is a result of the liquification of the meal 
mixing with water to produce a viscous slurry within the intestine which is not observed as free water 
using MRI.  
 
Another factor to be considered is the fact that the water present in the small intestine is not 
homogenously distributed but located in pockets along the small intestine. These pockets are hard to 
replicate within in vitro models of the intestine, particularly as many are small. The number of pockets 
present has been reported to be 16 following ingestion of a glass of water [112] with fewer in the 
fasted state and following a meal [109]. 
 

3.3 Small intestine media composition 
Characterisation of small intestinal media has been undertaken to determine relevant parameters in 
order to generate simulated media representative of the fasted state. A summary of the studies is 
presented in Supplementary Table 2. Detailed characterisation of small intestinal media composition 
in the fed state is complicated by the nature of the food ingested as well as the timing of the 
sampling to mimic digestion. Studies that have characterised the composition of small intestinal fed 
media are described in supplementary Table 3.  

3.3.1 Simulated intestinal media 
USP simulated intestinal fluid has been used for many years with reports of its use dating back to the 
early 1960s [210]. The original recipe was a buffered system with a pH of 7.5 although this was reduced 
to pH 6.8 to better reflect in vivo conditions [211]. There is a detailed review of small intestinal pH 
values reported in the literature [212]. The buffer strength of USP simulated intestinal fluid is listed as 
0.05M strength buffer which provides an osmolality of 114 mOsm/kg and a buffer capacity of 18 
mmol/L*pH [213]. There is a simulated intestinal fluid with pancreatin and without it is termed SIF-
blank. 
Despite phosphate buffer being the most common choice for simulated intestinal fluid it is a 
bicarbonate buffer that is present in vivo. However, the use of a bicarbonate buffer in vitro requires a 
permanent carbon dioxide source to maintain the pH which adds complexity and cost [214]. The 
impact of counter ions may need to be considered for certain drugs, for example, dipyridamole and 
ketoconazole have been shown to precipitate as phosphate salts in neutral or basic solutions [215].  
Fasted state simulated intestinal fluid (FaSSIF) was developed based on characterisation of human 
small intestinal aspirates [216]. Since the development of the first Fasted State Simulated Intestinal 
Media (FaSSIF V1) in 1998 [217]; there have been at least two further versions reported: FaSSIF V2 
[218] and FaSSIF V3 [219]. These updated fluids better reflect the complexity within intestinal fluids 
by incorporation of bile salts, phospholipids and fatty acids that form colloidal structures (mixed 
micelles) that can solubilise lipophilic drugs. The composition of each of these fluids is presented in 
Table 9.  

Component FaSSIF V1 FaSSIF V2 FaSSIF V3 

Cholesterol (mM) – – 0.2 

Lecithin (mM) 0.75 0.2 0.035 

Lysolecithin (mM) – – 0.315 

Sodium glycocholate (mM) – – 1.4 

Sodium oleate (mM) – – 0.315 

Sodium taurocholate (mM) 3 3 1.4 

Hydrochloric acid    

Maleic acid (mM) – 19.12 10.26 

Potassium dihydrogen 
phosphate (mM) 

28.65 – – 

Sodium chloride (mM) 105.85 68.62 93.3 
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Sodium hydroxide (mM) 10.5 34.8 16.56 

pH 6.5 6.5 6.7  
Table 9. Composition and physicochemical characteristics of three versions of FaSSIF 

In the first two versions of FaSSIF, sodium taurocholate was used as a representative bile salt present 
due to ease of availability and cost. The second version was introduced to improve the stability of the 
fluid and better reflect the composition within the intestine [218]. In FaSSIFV2 the osmolality is 
somewhat lower to reflect in vivo data and the buffer system was switched from phosphate to 
maleate [218, 220]. The updates in FaSSIFV3 accounts more accurately for the amount and type of 
micelle forming components, as these have a significant influence on the solubility of highly lipophilic 
drugs. The recipe reported was better able to match the solubility of drugs in aspirated human 
intestinal fluid. FaSSIFV3 also has a lower surface tension compared to previous versions which is 
considered to better aid in the wetting of poorly soluble drugs [219]. Recent work has compared all 
three variants and suggests that the FaSSIFV1 giving the best correlations to human aspirated 
intestinal fluid [221]. It is thus important to understand how biorelevant media affect the solubility 
and to understand, particularly for poorly soluble drugs, how well the simulated media reflects the 
micellar solubilisation to obtain the best prediction. There is a great deal of literature evidence that 
demonstrates that lipophilic drug solubility is increased in biorelevant fluids that contain bile salt 
micelle components compared to in buffers alone, an overview is provided by Bou-Chacra et al (2017) 
[222].  
Fed state simulated intestinal fluid (FeSSIF) was introduced in 1998 by Galia et al [216]. The major 
differences between FaSSIF and FeSSIF are the buffer system which is a phosphate buffer in FaSSIF 
versus an acetate buffer in FeSSIF, the pH, and the higher concentration of taurocholate and lecithin 
in FeSSIF. Due to the changing nature of the fed state three snapshot media were created to better 
replicate the timeframe post ingestion. An update, FeSSIFV2 was introduced subsequently as a 
composite of the three “snapshot” media where the second generation FeSSIF contained two 
digestion products: glyceryl monooleate and sodium oleate compared to the original FeSSIF [218].  
The composition of the FeSSIF media is shown in Table 10.  
For poorly soluble drugs the increased bile and lecithin present in FeSSIF compared to FaSSIF can lead 
to faster dissolution and higher solubility [220], and is the reason why many insoluble, lipophilic drugs 
show improved absorption in the fed state. 
 

Composition FeSSIF FeSSIF 
Early 

FeSSIF 
Middle 

FeSSIF 
Late 

FeSSIF-V2 

Bile salt (taurocholate) (mM) 15.00 10.00 7.50 4.50 10.00 

Phospholipid (lecithin) (mM) 3.75 3.00 2.00 0.50 2.00 

Acetic acid (mM) 144.00 – – – – 

Sodium chloride (mM) 173.00 145.20 122.80 51.00 125.50 

Maleic acid (mM) – 28.60 44 50 8.09 55.02 

Sodium hydroxide (mM) 101.00 52.50 65.30 72.00 81.65 

Glyceryl monooleate (mM) – 6.50 5,00 1.00 5.00 

Sodium oleate (mM) – 40.00 30.00 0.80 0.80 

pH 5 6.5 5.8 5.4 5.8 

Osmolality (mOsmol/kg) 635.00 400.00 390.00 240.00 390.00 ± 10 

Buffer capacity (mEq/pH/L) 76.00 25.00 25.00 15.00 25.00 
Table 10. Composition and physicochemical characteristics of FeSSIF media published in the literature [218] 

 
Simulated intestinal media used in food research to mimic digestion was subject to immense 
variability where typically the pH was 7 and the media contained a broad range of enzymes and 
surfactants [223]. The ionic content is reported to reflect in vivo conditions [223] as shown in Table 
11.  



[Type here] 
 

37 
 

Constituent SIF (pH 7) (mmol/L) 

K+ 7.6 

Na+ 123.4 

Cl− 55.5 

H2PO4 − 0.8 

HCO3 −, CO3 2− 85 

Mg2+ 0.33 

NH4 + – 

Ca2+ 0.6 
Table 11. The ionic composition of simulated intestinal fluid used in digestion research [223]. 

The enzyme content can be added in one of two ways. Either use a pancreatic extract (pancreatin) 
that contains all the relevant enzymes but in a fixed ratio (the amount to add must be based on a 
specific enzyme activity and should be added in sufficient quantity to provide 100 U*mL-1 of intestinal 
phase content [223]. The alternative is to use individual enzymes (protease, amylase and lipases); in 
this case there are recommended enzyme activities to be met per mL of fluid. Endogenous surfactants 
of bile acids and phospholipids are also added to the simulated intestinal fluid. Further details on 
standardised protocols for simulated intestinal fluid are available from the InfoGest network [224]. 
The incorporation of microbial media into this simulated intestinal fluid has been described to enable 
in vitro growth of bacteria native to the GI tract in an environment that is reflective of the small-
intestinal environment [225]. The replication of the media is important as it is recognised that 
microbiota can affect drug bioavailability due to metabolism within the small intestine [226]. There 
have been recent reviews on this topic [227, 228]. 
 

3.4 Small Intestinal motility 
The motility within the intestinal lumen affects the mixing of the luminal contents and can affect the 
rate of disintegration and dissolution of ingested oral solid dosage forms. The motility can also affect 
the transit rate of materials through the intestine. Details of small intestinal motility was first reported 
by Kellow et al in 1986 based on data from 16 healthy volunteers via manometry [229]. The frequency 
of maximal contractile activity decreased along the length of the small intestine with values of 11.7 ± 
0.1 in the duodenum and 8.5 ± 0.2 per minute in the terminal ileum [229]. The MMC propagated 
fastest in the jejunum with speeds of 4.3 ± 0.6 cm*min-1 and slower speeds in the distal ileum of 0.6 
± 0.2 cm*min-1 [229]. The duration of the phase III MMC was also reported with times of 8.7 ±0.1 
minutes in the duodenum and 13.8 ± 1.3 minutes in the terminal ileum [229]. 
A recent systematic review on motility patterns in the terminal ileum has been conducted and shows 
differences in motility patterns in the fasted and fed states [230]. In healthy individuals in the fasted 
state the mean duration of phase III of the MMC ranged from 6.5-18.8 minutes; the mean 
propagation velocity (for the phase III MMC) was 0.3-3.1 cm*min-1 and the frequency of contractions 
was 8.0-11.9 per minute [230]. After ingestion of food, most researchers found replacement of the 
interdigestive motility patterns, such as the MMC, with intense contractions that appeared irregular 
and failed to meet the definition criteria of any known motility patterns [230]. The mean motility 
index was significantly higher following food ingestion, and this increase was sustained for only 30 
min before returning to fasting levels. 

3.5 Small intestinal transit time 
Measurement of small intestinal transit time can be difficult as invasive methods are required to note 
the entry and exit times. This has previously been measured using medical imaging techniques 
including scintigraphy or MRI or by visualizing the motion of a solid unit via magnetic markers or by 
medical devices such as telemetric capsules [7].  
A detailed review and meta-analysis on small intestinal transit time of single and multiple unit dosage 
forms reported a mean small intestinal transit time of 3.49 hours [136]. The caloric content had no 
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significant effect on the small intestinal transit which is of relevance to ingestible devices as this result 
is likely to translate to some larger units [136]. 
The impact of small intestinal transit time on drug absorption is complex to measure however there 
are suggestions that rapid transit will reduce the overall absorption of drugs, particularly in those 
where disease may affect transit time  [231]. 
 

3.6 In vitro models of the small intestine  
A brief outline of in vitro models that incorporate a small intestinal environment is presented in the 
order in which they were published, the relative attributes are also compared in Table 12. 
The evaluation of the in vitro models was based on criteria associated with the features of the 
macroenvironment that were presented in Table 1. The evaluation of the biorelevance of the 
luminal media as based upon factors associated with the luminal composition used within the 
system. These were scored using the levels of simulation of luminal composition that have 
previously been reported [138, 139].  These levels are: level 0 is pH only; level 1 is pH plus buffer 
capacity; level 2 includes bile components, dietary lipids, lipid digestion products and osmolality (this 
includes FaSSIF) and level 3 also includes dietary proteins, enzymes (not digestion products) and 
viscosity effects. The ability to adjust the composition of this media via dynamic secretions during 
the test was also included as a marker of biorelevance; this was scored 1 if dynamic secretions were 
possible and 2 if these secretions were automated and responsive by the system under test 
according to an internal feedback mechanism. The volume used within the system was reported and 
this was considered to be biorelevant where the volume was less than 100 mL in the fasted or fed 
state; biorelevant conditions scored 1 where as non-biorelevant scored 0. The column on the 
biorelevant luminal media is the sum of the biorelevance scores for the previous three columns. 
The representative anatomy provides details of the shape and dimensions of the compartment used 
to mimic the small intestine; where these were broadly similar to the dimensions of the small 
intestine they were scored 1 and where they accurately mimicked the dimensions they scored 2.  
The level of biorelevant motility score comprised the components of the agitation mechanism and 
pattern of agitation. Where the mixing mechanism applied was consistent with mixing in the SI, via 
compression of the walls of the mixing vessel a score of 1 was applied. The pattern of agitation 
scored 1 for discontinuous mixing and 2 where the profile of discontinuous mixing matched that 
reported in vivo. Where the pressures matched those in vivo a score of 1 was provided to the model. 
The overall scores for the biorelevance of motility was the sum of the scores for mixing mechanism, 
pattern of agitation and pressures. Where the transit time was recorded this was scored 1 where it 
was aligned to in vivo data and zero where it was not. 
Several models of the intestine also include a gastric compartment thus there is overlap here with 
the previous section. However, it will be the intestinal conditions that are detailed here and 
summarized in Table 12.  
 

3.6.1 SHIME 
The simulator of the human intestinal microbial ecosystem (SHIME) includes five compartments 
simulating the upper (stomach, small intestine) and the lower (ascending, transverse and descending 
colon) digestive tract. The small intestinal compartment is a glass vessel that sits within the series 
and is connected via peristaltic pumps. Three times a day a defined medium is added to the small 
intestine vessel that includes pancreatin and bile liquid  [143]. The small intestinal vessel has a 
volume of 300 mL and a pH from 5.0-6.0 with a retention time of 6 hours [142]. The main focus of 
this model has been the colon, however there is potential to evaluate small intestinal digestion as 
described in [232]. Work has demonstrated survival of B. cereus spores within the SHIME apparatus, 
in addition bacterial growth and endotoxin production can be explored in the SI environment.  

3.6.2 TIM-1  
The TIM-1 system is a dynamic, computer-controlled system that simulates the human GI tract 
where the small intestine is subdivided into the duodenum, jejunum and ileum [145]. The volume 
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and pH in each compartment are monitored to allow feedback control. Simulated fluids are 
maintained by the addition of pancreatin and bile salts via computer-controlled pumps. The pH is 
maintained at 6.5 for the duodenum; 6.8 for the jejunum and 7.2 for the ileum [145]. The geometry 
of the apparatus somewhat mimics the small intestine as it is a cylindrical tube although the length 
and surface area are very different to the in vivo environment. Variation of the water pressure 
external to the flexible cylindrical tubing enables mixing of the contents (chyme) by alternate 
compression and relaxation of the flexible walls to simulate peristalsis [233]. The rate of transit can 
be varied depending on the physiological state being simulated [233]. Advances on the TIM-1 system 
including the TinyTIM are described in section 3.6.12. 
The SI parameter of TIM-1 can be used to measure both survival or probiotics and the behavior of 
oral drugs. Several publications have correlated in vivo data with in vitro data from this apparatus 
including a exploring drug product performance under reduced gastric acid secretion conditions 
[234]. 

3.6.3 pH-stat lipolysis model  
The pH-stat lipolysis model is a frequently used digestion model which comprises a single 
thermostatted chamber that is mixed within a digestion medium resembling fasted or fed state 
intestinal fluid, prepared with an appropriate pH, buffer capacity, as well as concentrations of bile 
salts and phospholipids simulating the effects of bile secretion in the duodenum [235]. The intestinal 
phase consists of a well-mixed vessel into which the gastric phase resides and components to adapt 
the composition of the fluid to better reflect the small intestine are added [175]. A pH-titrator is 
included in the experimental design to maintain a constant pH throughout the experiment, often set 
at pH 7.4 [235]. The media can be centrifuged to separate an aqueous, lipidic and sediment phase 
where drug in either the aqueous or lipid phase id available for absorption. The major limitation of 
this method in terms of replicating the small intestine is that it does not remove digestive products 
during the digestion process, which may cause inhibition of enzymes. Results from this apparatus 
have been compared to in vivo studies in rats and the output has been used to aid in the selection of 
suitable lipid components for enhanced oral bioavailability of BCS class 2 compounds [235]. 

3.6.4 Artificial stomach duodenal model (ASD) 
This apparatus consists of a gastric and a duodenal chamber. The duodenum has a volume of 30 mL 
of ASD and simulated duodenal fluid was 0.05 M sodium phosphate buffer (pH 6) [148]. During the 
simulation, the duodenal fluids was infused at 0.5 mL*min-1 where the volume is maintained at 30 
mL via emptying rate matching the infusion rate [148]. This apparatus was designed to mimic canine 
rather than human physiology and the results from the apparatus were compared to in vivo data on 
carbamazepine formulations on both the fasted and fed state [148].  A particular strength of this 
apparatus lies in its ability to detect precipitation of drugs when passing from the gastric to the SI 
environment. 

3.6.5 Dissolution Stress Test device 
This apparatus was described previously in section 2.5.5. The apparatus combines aspects of both 
gastric and intestinal physiology in a single unit; the pressure matched gastric emptying yet the fluid 
is simulated intestinal fluid (pH 6.8 buffer)  [150]. The main advantage of this apparatus is that it 
includes time spend submerged in fluid and not submerged which was designed to mimic in vivo 
data. In addition, the tablet was subjected to physical stresses to mimic transit within the SI. The 
output from the in vitro data was compared to in vivo data for both IR and ER drug products and the 
results may help explain irregular absorption profiles due to peristaltic stress events [150]. This 
apparatus has been commercialised by Physiolution where access to the equipment is managed by 
their team. 

3.6.6 Benchtop Small Intestinal Model (SIM) 
The small intestinal model (SIM) consisted of an inner porous flexible membrane and an outer 
flexible tube that is impermeable to water. This model uses membrane tubing to represent the small 
intestine with a diameter of 30 mm and a length of 500 mm [236].  A flexible tube was selected to 
enable deformation in a physiologically representative manner. Segmentation based motility is 
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reproduced using concentric constriction of the flexible tube with the use of inflatable cuffs. The 
fluid within the tube was at pH 6.4 and biopolymer solutions at a range of viscosities were evaluated 
[236]. The apparatus was used to study the effects of viscosity on starch breakdown by glucose as a 
model reaction relevant to digestion. The internal semi-permeable membrane allowed sampling of 
glucose from within and external to the “lumen”. The data generated was not correlated to in vivo 
data [236]. 

3.6.7 FloVitro dissolution system 
The FloVitro system includes a gastric and small intestinal chamber and an additional third 
compartment connected to the small intestinal component that is intended to function as an 
absorptive compartment [154]. The small intestinal vessel has a volume that can range from 60-400 
mL and is agitated with a paddle at speeds of 300 rpm [154]. Simulated intestinal fluid flows through 
the vessel at a rate of 1-8 mL*min-1. The flow rates for this apparatus were based in in vivo data 
where both fasted and fed state were simulated for furosemide tablets and danazol capsules, 
however there was no further verification of the model with alternative in vivo data sets [154]. 

3.6.8 Dynamic Gastro-intestinal Digester (DIDGI) 
The DIDGI® system consists of two consecutive compartments simulating the stomach (see section 
2.5.11) and the small intestine.  The intestinal compartment the fluid was maintained at pH 6.5 a 1% 
solution of porcine bile and a 10% solution of porcine pancreatin were added at a constant flow rate 
of 0.5 mL*min-1 and 0.25 mL*min-1, respectively [165]. The overall intestinal transit time was 200 
minutes. This model was validated against piglet digestion of a liquid infant formula where a good 
correlation between the two systems was found [165].  

3.6.9 Dynamic gastric model: duodenal static model 
Following ejection from the dynamic gastric model (see section 2.5.9), samples can be subjected to 
further digestion using a static duodenal model. Within the static duodenum model the sample is 
adjusted to pH 6.8 to reduce further activity of gastric enzymes and to simulate the change of pH in 
the duodenum [156]. These duodenal samples are then mixed on an orbital shaker at 170 rpm for 3-
4 hours where samples are taken at defined intervals to establish a duodenal release profile [156]. 
This apparatus has been used to evaluate the delivery of potential prebiotics to the distal GI tract 
[237]. 

3.6.10 SIMulator of the GastroIntestinal tract SIMGI 
The SIMGI comprises of five compartments (units), one of which is the small intestine, one the 
stomach (see section 2.5.12). The intestinal 
 unit is a double-jacketed glass reactor vessel that is continuously stirred at 150 rpm by means of a 
magnetic stirrer. The fluid within the vessel includes gastric content which is mixed with pancreatic 
juice and bile maintained at pH 6.8 [167]. The intestinal transit time is 2 hours. The major focus of 
this apparatus is the colon and no studies could be found that reported on the SI functionality or in 
vivo correlation for this apparatus 

3.6.11 Biorelevant Gastrointestinal Transfer (BioGIT) model 
The Biorelevant Gastrointestinal Transfer (BioGIT) model is a three compartment system introduced 
in 2016 [34]. The intestinal compartment is fed from the gastric compartment (see section 2.5.17) 
and its volume is maintained at 40 mL via the use of a reservoir compartment. The rates of flow are 
based on in vivo data [34]. The low volume in the duodenum necessitates the use of a mini vessel 
(100 mL total volume) within the dissolution apparatus. The media within the duodenal 
compartment is designed to match FaSSIF and this is stirred at 75 rpm [34]. The output data from 
this model has shown correlations to in vivo data from a range of lipophilic weakly basic drug 
products [34]. 

3.6.12 TinyTIM  
The TinyTIM apparatus is a dynamic, computer controlled, two-compartmental in vitro system of the 
stomach and small intestine which is a simplified version of the TIM-1 apparatus [238]. Whilst the 
TIM-1 apparatus has 3 sections to represent the small intestine the TinyTIM has just one without an 
ileo-cecal valve [238]. The pH in the fasted state is 6.3 ± 0.2 and in the fed state is 5.8 ± 0.2 [238]. 
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The bioaccessibility of essential amino acids from proteins in TinyTIM was compared to the body 
weight gain of chickens for the same materials and a good correlation was shown. In addition the 
glucose response to maltodextrin correlated in Tiny TIM to data from humans [239]. 

3.6.13 Engineered Stomach and small INtestine (ESIN) model 
The Engineered Stomach and small INtestine (ESIN) model is a dynamic computer‐controlled system 
that reproduces the complex physiology of the human stomach (see section 2.5.14) and small 
intestine, including pH, transit times, chyme mixing, digestive secretions, and passive absorption of 
digestion products [169]. There are three components to the small intestine: the duodenum, 
jejunum, and ileum maintained at pH values of 6.4, 6.9 and 7.2. In the fasted state the volumes of 
the compartments are 80 mL in the duodenum; 150 mL in the jejunum and 150 mL in the ileum. The 
transit times are 10 minutes for the duodenum; 105 minutes for the jejunum and 150 minutes for 
the ileum. The geometry of the three intestinal sections does not replicate the in vivo anatomy as 
glass vessels are used and agitated by overhead mixing [169]. An in vitro in vivo correlation between 
data from ESIN and two model drugs (paracetamol immediate release form and theophylline 
sustained release tablet) has been demonstrated [169]. 

3.6.14 Model of an Infant Digestive Apparatus (MIDA) 
 A model designed to reproduce the physiology of the GI tract of a six-month-old infant, MIDA has 
been described [176]. The compartment representing the small intestine consisted of five tubular 
sections. The inner tube of the intestinal compartment had an inner diameter of 10 mm and a wall 
thickness of 1 mm. The outer tube had an inner diameter and a wall thickness of 20 and 1 mm, 
respectively. During the small intestinal digestion, these tubes were continuously squeezed to 
reproduce the peristaltic and segmentation motions. The total length of the intestinal compartment 
was 350 cm. The volume within the small intestine section was maintained at 160 mL [176]. The 
small intestinal compartment ended with two concentric glass tubes (inner diameter of 10 mm) 
attached to a three-way valve whereby it was possible to collect samples of the small intestinal 
contents. No details on the motility or mixing applied were found in the literature. MIDA has been 
able to differentiate between the starch hydrolysis of starch based infant foods yet there is no data 
that correlates this to in vivo findings [176]. 

3.6.15 The Smallest Intestine (TSI)  
The TSI consists of five parallel reactors, with a working volume of 12 mL each and simulates the 
passage through the human SI by an adjustment of pH and concentration of bile salts, pancreatic 
enzymes and dialysis to mimic absorption [240]. The 5 reactors provide 5 replicates rather than 5 
segments of the GI tract. The fluid composition within each vessel is developed to mimic in vivo 
conditions on both the fasted and fed state. The duodenal passage takes 2 hours during which the 
pH is elevated from 6.5-6.8; the jejunum has a transit time of  4 hours and a pH gradient of 6.8-7.2; 
the ileal passage maintains the pH at 7.2 for 2 hours [240]. This model has been used to evaluate the 
survival of three probiotics, this model includes the microbiota in the ileum experiments which is 
unusual for a model that does not contain a colon section [240]. The small volume and use of 5 
simultaneous replicates make this an attractive system to evaluate the survival of probiotics, 
particularly as a screening tool.  

3.6.16 Biocell Reactor 
The Biocell reactor combines a semipermeable membrane that enables osmotic nutrient 
interchange in the intestine with rhythmic peristaltic movement [241]. The bioreactor is composed 
of two chambers; an apical chamber, with a 5 mm-diameter dialysis tube and a flow through basal 
chamber, with a wet volume of 5 mL. It is surrounded by two helices that rotate to squeeze the 
dialysis tube to simulate the peristalsis [241]. The bioreactor flow system has two independent 
fluidic circuits, one for the apical chamber and another for the basal chamber, which collects the 
media into a sampler compartment for further analysis. This apparatus is a miniaturised apparatus 
that replicates the motility within the intestine. There are no reports of validation of this 
miniaturised model against in vivo data.  
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3.6.17 Bionic Gastrointestinal Reactor (BGR) 
The small intestine component of the BGR was fabricated using silica gel with an intestinal wall and 
villi and was divided into duodenum, jejunum, and ileum [186]. The geometry of all three parts was 
the same: the internal diameter was 30 mm and this incorporated villi of 0.2 mm diameter and 3mm 
length in a cylindrical tube that was 250 mm long [186]. This is the only model that incorporates 
morphological features of the small intestine where these features increase the surface area of the 
SI by 112%. No work has been reported on the functionality of the intestinal compartment of this 
model. 
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Model name and 
reference 

Single or 
multi-
compartm
ent 

Media 
used 

Dynamic 
intestinal 
secretions 

Volume 
(mL) 

Biorelevant 
luminal 
media 
score 

Representative 
anatomy 

Bioreleva
nce of 
represent
ative 
anatomy 

Mixing 
mechanism 

Pattern 
of 
agitatio
n 

Pressure 

Biorel
evanc
e of 
motili
ty 

Intestinal 
transit 

Biorelevant 
transit time 

Simulator of the 
human intestinal 
microbial 
ecosystem (SHIME)  
[142] 

Multi 

Level 3 
borelev
ant 
fluid 

Yes, 
responsive 

300 4 
A 
beaker/duran 
flask 

0 
Magnetic 
stirrer at 150 
rpm 

Contin
uous 
consta
nt 
stirring 

Not stated 0 
6 hours 
retention 
time 

1 

TNO TIM1 original 
model [145] 

Multi 

Level 3 
borelev
ant 
fluid 

Yes, 
responsive 

Duodenum: 
55 mL 
Jejunum: 
130 mL 
Ileum: 130 
mL 

4 

Cylindrical 
tube. Does not 
reflect length 
or surface area 

0 

External 
compression 
of flexible 
walls 

Mimics 
peristal
sis  

Not stated 2 
Mapped to 
in vivo data 

1 

Gu et al (2005) 
model to include 
absorption [33] 

Multi 
Level 2 
FaSSIF 

Yes 500 3 
USP vessel 
used 

0 
Vessel stirred 
at 100 rpm 

Overhe
ad 
stirrer 

Not stated 0 90 minutes 
0 

pH Stat lipolysis 
[235] 

Single 

Level 3 
borelev
ant 
fluid 

pH is 
responsive 

35.5 6 

A conical 
beaker 

0 

Overhead 
stirrer 

Contin
uous 
mixing 

Not 
reported 

0 

N/A 

0 

Artificial stomach-
duodenum (ASD) 
[148] 

Multi 
Level 1 
simple 
buffer 

Yes 30 3 
A cylindrical 
beaker 

0 
Magnetic 
stirring 

Contin
uous 
stirring 

Not stated 0 

Duodenal 
fluid was 
flowing 
through at a 
rate of 0.5 
mL*min-1 1 

Dissolution Stress 
Test device [150] 

Multi 
Level 1 
simple 
buffer 

No 

1150 1 

USP 
Dissolution 
vessel 

0 

Dissolution 
media stirred 
at 200 rpm. 
The dosage 
form spent 
50% of time 
submerged in 
the media 

Discont
inuous 
exposu
re to 
fluid 

To match in 
vivo 

4 

N/A 

0 
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Benchtop Small 
Intestinal Model 
(SIM) [236] 

Single 
Level 1 
viscosit
y only 

No 

Flow 
through 
system 
(total 
volume not 
reported)  

1 

Flexible tube 
30mm 
diameter and 
50 cm long 

0 

External 
forces applied 
to mimic 
segmentation 
contractions 
and 
peristalsis 

Freque
ncy 
matche
d to in 
vivo 
data 

Not 
reported 

3 

N/A 

0 

FloVitro [154] 

Multi 

Level 2 
FaSSIF 
or 
FeSSIF 

No 60-400 3 
No cylindrical 
vessel 

0 
Stirred with a 
paddle 

Contin
uous 
stirring 
at 300 
rpm 

Not stated 0 Not stated 

0 

DIDGI Dynamic 
Gastro-intestinal 
Digester (DIDGI) 
[165] 

Multi 
Level 3 
borelev
ant 
fluid 

Yes 

Flow 
through 
system 
(total 
volume not 
reported)  4 

Cylindrical 
beaker 

0 

Mixing 
Contin
uous 
stirring 

Not stated 

0 

Mapped to 
in vivo data 

1 

Duodenal static 
model [156] 

Multi 

Level 3 
borelev
ant 
fluid 

No 

Not stated 3 

Cylindrical 
beaker 

0 Orbital shaker 

Contin
uous 
stirring 

Not stated 

0 

3-4 hours 

1 

SIMGI [242] Multi 

Level 3 
borelev
ant 
fluid 

Yes 

105 4 

Cylindrical 
beaker 

1 

Mixing 
Contin
uous 
stirring 

Not stated 

0 

2 hours 

0 

Biorelevant 
Gastrointestinal 
Transfer (BioGIT) 
model [34] 

Multi 

Level 2 
FaSSIF 
or 
FeSSIF 

Yes 40   

No a USP mini 
(100 mL) 
dissolution 
vessel 

0 
USP Paddle 
rotation  

Contin
uous 
stirring 
at 75 
rpm 

Not stated 0 Not stated 

0 

TNO TinyTIM [243] 

Multi 

Level 3 
borelev
ant 
fluid 

Yes 
Volume not 
stated 

4 

Cylindrical 
tube. Does not 
reflect length 
or surface area 

0 

External 
compression 
of flexible 
walls 

Mimics 
peristal
sis  

Not stated 2 
Mapped to 
in vivo data 

1 

Engineered 
Stomach and small 
INtestine (ESIN) 
model [169]. 

Multi 

Level 3 
borelev
ant 
fluid 

Yes Not stated 4 
Hemispherical 
vessels 

0 
Overhead 
stirring 

Contin
uous 
stirring 

Not stated 0 
Mapped to 
in vivo data 

1 
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Model of an Infant 
Digestive Apparatus 
(MIDA) [176] Multi 

Level 3 
borelev
ant 
fluid 

Yes 160 4 
Flexible 
cylindrical tube 

0 

Tubes 
squeezed to 
reproduce 
the peristaltic 
motion 

Contin
uous 
motion 

Not 
mentioned 

2 
Time not 
stated. 

0 

The Smallest 
Intestine (TSI) [240] 

Single 

Level 3 
borelev
ant 
fluid 

Yes 12 5 Solid beaker 0 
Overhead 
mixer stirs 
continuously  

Contin
uous 
stirring 
at 170 
rpm 

Not stated 0 

Duodenum 
2 hours; 
jejunum 4 
hours; ileum 
2 hours 1 

Biocell [241] 

Flow 
through 

Level 0 
deionis
ed 
water 

No 5 1 
Flexible dialysis 
tubing 

0 

Tubes 
squeezed to 
reproduce 
the peristaltic 
motion 

Not 
stated 

Not stated 1 Not stated 

 

Bionic 
gastrointestinal 
reactor (BGR) [186] Multi 

Level 0 
deionis
ed 
water 

No Not stated 0 

Flexible 
cylindrical tube 
that includes 
folds and villi in 
the structure 

2 Not stated 
Not 
stated 

Not stated 0 Not stated 

 

Table 12. Summary of in vitro models of the small intestine 
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3.7 Organoid models of the small intestine 
Enteroids have been developed from primarily human [244-251] and murine [252-255] primary tissue. 
Induced human intestinal organoids have also been reported [256-259] and human fetal intestinal 
organoids [260]. Like their gastric counterparts, intestinal organoids have been used to study cancer 
[255], but over the past decade enteroids have been increasingly used as disease models for the study 
of host-pathogen interactions using dissociated spheroid structures, seeded as monolayers. This has 
been particularly useful for the study of viruses that lack a robust cell system such as rotaviruses and 
noroviruses. Successful co-culture of human rotaviruses [245, 249, 251, 256], noroviruses [244, 247, 
249, 259] and astroviruses [250] that have previously not been possible to grow in transformed cells 
has been demonstrated. Interestingly, a study of rotavirus infection in induced human intestinal 
organoids also showed infection of mesenchymal cells [256]. Additionally, studies have covered 
Salmonella  [252, 257], E. Coli  [258], avian influenza [253], human adenoviruses [248] and SARS-CoV-
2 [261], L. intracellularis [254] parasitic infection [246] and a diverse range of enteroviruses were 
tested by Drummond et al (2017) [260]. Human enteroids and intestinal organoids may therefore be 
useful as physiologically relevant universal culture models to study ingestible device that may deliver 
therapeutics that act against enteroviruses. 
 

3.8 Organ-on-a-chip and microfluidic models of the small intestine 
Organ-on-a-Chip models of the small intestine have mostly been seeded with colorectal 
adenocarcinoma-derived Caco-2 and HT-29 cell lines [89, 90, 92, 262-265]. In 2011 Sung et al [266] 
produced a 3D collagen scaffold that replicated the geometry of intestinal villi with villus depth of 
around 500 microns and spacing of 25 villi mm-2. Since, similar studies have proliferated monolayers 
of Caco-2 on 3D villus-like scaffold to promote differentiation [266-271] which can increase 
physiological relevance through enabling co-culture [269, 271] and influencing host-microbial 
interaction [271], drug absorption [267] and mucous production [269, 270]. These models were static 
until Costello et al (2017) [272] developed a bioreactor that contained provided both accurately-sized 
villus topography and fluid flow based on the baseline MMC of a fasting healthy human. This model 
also used PEVA as a scaffolding as previous models using PLGA may be eroded by the shear stress 
exerted by fluid flow over time.  
Peristalsis-like motions and luminal / basolateral flow have been recreated to induce morphogenesis 
of villi [89, 90, 263] and even develop basolateral proliferative crypts to culture vascular endothelial 
cells, recreating the intestinal tissue-tissue interface [263]. Flow profiles and shear stress distribution 
in the channel of a Caco-2-seeded microfluidic gut chip device has been simulated by Ramadan et al 
(2016) [273] according to Navier-Stokes equations, assuming incompressible, Newtonian flow with no 
wall slip.  
In 2018, Kasendra et al [274] reported the first method for creating a Small Intestine-on-a-Chip device 
containing primary human duodenal epithelial cells from dissociated enteroids, and microvascular 
endothelial cells. The transcriptome of this device more closely represented the adult human 
duodenum in vivo than the organoids used to fabricate them, and compared with Caco-2 chip models, 
especially with respect to expression of genes that relate to cell proliferation, digestive function and 
response to infection and nutrition [274]. Since this has been studied for expression of drug 
metabolizing genes [88]. Yin et al (2020) [275] cocultured jejunal organoids in a similar system with 
human umbilical vein endothelial cells (HUVEC) and studied the relationships between cardiac and 
luminal flows, mimicked peristalsis and cell differentiation and NaCl absorption. Gazzaniga et al (2021) 
[276] recently demonstrated that small intestine chips can be created with cells derived from murine 
duodenal, jejunal and ileal organoids. A summary of some gut-on-a-chip models that represent the 
small intestine are provided in Table 13. 
Separately, Naumovska et al (2020) [277]  reported  differentiation of iPSCs into 3D gut-like tubules  
directly inside microfluidic devices, eradicating the need for external organoid culture and subsequent 
dissociation, ultimately ctting the differentiation procedure to only 14 days. Furthermore, this study 
employed the OrganoPlate platform, enabling simultaneous use of 40 microfluidic chips.  Pim de Haan 
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et al (2021) [278] presented a compartmentalized in vitro model of the small intestine 
microenvironment, wherein the feed is first subjected to mimicked mouth, stomach and intestinal 
digestion before continuing to a flow-through barrier model of the intestinal epithelium using Caco-2 
cells. 
Considering any microdevices that may interact with the endothelium through the epithelial barrier, 
membrane thickness may be important. The membrane used for human gut-on-a-chip design is 
typically relatively thick, commonly over 10 µm in thickness [263, 279], whereas the physiological 
basement is only around 400 nm thick. This large difference may impede transport kinetics of small 
molecules delivered by any microdevices, or any devices that practice microinjection that may be 
tested in these systems.  
The value of these intestine on a chip model for ingestible devices lie in their ability to recreate the 
microenvironment of the intestine; particularly where they include sensor devices so that they can 
monitor aspects of the GI lumen to evaluate the accuracy of sensors to small changes in either flow or 
composition under controlled conditions, including host-microbiome reactions [280]. 
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Ref Cell type Luminal 
dimensions 

2D/3D Luminal flow Molecular 
transport 

Wall shear 
stress 

Mucous 
layer 
thickness 

Peristalsis Commensal 
microbiota 

Disease / 
pathogen 

Other cell 
types 

[278] Caco-2 & HT-
29MTX 

Mixing 
channels: 
W: 300 µm 
L: 51.5 µm 
V: 1.48 µL 
Flow-
through 
Transwell 

- 200 μL*h-1 N 0.006 dyne 
*cm-2 

n/a N N N N 

[276]  Murine 
duodenal, 
jejunal and ileal 
enteroids 

H: 1000 μm 
W: 1000 μm  
MT: 50 μm 

2D & 3D N N n/a n/a N Probiotic 
lactobacillus 
rhamnosus 
GG 

WT Y. 
pseudotuberc
ulosis YPIII 

Caco-2, HT29-
MTX & H-
MyoFib 

[275]  Healthy jejunal 
enteroids 

n/a  60 μL*h-1 NaCl n/a n/a 10% 
strain at 
15 Hz 

N N HUVEC 
(endothelium) 

[88]  Healthy adult 
duodenum 
intestinal 
organoids 

Channel 
H: 1 mm 
W: 1mm 
MT: 50 μm 
 

 30 μL*h-1 Dextran n/a n/a 10% 
strain at 
0.2 Hz 

N N N 

[265] 
 

Human Caco-2 
(HTB-37) 

H: 0.65 mm 
W: 15 mm 
MT: n/a 

- Y Antipyrine, 
ketoprofen & 
digoxin 

0.002 dyne cm-2 n/a N N N N 

[277]  hIPSCs 3-lane 400 
µm 
OrganoPlate 

 N N N n/a N N N Endothelium 

[281]  Caco-2 H: 150 μm  
W: 1000 μm  
L: 10 mm 
long 

 30 μL*h-1 N 0.02 dyne 
*cm−2 

n/a 10% 
strain at 
0.15 Hz 

Y (VSL#3) Inflammation, 
pathogenic 
bacteria (EIEC) 

PBMCs 
(immune 
cells) 
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MT: 20 μm 

[282]  Terminal ileum 
enteroids 
(macroscopically 
unaffected 
tissue from 15-
year-old UC 
patient biopsy) 

n/a 3D PDMS 
porous 
membrane 

60 μL*h-1 N n/a 10 μm  10% 
strain at 
0.15 Hz 

Bacteroides 
fragilis 

  

[283]  Caco-2 H: 200 μm 
W: 1000 μm  
L: 14 mm 
long 
MT: 50 μm 

3D 30 μL*h-1 N 0.02 dyne 
*cm−2 

 10% 
strain at 
0.15 Hz 

N Radiation 
injury 

HUVECS( 
Vascular 
endothelium) 

[274]  Healthy adult 
duodenum 
intestinal 
organoids (from 
endoscopic 
biopsy) on a 
chip. 

Channel 
H: 1 mm 
W: 1mm 
MT: 50 μm 
Villi 
Major and 
minor axes 
232 ± 17 
and 
122 ± 7 μm 
~30 villi/cm2 

3D PDMS 
porous 
membrane 

60 μL*h-1 N n/a n/a 60% 
strain at 
0.2 Hz 

N n/a N 

[284]  Caco-2 W: 1 mm 
L: 10 mm 
H: 200 μm 
MT: 20 μm 

3D PDMS 
porous 
membrane 

50 μL*h-1 N 0.02 dyne 
*cm−2 

n/a 10% 
strain at 
0.15 Hz 

N Inflammation N 

[285]   Dissociated 
iPSC-derived 
human 
intestinal 
organoids (non-
specific) and 
Caco-2 

H: 1000 μm 
W: 1000 μm  

 30 & 60 μL*h-1 N n/a n/a N N Interferon 
(IFN)-γ and 
tumor necrosis 
factor-α  
 

Mesenchyme 
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[286]  Caco-2 MT: 15 μm  0.04 μL*min-1 
2.4 μL*h-1  

Caffeine, atenolol 
and lipophilic 
prodrugs of SN38 

0.02 dyne 
*cm−2 

n/a N N N N 

[272]  Caco-2  3D matrix  Glucose 0.001-0.05 
dyne *cm-2 

n/a N N N N 

[93] Caco-2 H: 1.5 mm 
W: 200 μm 

2D 96 μL*h-1 Fluorescein, 
apigenin 

7.89 x 10-5 dyne 
*cm−2 

n/a N N N HepG2 

[262]  Caco-2 W: 1 mm 
L: 1.4 cm 
H: 200 μm 
MT: 10 μm 

3D 30 & 60 μL*h-1 N 0.02 dyne 
*cm−2 at 30 
μL*h-1 

n/a 10% 
strain at 
0.15 Hz 

N coxsackievirus 
B1 (CVB1)  

N 

[264]  Caco-2 on 3D 
scaffold 

W: 120 μm 
H: 200 μm 
 

 100 μl*min-1 
6000 μL*h-1 

Rhodamine 123 n/a n/a N N N N 

[263]  Caco-2 n/a 3D 30 & 40 μL*h-1 N 0.02 dyne 
*cm−2 

n/a 10% 
strain at 
0.15 Hz 

Y VSL#3 
 

LPS endotoxin 
(15 µg*mL-1) 
isolated 
from E. coli, 
EIEC cells 

PBMCs 
(immune 
cells) 

[287]  Caco-2 (HuMiX) W: 4 mm 
L: 200 mm 
H: 0.5 mm 

2D 25 μl*min-1 
1500 μL*h-1 

N n/a n/a  Lactobacillus 
rhamnosus, 
Bacteroides 
caccae 

N N 

[273]  Caco-2 n/a 2D 1 μl*min-1 
60 μL*h-1 

FITC-dextran 0.02 dyne 
*cm−2 

n/a N N Inflammatory 
cytokines and 
endotoxin LPS 
affecting 
barrier 
permeability 

U937 
(immune 
cells) 

[288]  Caco-2 Matrix 3D 3D (scaffold) N N N 10 – 20 
μm 

N N N Caco-2 & 
HT29 & H-
MyoFib 

[91] Caco-2 W: 50 μm 
L: 2 cm 
H: 50 μm 
MT: 10 μm 

 0.1, 0.5, 2.5 & 
10 μl*min-1 
6, 30, 150 & 
6000 μL*h-1 

FITC-dextran 0.0002 dyne 
*cm−2 

n/a 10% 
strain at 
0.15 Hz 

Y S. 
Typhimurium 

N 



[Type here] 
 

51 
 

[270]  Caco-2 3D matrix 
Villi height 
400 μm  
Villi 
diameter at 
base 200 
μm 
25 villi mm-2 

2D N N N n/a but 
expression 
of MUC17 

N N S. 
Typhimurium, 
E. Coli 

N 

[271] Caco-2 500 μm Villi 
height 

3D (scaffold) N N N n/a N Probiotics 
Lactobacillus 
gasseri and E. 
coli Nissle 
1917 

Salmonella 
typhimurium a
nd Pseudomon
as aeruginosa 

N 

[269]  Caco-2 with 
HT29-MTX and 
murine 
intestinal crypts 

Villi 500 μm 
high and 
200 μm 
wide at 
base 

3D (scaffold) N N N Co-culture 
with 
mucous 
producing 
HT29-MTX 

N N N N 

[89]  Caco-2 H: 150 μm 
W: 1000 μm  
L: 10 mm 
long 
MT: 30 μm 

3D 30 μL*h-1 N 0.02 dyne cm−2 n/a 10% 
strain at 
0.15 Hz 

N N N 

[289]  Caco-2 n/a 2D 0.1 μL*min-1 

6 μL*h-1 
Curcumin N n/a N N N N 

[90]  Caco-2 H: 150 μm 
high  
W: 1000 μm  
MT: 30 μm 

3D 
(differentiated) 

30 μL*h-1 N 0.02 dyne cm−2 n/a 10% 
strain at 
0.15 Hz 
N 

Y N N 

[268]  Caco-2 3D matrix, 
villi with 
aspect 
ratios up to 
4:1 
25 villi mm-2 

3D (scaffold) Computational 
simulation 

N N n/a N N N N 

[267]  Caco-2 3D matrix 3D (scaffold) N Antenolol N N N N N N 

[266] Caco-2 3D matrix 3D (scaffold) N N N n/a N N N N 
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[290]  Caco-2 H: 1 mm 
W: 1.5 mm  
L: 4 mm 
 

 
2D 

(Monolayer) 

Y Cyclophosphamide N n/a N N N N 

Table 13. Summary of organ on a chip models of the small intestine. In order of occurrence: Y = yes, N = no, n/a = data not available. H = height, W = width & MT = membrane thickness. WT = 
wild type. HUVEC = human umbilical vein endothelial cell. 
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4 Replicating the colonic environment 
4.1 Overview of colonic function and anatomy 
The colon is anatomically divided into four sections: ascending (AC) (or proximal), transverse (TC), 
descending (DC) (or distal), and sigmoid, with a total length of up to 1.5 m in adult humans.  
The colon can be distinguished from the small intestine by the presence of three longitudinal bands 
of muscle on the outer surface that leads to the haustrated appearance [291].  
The caecum is at the junction of the ileum and colon and is a downward pouch that is about 5-7 cm 
long. The ascending colon (AC) extends vertically from the caecum and is 15 cm long; at the top 
there is a sharp bend where it becomes the transverse colon [291]. The transverse colon (TC)  is 
typically 45 cm long and is considered to be the most mobile portion of the large intestine [291]. 
Another sharp turn defines the start of the descending colon (DC) which is about 25 cm long and 
joins to the sigmoid colon [291]. The sigmoid colon is 35-40 cm long and joins to the rectum which is 
12-15 cm in length [291, 292]. The diameter of the colon varies from the widest part being the 
caecum with a diameter of 7.5 cm and the sigmoid colon being the narrowest at 2.5 cm [292]. 
The major function of the colon is maintaining water balance, supporting the microbiome, and the 
production of faeces. Although the surface of the colon is smoother than that in the small intestine, 
microvilli are present on transverse furrows of the colon to improve the surface area and aid in the 
maintenance of osmolarity. Much of the surface of the colon is columnar epithelial cells which 
explains the smooth surface appearance [291]. 
 

4.2 Colonic fluid volume  
Table 14 presents colonic fluid volumes determined using magnetic resonance imaging (MRI). 
Volumes represent anatomical volume rather than fluid volume, unless stated. Development of 
appropriate models of the colon rely on replication of the capacity of this organ and as such the 
information in Table 14 can inform the biorelevance of the range of in vitro apparatus available. The 
data shows that the volume of the colon can change depending upon the conditions and that the 
fluid within the colon does not fill this organ. Furthermore, the fluid that is present is not present as 
a continuous body, rather in pockets each of a small volume, primarily located in the AC [293]. 
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    Volume (mL) Mean ± standard deviation or range shown 

(unless otherwise stated)  
 

Reference Subjects Measurement taken Prandial state Ascending Colon 
(AC) 

Transverse 
Colon (TC) 

Descending 
Colon (DC) 

Key finding 

[27] 12, healthy  Fasted & fed - Consumed non-
disintegrating tablets 

 

Colonic water volumes (13 ± 12 mL), intersubject 
variability 1 – 44 mL (fasting), 2 – 97 mL (fed). 

 
Water pockets were mainly located close to the caecum, 

AC and DC with total capacity of 2 mL (median). 

Food had minimal effect on 
colonic water volumes but 

increased the number of colonic 
pockets from 4 to 6 (p < 0.005). 

[294] 18, healthy Water in ascending colon Ingested capsules containing placebo 
or 12 mg loperamide (LOP) or 12 mg 

LOP + 125 mg simethicone (SIM). 
After 100 min, given a drink 

containing 5% mannitol in 350 mL 
water. 

6.9 ± 1.2 mL LOP 
6.8 ± 1.5 mL and 

LOP + SIM 4.5 ± 0.9 
mL 

 

- - LOP & LOP + SIM delayed arrival 
of fluid to the AC. 

[295] 25 IBS-D Fasting and postprandial 
volumes of the 

undisturbed colon 

Fasted 205 ± 69 mL 
 

232 ± 100 mL 
 

 
151 ± 71 mL 

 

10% expansion of AC volume 
when fed (rice pudding meal).  

75 healthy Fasted 203 ± 75 mL 198 ± 79 mL 160 ± 86 mL No significant effect of feeding 
(rice pudding meal) on AC 

volume. 

[296] 
 

25 healthy  Segmental and whole 
intestinal chyme content 

(water volume) 

Fasted 177 mL (147 – 208) 
(including caecum) 

192 mL (159-
226) 

133 mL (110 – 
157), 

rectosigmoid 
colon 257 mL 
(213 – 302) 

No intrapatient variability on 
different days (p>0.05).  Overall 
volume 760 mL (662 – 858) and 

757 mL (649 – 865). 

186 mL (159 – 212) 197 mL (155 – 
240) 

193 mL (111-
168), 

rectosigmoid 
colon 235 mL 

(193-277) 
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7 healthy Segmental and whole 
intestinal chyme content 

(water volume) 

- Impact of defaecation on 
regional volumes only significant 
for rectosigmoid colon (329 mL 
(248-409) before and 183 mL 

(130-236) after. 

. [297] 4 healthy  Regional colonic water No restrictions to feed state. 200 (169.5 – 260) 
mL 

200.5 (113.5-
242.5) mL 

148 (121.5 – 
178.5) mL, 

rectosigmoid 
277 (192 – 345) 

mL 

Total colonic volume 819 (687 – 
898.5) mL 

[298] 12 healthy Colonic volume and gas 
effects of gluten 

Fasted then given GF bread  250 ± 119 mL 289 ± 95 mL 209 ± 73 mL - 

Fasted then given normal bread 256 ± 149 mL 212 ± 73 mL 187 ± 92 mL - 

Fasted then given normal bread with 
added gluten 

224 ± 128 mL 178 ± 86 mL 172 ± 77 mL - 

[299]  24 patients 
with 

functional 
constipation 

Effect of PEG electrolyte 
formulation on gut 

volumes 

Fasted 314 ± 101 mL - - Total colon volume: 847 ± 280 mL 

120 min after PEG ingestion 597 ± 170 mL - - Total colon volume: 1505 ± 387 
mL 

24 patients 
with IBS-C 

Fasted 226 ± 71 mL - - Total colon volume: 662 ± 240 mL 

120 min after PEG ingestion 389 ± 169 mL - - Total colon volume: 1039 ± 418 
mL 

[300] 11 healthy 
male 

10 healthy 
female 

Effect of IV corticotropin-
releasing factor on 

fructose malabsorption  

Baseline fasted 210 ± 77 mL - - - 

45 min after ingestion of fructose 270 ± 109 mL 
 

- - - 

Effect of IV saline on 
fructose malabsorption  

Baseline fasted 226 ± 74 mL  
 

- - - 

45 min after ingestion of fructose 252 ± 83 mL 
 

- - - 

[301] 25 healthy 
male 

Opioid-induced bowel 
dysfunction 

Oxycodone Day 1 177 (147 – 208) mL 192 (159 – 226) 
mL 

133 (110 – 157) 
mL 

Increase in AC, TC, DC 
(significant) decrease in RSC 

(insignificant) Oxycodone Day 5 249 (202-291) mL 230 (190-270) 
mL 

153(132 – 175) 
mL 
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Placebo Day 1 186 (159-212) mL 197 (155 – 240) 
mL 

139(111 – 168) 
mL 

Increase in AC and RSC 
(significant), decrease in TC and 
DC (significant). No significant 

increase in whole colon volume. 
Placebo Day 2 211 (184 – 238) mL 183 (152 -213) 

mL 
121 (101 – 142) 

mL 

[302] 10 healthy Effect of meals, 
defecation and diet on 

colonic content 

Low-residue diet day 4 479 ± 36 mL (non-gaseous content) Daily faecal volume 145 ± 15 mL 
10.6 ± 1.6 daytime gas 

evacuations 

High residue diet day 4 616 ± 55 mL (non-gaseous content) Daily faecal volume 223 ± 19 mL 
16.5 ± 2.9 daytime gas 

evacuations 

[293] 12 healthy Total and segmental free 
water 

Fasted  11 ± 5 pockets of 2 ± 1 mL resting liquid primarily in AC. High inter-subject variability with 
number of pockets ranging from 

0 – 89 and amount of water 
ranging from 0 – 49 mL.  

30 mins post-administration of 240 
mL water 

17 ± 7 pockets of 7 ± 4 mL resting liquid primarily in AC. 

. [303] 11 healthy Colonic free water 
distribution 

Fasted 2 (0 – 7) mL - 

Fed macrogol t = 60 min  140 (104 – 347) mL - 

Fed macrogol t = 120 min 146 (32 – 227) mL - 

11 
constipated 

Fasted 11 (1-29) mL - 

Fed macrogol t = 60 min 228 (91 – 259) mL - 

Fed macrogol t = 120 min 84 (3 – 195) mL - 

[304] 9 healthy Effect of psyllium on 
colonic volumes 

Fasted placebo (maltodextrin) 138 (114 – 208) 
mL 

132 (99 – 188) 
mL 

111 (60 – 185) 
mL 

- 

Fasted psyllium 10.5 g / d 213 (152 – 285) 
mL 

215 (119 – 332) 
mL 

142 (117 – 213) 
mL 

- 

Fasted psyllium 21 g / d 251 (191 – 301) 
mL 

228 (163 -362) 
mL 

132 (87 – 225) 
mL 

- 

20 
constipated 

Fasted placebo (maltodextrin) (n = 9) 270 (174 – 361) 
mL 

362 (221 – 438) 
mL 

221(130 – 278) 
mL 

- 

Fasted psyllium (n = 11) 390 (320 – 412) 
mL 

366 (267 – 547) 
mL 

246 (221 – 336) 
mL 

- 
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[305] 20 healthy Effect of oxycodone plus 
macrogol and PR 

naloxone and oxycodone 
on segmental gut water 

Oxycodone plus PR naxalone 
Baseline day 1 

220 ± 25 mL 258 ± 42 mL 187 ± 32 mL RSC increased from 276 ± 60 mL 
to 273 ± 71 mL. Total from 941 ± 

108 mL to 1036 ± 176 mL. Oxycodone plus PR naxalone day 5 257 ± 41 mL 295 ± 47 mL 210 ± 51 mL 

Oxycodone plus Macrogol 216 ± 39 mL 270 ± 59 mL 184 ± 55 mL RSC from 242 ± 55 mL to 287 ± 52 
mL. Total from 812 ± 158 mL to 

1123 ± 145 mL. Oxycodone plus Macrogol 277 ± 53 mL 328 ± 51 mL 231 ± 44 mL 

Table 14. Details on colonic volume present in adults reported in the literature. Note that some studies report colonic volume and not the volume of fluid present within the colon. RSC= right 
sigmoid colon 
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Colonic transit time  
It is known that there is wide variability in the transit time within the colon of adults with range of 
12-72 hours reported in a normal population [306]. The technique used to measure the transit can 
affect measurements reported and this is discussed in further detail in the second part of this review 
paper [8]. There is a meta-analysis on colonic transit times of ingested solid oral dosage forms that 
may also be useful for the reader [136]; particularly as this highlighted that larger units can move 
more quickly through the colon compared to multi-units. 

4.3 Colonic motility 
Colonic motility has a circadian rhythm where motility is typically inhibited at night time [292]. 
During waking hours the transverse and descending colon show more activity to promote function 
activities including absorption, mixing, propulsion of contents, as well as formation and storage of 
faeces [292]. Ingestion of food also influences colonic motility and fatty meals have been shown to 
have a stronger influence on motility compared to carbohydrate based meals [307]. Further details 
on colonic motility are presented in the second part of this review paper [8], alternatively detailed 
information can be found in this paper [292]. 

4.4 Colonic media composition 
Sampling of colonic media is difficult due to the inaccessibility of the colon. Tang et al (2020) [308] have recently reviewed 
techniques for colonic sampling with a focus towards microbiota. However, some studies have characterized the contents of 
the AC by taking samples during colonoscopy to establish relevant components required to reproduce a simulated media 
representative of the AC lumen, shown in  

Contents of human ascending colon (AC) post-ultracentrifugation 

Ref
. 

Populat
ion 

Samp
le 

locati
on 

Prand
ial 

state 

Colon 
prep. 

pH 
Aqueous 

fraction (%) 
Buffer capacity 
(mmol/L*pH) 

Sample 
volume 

(mL) 

[30
9] 

UC patients in 
relapse 

Faste
d 

Ingestio
n of 

bisacod
yl 

tablets 

6.6 (5.5–7.7) 
 

n/a 

32.0 ± 18.1 
(using HCl solution 

n=11) 
18.3 ± 10.4 

(using NaOH 
solution n=3) 

26.8 
(13.5) 

[30
9] 

UC patients in 
remission 

Faste
d 

6.5 (6.1–7.3) 
 

n/a 

37.7 ± 15.4 
(using HCl solution 

n=11) 
16.7 ± 5.8 

(using NaOH 
solution n=3) 

21.2 (8.8) 

[31] 
Pilo

t 
stu
dy 

 

6 x Healthy 
adults, aged 18-

60 years 

Faste
d 

Ingestio
n of 
PEG 
3350 

solution 
(Klean-
Prep) or 
bisacod

yl 
tablets 
(Dulcol

ax®, 
Boerhin

ger 
Ingelhei

m, 
Athens, 
Greece)

. 

n/a n/a 

6.0 ± 3.6 
(using NaOH 

solution) 
11.0 ± 7.8 (using 

HCl solution l) 

27.1 (6.1) 

[31] 
Mai

n 
stu
dy 

12 x Healthy 
adults aged 19-

28 years 
 

Faste
d 

7.8 (median) 70.3 (17.0) 

21.4 (using HCl 
solution) 

10.3 (using NaOH 
solution) 

22.3 (7.7) 

Fed 6.0 (median) 56.0 (9.0) 

37.7 (using HCl 
solution) 

16.4 (using NaOH 
solution) 

29.9 (10.8) 
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Supernatant of contents of human ascending colon (AC) post-ultracentrifugation 

Ref
. 

Population 
Prand

ial 
state 

Colon 
prep. 

Osmolarit
y post-

centrifuga
tion 

(mOsmol 
kg-1) 

Surface 
tension 
(mN m-

1) 

Protein 
content 

(mg 
mL-1) 

Carbohydr
ate 

content 
(mg mL-1) 

SCFA 
content 
(mg mL-

1) 

Bile acids 
(mg mL-1) 

[30
9] 

UC patients in 
relapse 

Faste
d 

Ingestio
n of 

bisacod
yl 

tablets 

199.6 ± 12
7.4 

41.6 ± 3
.1 
 

18.9 ± 8
.1 

5.4 ± 2.7 
23.2 
± 14.9 

75.83 ± 42.
96 

 

[30
9] 

UC patients in 
remission 

Faste
d 

290.1 ± 16
5.6 

40.6 ± 3
.4 
 

19.0 ± 1
0.8 

6.4 ± 4.1 
45.3 ± 2
6.8 

115.15 ± 10
0.20 

 

[31] 
Pilo

t 
stu
dy 

 

6 x Healthy 
adults, aged 18-

60 years 

Faste
d 

Ingestio
n of 
PEG 
3350 

solution 
(Klean-
Prep) or 
bisacod

yl 
tablets 
(Dulcol

ax®, 
Boerhin

ger 
Ingelhei

m, 
Athens, 
Greece)

. 

328.83* / 
286.67** 

n/a n/a n/a n/a n/a 

[31] 
Mai

n 
stu
dy 

12 x Healthy 
adults aged 19-

28 years 
 

Faste
d 

81.0 (102) 42.7 
9.7 

(4.6) 
8.1 (8.6) 

30.9 
(15.4) 

587.4 
(412.8) 

Fed 
224.0 
(125) 

39.2 
6.9 

(2.3) 
14.0 (7.4) 

48.1 
(21.7) 

115.2 
(119.3) 

 
Table 15. However, colonic preparation is required for a colonoscopy, which is likely to have resulted 
in unnatural properties of the luminal fluid. Stamatopoulos et al [8] present a review detailing the 
characteristics of the caecum and AC in commonly used animal models. No published data is available 
on the viscosity of human AC contents. 
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Contents of human ascending colon (AC) post-ultracentrifugation 

Ref. Population 
Sample 
location 

Prandial 
state 

Colon prep. pH Aqueous fraction (%) 
Buffer capacity 
(mmol/L*pH) 

Sample volume (mL) 

[309] UC patients in relapse Fasted 

Ingestion of 
bisacodyl 

tablets 

6.6 (5.5–7.7) 
 

n/a 

32.0 ± 18.1 
(using HCl solution n=11) 

18.3 ± 10.4 
(using NaOH solution n=3) 

26.8 
(13.5) 

[309] 
UC patients in 

remission 
Fasted 

6.5 (6.1–7.3) 
 

n/a 

37.7 ± 15.4 
(using HCl solution n=11) 

16.7 ± 5.8 
(using NaOH solution n=3) 

21.2 (8.8) 

[31] 
Pilot 
study 

 

6 x Healthy adults, 
aged 18-60 years 

Fasted 

Ingestion of 
PEG 3350 
solution 

(Klean-Prep) or 
bisacodyl 

tablets 
(Dulcolax®, 
Boerhinger 
Ingelheim, 

Athens, 
Greece). 

n/a n/a 

6.0 ± 3.6 
(using NaOH solution) 
11.0 ± 7.8 (using HCl 

solution l) 

27.1 (6.1) 

[31] 
Main 
study 

12 x Healthy adults 
aged 19-28 years 

 

Fasted 7.8 (median) 70.3 (17.0) 
21.4 (using HCl solution) 

10.3 (using NaOH solution) 
22.3 (7.7) 

Fed 6.0 (median) 56.0 (9.0) 
37.7 (using HCl solution) 

16.4 (using NaOH solution) 
29.9 (10.8) 

Supernatant of contents of human ascending colon (AC) post-ultracentrifugation 

Ref. Population 
Prandial 

state 
Colon prep. 

Osmolarity post-
centrifugation 
(mOsmol kg-1) 

Surface tension 
(mN m-1) 

Protein 
content 

(mg mL-1) 

Carbohydrate 
content (mg 

mL-1) 

SCFA content 
(mg mL-1) 

Bile acids (mg mL-1) 

[309] UC patients in relapse Fasted Ingestion of 
bisacodyl 

tablets 

199.6 ± 127.4 
41.6 ± 3.1 

 
18.9 ± 8.1 5.4 ± 2.7 23.2 ± 14.9 

75.83 ± 42.96 
 

[309] 
UC patients in 

remission 
Fasted 290.1 ± 165.6 

40.6 ± 3.4 
 

19.0 ± 10.8 6.4 ± 4.1 45.3 ± 26.8 
115.15 ± 100.20 

 

[31] 
Pilot 
study 

 

6 x Healthy adults, 
aged 18-60 years 

Fasted 

Ingestion of 
PEG 3350 
solution 

(Klean-Prep) or 
bisacodyl 

tablets 

328.83* / 
286.67** 

n/a n/a n/a n/a n/a 

[31] 
12 x Healthy adults 
aged 19-28 years 

Fasted 81.0 (102) 42.7 9.7 (4.6) 8.1 (8.6) 30.9 (15.4) 587.4 (412.8) 
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Main 
study 

 

Fed 

(Dulcolax®, 
Boerhinger 
Ingelheim, 

Athens, 
Greece). 

224.0 (125) 39.2 6.9 (2.3) 14.0 (7.4) 
48.1 

(21.7) 
115.2 (119.3) 

 
Table 15. Studies where the composition of colonic fluids has been characterised. UC=ulcerative colitis 
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Diakidou et al. [31] found that the level of triglycerides, diglycerides and cholesterol esters was 
undetectable in the supernatant of healthy human AC contents after ultracentrifugation. However, 
palmitic acid, linoleic acid, oleic acid, phosphatidylcholine, and cholesterol were measured at levels 
(mean (±standard deviation)) of 49.6 (±43.7), 37.4 (±29.6), 32.8 (±36.7), 362 (±210), and 1703 
(±1764) μM respectively in the fasted state, and 103.8 (±112.1), 47.8 (±30.0), 73.4 (±81.7), 539 
(±393), and 1882 (±1325) μΜ in the fed state [31]. Fed state colonic contents tend to have 
decreased protein concentration compared to fasted state [31]. Surface tension is generally higher 
in the colonic contents (42.7 mN*m-1  in the fasted state and 39.2 mN*m-1 in the fed state) than in 
the small intestine [309]. Osmolarity is typically lower (81 mOsm*kg-1 in the fasted state and 227 
mOsm*kg-1 in the fed state) than in the small intestine [309]. This may be because the majority of 
protein digestion occurs upstream of the colon, resulting in dilution of protein contents when 
contents arrive from the terminal ileum into the AC. In animals it has been shown that fasting 
reduces concentration of small chain fatty acids (SCFAs) [310]. No published data is available on the 
viscosity of human AC contents. Composition of the colonic microbiota is beyond the scope of this 
review. 

4.4.1 Simulated colonic media 
The fluid within the colon changes from the watery fluid that exits the small intestine to the drier 
faeces that exits the colon. Simulated fluid thus may be dependent upon the region of the colon as 
well as the purpose for which they are used. Colonic drug delivery systems can be designed to 
release their drug load based on changes in media pH; the presence of microbiome or time; thus, 
the media used in any in vitro test needs to be relevant for the conditions to be simulated.  
There are fewer standardized simulated colonic fluids in comparison the FaSSIF and FeSSIF recipes 
that are widely used as simulated small intestinal fluids. In addition, research into foods and 
digestion has also generated a wide number of simulated colonic fluids. Basic simulated fluids use 
buffers at the most suitable pH of the colon whereas other methods incorporate the use of enzymes. 
There are several recipes for simulated colonic fluid (SCoF) that replicate the pH, osmolality, buffer 
capacity and ionic strength of colonic fluid characterized from humans [130]. There are also 
recognized recipes that replicate fasted state and fed state simulated colonic fluid (FaSSCoF and 
FeSSCoF) [130]. It should be noted that the composition of the media can affect the release profile 
for oral drugs, particularly the use of the more physiologically relevant bicarbonate buffer in place of 
phosphate buffers [311]. 
Due to the large variety in media that can be used the reader is referred to other papers on this 
topic: dissolution media for dosage forms triggered by colonic microflora [312, 313]; simulated fluids 
of the AC [314]; simulated fluid to evaluate probiotics [315]; the reproducibility of using faecal 
slurries in bioreactors [316].  
 

4.5 Overview of in vitro models of the colon 
4.5.1 Modified pharmacopoeial apparatus to mimic the colon 
Pharmacopoeial apparatus has been used previously to mimic colonic conditions. The range of 
methods used is presented in Table 16 which also shows the simulated fluids used within these 
studies. Modified dissolution apparatus is widely used due to the accessibility and reproducibility of 
this apparatus globally.  
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Ref  Dissolution apparatus  Media 

volume 
[mL]  

Composition of 
media  

Bile 
salt 
[Y/N] 

Viscosity 
[Y/N]  

Microbiota (Y/N) Mixing 
conditions  

Prior exposure to GI fluids [Y/N] Sampling 
duration [min]  

Link 
to in 
vivo 
data  

[317] USP Apparatus II  500 
mL  

sodium phosphate 
buffer with NaCl and 
Na2SO4 to alter ionic 
strengths  

N  N  N  75 rpm  N  240  N  

[318] USPII  500 
mL  

FaSSCoF  N  N  N  50 rpm  N  1440  N  

  mL         

[319] USPIII  250 
mL  

SCoF  Y  N  N  10 dpm  Y  960  N  

[151] USPII stress test device  1160 
mL  

Hanks hydrogen 
carbonate buffer 
(pH 6.8) with 0.1 % 
Tween 80  

N  N  N  200 rpm 
+stress 
cycles  

Y  1560  N  

[38] USPII  1000 
mL  

Hanks buffer, Krebs 
buffer, NaHCO3 
solution  

N  N  N  50 rpm & 
100 rpm  

Y(Dynamic pH 
changes throughout experiment)  

720 N  

   USPII +stress-test device  1150 
mL  

USP pH6.8 buffer 
with 1% SDS  

N  N  N  50 and 100 
rpm  

N  360  N  

[320] GISS (based on USPII)  1000 
mL  

simulated colonic 
fluid  

N  N  N  50 rpm  Y  400  N  

[321] USP Apparatus III, 
reciprocating cylinder, RRT 
10, Erweka, Heusenstamm, 
Germany. AND USP 
apparatus II, paddle 
apparatus  

200 
mL  

SCoF  N  N  N  10 dpm, 
420 um 
mesh. USP 
II 
undefined  

y  240  y  

[322] Paddle apparatus 
(provider unspecified)  

6 mL  FaSSIF,  N  N  N  100 rpm  N(HCl for pH)  120  y  

[323] mini USP apparatus with 
paddle - paddle adapted 
for viscosity effects  

200 
mL  

FaSSCof, FeSSCoF v2  y  Y (for 
fed 
state)  

n  40 rpm (pr 
100 rpm)  

y  160  y  

[324] USP Apparatus I  1000 
mL  

FTM  Y  N  Y  100 rpm  N(HCl for pH)  1440  Y  
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[325] USP III, USP IV  235 
mL  

Fasted= FaSSCoF. 
Fed= FeSSCoF  

N  N  N  6 dpm, 4 

mL*min-1  

N  360  Y  

[326]  USPIII, USPIV  235 
mL  

Fasted= FaSSCoF. 
Fed= FeSSCoF  

N  N  N  6 dpm, 4 

mL*min-1  

Y  360 
minimum fasted 
540 minimum 
fed  

Y  

[327] USPIII & USPIV  235 
mL  

Fasted= FaSSCoF. 
Fed= FeSSCoF  

Y  N  N  6 dpm, 4 

mL*min-1  

Y  120  Y  

[328] USPI  1000 
mL  

FTM supplemented 
with probiotics 
(BIOMIX-1)  

N  N  Y  100 rpm  Y  1080  Y  

[329] USPII  500 mL 
for acid 
stage, 
900 mL 
for 
buffer 
stages  

HCl, pH6 phosphate 
buffer  

N  N  N  100 rpm 
acid stage, 
50 rpm 
buffer 
stages  

Y(HCl)  210  Y  

Table 16. Summary of studies that use pharmacopoeial apparatus to mimic the colonic environment 
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4.5.2 Fermentation models of the colon  
Multi-compartmental fermentation models of the colon typically feature three fermentation reactors, 
as initially proposed in 1988 by Gibson et al [330]. Fermentation is not possible to study in vivo, 
therefore in vitro simulated fermentation models are highly valuable. These models make possible the 
study of metabolite production by complex microbial ecosystems. Sampling from faecal matter does 
not reflect the in situ production of metabolites, and the ecological composition of colonic content 
varies drastically with progress along the GI tract, therefore faecal sampling is most valid for 
evaluation of the rectal environment. However, most in vitro models however lack absorption capacity 
to model uptake of metabolites by the epithelium and therefore reflect true intraluminal 
concentrations. Most in vitro fermentation models are fed through fecal inoculum whereas the 
PolyFermS uses a microencapsulation technique. Many in vitro fermentation models are static, 
however Venema and van den Abbeele [331] highlighted a non-physiologically relevant slow rate of 
conversion in “static cultures” (as opposed to continuous “dynamic” culture conditions). Furthermore, 
most models only include microbial populations common to the colonic lumen, neglecting those of 
the mucosa. Overall, fermentation models of the colon may be suitable for ingestible devices that 
monitor luminal composition for the presence of particular microbiological populations, metabolites 
or gas volumes produced. 

4.6 Comparison of in vitro models of the colon   
A brief outline of in vitro models that incorporate a colon environment is presented in the order in 
which they were published, the relative attributes are also compared in Table 17. 
The evaluation of the in vitro models was based on criteria associated with the features of the 
macroenvironment that were presented in Table 1. The evaluation of the biorelevance of the 
luminal media as based upon factors associated with the luminal composition used within the 
system. These were scored using the levels of simulation of luminal composition that have 
previously been reported [138, 139].  These levels are: level 0 is pH only; level 1 is pH plus buffer 
capacity; level 2 includes bile components, dietary lipids, lipid digestion products and osmolality (this 
includes FaSSCoF and FeSSCoF) and level 3 also includes dietary proteins, enzymes (not digestion 
products) and viscosity effects. For the colon additional details on the pH control in each section of 
the colon is provided as well as whether the microbiota is present; these were scored as 1 where the 
pH was controlled to a value matching those found in vivo and also 1 where the microbiota was 
present. The volume used within the system was reported and this was considered to be biorelevant 
where the volume was similar to the capacity of the human adult colon; biorelevant conditions 
scored 1 where as non-biorelevant scored 0. The column on the biorelevant luminal media is the 
sum of the biorelevance scores for the previous four columns. 
The representative anatomy provides details of the shape and dimensions of the compartment used 
to mimic the colon; where these were broadly similar to the dimensions of the colon they scored 1 
and where they accurately mimicked the dimensions, they scored 2.  
The level of biorelevant motility score comprised the components of the agitation mechanism and 
pattern of agitation. Where the mixing mechanism applied was consistent with mixing in the colon, 
via compression of the walls of the mixing vessel a score of 1 was applied. The pattern of agitation 
scored 1 for discontinuous mixing and 2 where the profile of discontinuous mixing matched that 
reported in vivo. Where the pressures matched those in vivo, a score of 1 was provided to the 
model. The overall scores for the biorelevance of motility was the sum of the scores for mixing 
mechanism, pattern of agitation and pressures. Where the transit time was reported this was scored 
1 where it was in line with in vivo data and zero where it was not. 
 
Several models of the colon also include a gastric and/or small intestine compartment thus there is 
overlap here with the previous sections. However, it will be the colon conditions that are detailed 
here and summarized in Table 17.  
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4.6.1 Three-stage continuous culture system 
The original three stage continuous culture system proposed by Gibson et al (1988) [330] consisted of 
three fermentation reactors of size 0.3, 0.5 and 0.8 L connected in series. The pH of each vessel was 
maintained at 6.0, 6.5 and 7.0 sequentially. No sparging took place but the vessels were maintained 
under an anaerobic nitrogen gas. To inoculate each vessel, 100 mL 20 % (w/v) faecal slurry, buffered 
with 0.1 mol*L-1 sodium phosphate at pH 7.2 was used. A medium and distilled water or mucin were 
added to the first vessel. In the case of the former, sulfate-reducing activity was comparatively 
insignificant and methanogenesis was prominent. In the case of mucin addition, mucin was degraded 
extensively, as indicated by the production of volatile fatty acids. There was no literature that linked 
data from this model to in vivo data.  This model was also reported by Macfarlane et al (1998) who 
reported that the results obtained with the three-stage continuous culture system compared well with 
measurements  made on intestinal material obtained from sudden death  victims [332]. 

4.6.2 SHIME 
The simulator of the Human Intestinal Microbial Ecosystem (SHIME) (ProDigest, Ghent) is composed 
of five reactors connected in series to reproduce the entire GIT with a focus on fermentation, 
representing the stomach (see section 2.5.2) and small intestine (see section 3.6.1) followed by the 
ascending, transverse and descending colon respectively. The system was validated in 1993 based on 
evaluation of fermentation fluxes and products such as indicator bacterial groups, volatile fatty acids, 
enzymatic activity and headspace gases, however simulation is limited to luminal microbes only. 
Reactors are double jacketed glass vessels interconnected through peristaltic pumps; the transit time 
from beginning to end being 72-76 h [333]. The entire system is anaerobic, and each reactor is a double 
jacketed glass vessel. The colon simulators are continuously stirred reactors with constant volume, 
residence and pH control; ascending colon: 500 mL, 20 h, pH 5.6 – 5.9; transverse: 800 mL, 32 h, 6.1-
6.4; descending: 600 mL, 24 h, pH 6.6 – 6.9. These reactors are filled with nutritional medium and 
inoculum prepared from human faecal matter [333] and the ascending colon mimic reactor receives 
media from the small intestine reactor containing a mixture of artificial stomach and pancreatic juices 
and the initial feed which includes resistant starches. The SHIME model is an evolution of the Reading 
Model, introduced by Macfarlane et al (1989) [334], in that the SHIME includes simulation of upper GI 
conditions. An updated version of this apparatus is presented in section 4.6.12. The SHIME model 
offers the opportunity to evaluate the stability of APIs under colonic conditions, including the 
complete gut microbiota, however it was not possible to find data with in vivo correlations from this 
apparatus. 

4.6.2.1 Host-Microbiota Interaction (HMI) 
The Host-Microbiota Interaction (HMI) module was introduced into the SHIME apparatus by Marzorati 
et al [335] in 2014. The HMI is a mini device used to study bacterial adhesion under relevant shear 
forces and microaerophilic conditions. It is comprised of an upper and a lower compartment, 
separated by a double layer of polyamide semipermeable membrane and a mucous layer. The upper 
compartment represents the luminal compartment and is continuously fed a bacterial suspension, 
whilst the lower compartment contains enterocyte cell lines. The HMI module when coupled to the 
SHIME is continuously fed a bacterial slurry [335]. The HMI module exposes the enterocyte cell lines 
to a relevant, complex microbial community and permits the exchange of signals and metabolites 
between compartments for up to 48 hours. The experimental set up is shown in Figure 1, this provides 
an example of combining a maco and micro in vitro model to better replicate the complex 
environment of the GI tract. 
The design of the shear forces inside the HMI was based on physiological levels of shear stress found 
in the intestinal epithelium during peristalsis, ranging from 0.02 – 35 dynes*cm-2 but lower values 
below 5 dynes*cm-2 were chosen as this was representative for the beginning of the proximal colon 
in the absence of microvilli.  
Based on an elastohydrodynamic mathematical model, Guo et al (2000) [336] predicted the forces 
and torques along brush border cells in the absence of villi to range from 0 – 5 dynes*cm-2 given 
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Poiseuille flow. However, the renal luminal environment of a brush border cell differs greatly to that 
of a colonic epithelial cell, and Poiseuille flow is unlikely.  

 
Figure 3. Diagram of the adapted SHIME system (consisting of stomach, small intestine and ascending colon - AC - 
compartments) used for the long-term study coupled to the HMI module. Image is taken from [335] which was distributed 
under the terms of the Creative Commons Attribution License ( https://creativecommons.org/licenses/by/2.0 ), which 
permits unrestricted use, distribution, and reproduction in any medium 

 

4.6.3 Batch culture faecal fermentation model (BCFFM) 
100 mL fermentation vessels purged with N2 and maintained at 37 ºC contained a homogenised, 
potassium phosphate buffered medium at pH 7.2 of 10 % (w/w) freshly voided faeces from three 
healthy human subjects [337]. This enzyme-based fermentation models was used to assess film 
digestion and drug release from coated pellets [337]. To determine drug release from the coated 
pellets, samples were removed from the fermenters at 0, 2, 4, 6, 8, 12 and 24 h. 

4.6.4 3.2.16 Enzyme-based fermentation model (EBFM) 
Siew et al [337] proposed an enzyme-based fermentation model for the in vitro assessment of colonic 
digestion of amylose films and coatings. Such a system would have increased practicality over faecal-
based fermentation systems for obvious reasons. Identical vessel and buffered medium was used as 
in the BCFFM (section 4.6.3), with four different commercially available amylase enzymes separately 
introduced, in place of the faecal matter. The enzymes were oxygen-stable, so anaerobic conditions 
were not necessary which is a significant practicality benefit. It was found that the enzyme from 
bacterium Bacillus licheniformis was most active in digestion of the amylose/ethyl cellulose coating. 
Dissolution results were comparable to those obtained using a control faecal-based fermentation 
model. 

4.6.5 Three-stage tubular model 
The three-stage tubular model was developed by Spratt et al [338] primarily to provide a system that 
exhibited dispersed plug flow that could be relatively easily modelled and to achieve substantial mass 
transfer of water and fatty acids out of the system. Each stage of the model comprised a fermenter 
with a membrane that separated the contents from an outer flow of aqueous polyethylene glycol 
solution to control removal of water and metabolites form the reactor (thus controlling pH).  

4.6.6 Enteromix 
The EnteroMix was in development by Danisco (acquired by DuPont in 2011) since the early 1990s 
and was first published by Mäkivuokko et al in 2005 [339]. This model is a 4-compartment system 
representing the ascending, transverse, descending and distal colon [339]. Each compartment is a 
glass vessel with small working volumes of 6 – 12 mL and a physiologically relevant pH of 5.5, 6.0, 6.5 
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and 7.0 respectively and purged with N2 and NH3 to maintain anaerobic conditions. Inoculum is 
incorporated into the first vessel initially. After three hours of mixing, 10 mL of the culture is pumped 
into the subsequent vessel and 10 mL fresh media is added to the first vessel. This continues for 48 
hours, after which samples can be collected. The EnteroMix has been used to study the effects of 
probiotics and prebiotics using adult faecal sample donors [339-343] and more recently to model 
infant colonic fermentation [344]. 

4.6.7 VTT One compartment fermentation model 
The VTT one compartment in vitro colon model was first described by Barry et al [345] in 1995 but 
described most recently by Aura et al [346], having undergone several studies in between and 
adaptations for pure phenolic compounds [346-349]. This is a simple closed anaerobic system stirred 
with a magnetic stirrer. The system is inoculated from a pooled faecal suspension prepared from 
samples of 3-6 donors to ensure biodiversity and reproducibility [350, 351]. The model employs a 
strong buffer with minerals as the main matrix of the medium [345] as opposed to a nutritive medium 
with additional carbon sources. Additional carbohydrates are provided by the faecal material. The one 
compartment model aims primarily to profile metabolites. For example, Aura et al [348] used the 
SIMGI model coupled with a bioinformatics tool to profile metabolites of plant foods. 

4.6.8 The Artificial Colon (ARCOL) 
ARCOL, developed by the University of Clermont Auvergne, France, is a one stage fermentation model 
of human [352-355]  that was the first model to allow maintenance of anaerobiosis inside the 
fermenter solely through metabolic activity of the microbiota (as opposed to flushing with N2 or CO2. 
Water absorption is passive and a dialysis system using hollow fibre membranes maintains electrolyte 
and metabolite concentrations through passive absorption. The buffer system employed is phosphate, 
which is not representative of the in vivo situation. The main downfall is that the system represents 
average human colonic environment rather than having distinct sections that model the differences 
between the ascending, transverse and descending human colon. 

4.6.9 Polyfermentor intestine model (PolyFermS) 
The PolyfermS model traps faecal microbiota via microencapsulation technique. The system consists 
of five reactors each with an independent microbial inoculum which represents the stool microbiota 
of a healthy donor, preserving abundance and diversity of critical taxonomical groups throughout 
experiments (stable up to 38 days) [356]. The first reactor represents the human proximal colon which 
supplies downstream reactors arranged in parallel to explore the effects of different experimental 
treatments on the same microbiota produced in the AC vessel. The microbiota is immobilised in 
polysaccharide gel beads to create a sessile measure of bacteria that mimics the biofilm or mucus 
associated bacteria in addition to promoting the growth of planktonic bacteria culminating from the 
release of sessile bacteria into the bulk [357, 358]. The PolyFermS has been adapted to successfully 
cultivate colonic microbiota based on humans of varying ages [359, 360] and for swine, murine  [361, 
362] and chicken gut contents. A major advantage of this apparatus is the possibility to stably and 
reproducibly cultivate complex intestinal communities in multiple reactors allowing studying in 
parallel the impact of many different treatments (environmental parameters, dietary compounds, 
drugs, added microbes, etc.) compared to a control reactor.  

4.6.10 TNO TIM-2   
The TNO TIM-2 is a dynamic in vitro model of the colon [363]. The model consists of four 
interconnected glass compartments containing a flexible membrane representing the lumen [363]. 
The space between the glass and the flexible membrane is filled with water, the temperature of which 
can be controlled to maintain the desired temperature of the apparatus. Additionally, pressure can be 
applied to the water following a controlled sequence to cause the flexible membrane to contract, 
mimicking colonic peristalsis. A level sensor in the system maintains the volume at 120 mL through 
control of a pump to expel contents. This model boasts one of the most complex fermentation models 
of the colon simultaneous to applying physiologically relevant mixing conditions compared to many 
fermentation models which are simply stirred. The model is fed with inoculum of human faecal 
suspension. Accumulation of microbial metabolites is prevented by a bespoke dialysate system which 
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enables TIM-2 to maintain an active microbiota for up to 3 weeks. Gases produced by the microbiota 
can be sampled, in addition to material content sampled from the lumen or sample port. The system 
is maintained at pH 5.8 by secretion of NaOH, representing that of the human proximal colon. The 
effect of several food components that have been well-established in vivo have been confirmed in 
TIM-2; including the bifidogenic nature of inulin [364].  

4.6.11 SIMGI 
The SIMGI model includes five interconnected compartments, however only the colonic 
compartments are considered in this section [242], see section 2.5.12 for the gastric and section 3.6.10 
for the intestinal aspects.. The stages of colonic transit are simulated in three stages, the AC, TC and 
DC, all of which are fermentative, double jacketed glass reactors that maintain the contents at 37 °C. 
The pH in the AC, TC and DC is maintained at 5.6 ± 0.2, – 6.3 ± 0.2 and 6.8 ± 0.2 respectively. Digested 
content of the small intestine compartment is transferred to the AC compartment, at which time 
sequential transit between colonic segments begins at equal flow rates. Colonic compartments are 
continuously flushed with N2 and sample ports are available. Interestingly, the SIMGI has been used 
to investigate the relationship between viscosity and of media consisting of chia mucilage and the 
human intestinal microbiota [365]. SIMGI is a relatively new model as to date there is no literature 
that correlates data from this system to in vivo data. 

4.6.12 M-SHIME 
The Mucosal Simulator of Human Intestinal Microbial Ecosystem (M-SHIME) (ProDigest, Ghent) is an 
updated version of the SHIME that includes simulation of mucosal microbiota (which are primarily 
methanogenic Archaea, sulphate-reducing bacteria and acetogenic bacteria) [366]. This is achieved 
through incorporation of mucin type-II-agar-covered microcosms encapsulated in a polyethylene net. 
Different studies have investigated different setups of the M-SHIME system, for example, Giuliani et 
al (2016) [367] employed three pairs of reactors that mimicked proximal and distal colonic 
environment to investigate the effect of Vitis vinifera extract on intestinal microbiota. Truchado et al 
(2017) [368] utilised only a proximal colon vessel to study the effects of prebiotic long-chain 
arabinoxylans (LC-AX) on mucosal and luminal mucosa; it was found that supplementation of 6g / L 
LC-AX significantly increased relative abundance of Bifidobacterium in lumen and mucosa in addition 
to associated metabolic activity. These studies demonstrate the flexibility of the M-SHIME apparatus 
to be varied to focus on particular colonic segments of interest and may be useful for the development 
of ingestible devices that monitor media and gas compositions or microbial activity. Liu et al [369] 
employed the Twin Simulator of the Human Intestinal Microbial Ecosystem (TWINSHIME) which 
consists of two separate systems, the SHIME and M-SHIME to enable evaluation of the differences 
and similarities between mucosal and luminal microbial communities over six weeks. Mucosal 
colonisers included the Firmicutes phylum with species varying between the mimicked colonic 
sections. In contrast, Bacteroidacaeae were enriched in the gut lumen of all three regions of the colon. 

4.6.13 Single batch fermentation system (SBFS) 
Takagi et al (2016) [370] devised a single-batch fermentation system with the aim of using next-
generation sequencing (NGS) to compare in vitro and in vivo colonic microbiota. The fermentation 
took place in 100 mL working volume vessels maintained at 37 °C, mixed with a magnetic stirrer. The 
system was inoculated with faecal samples from healthy human volunteers. Results from a study on 
high throughput evaluation of probiotics suggested that this fermentation system may be useful 
for in vitro, pre-clinical evaluation of the effects of prebiotics prior to testing in humans [315]. 

4.6.14 CoMiniGut 
The Copenhagen MiniGut (CoMiniGut) was developed with the objective of conducting high-
throughput, low volume investigations on the interactions of gut microbiota with pharmaceutics, pre- 
and probiotics with pH and temperature control [371]. The system consists of a box containing five 
single-vessel, anaerobic reactor units with a working capacity of only 5 mL in parallel. Throughput can 
be increased by increasing the number of parallel units in multiples of five. Each vessel has 10 mL 
capacity with 5 mL working volume. Since only 250 micrograms of faecal matter is required for 
inoculation, faecal cryostock libraries can be constructed, facilitating multiple repeat experiments of 
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test material that is difficult to obtain. Headspace gas sampling is facilitated via gas inlet / outlet ports 
which can be used to maintain anaerobiosis. Additionally, fermentate can be sampled at any time 
during fermentation using a programmable syringe pump system. Mixing is achieved using a magnetic 
stirrer. Simulation of passage through the colon is simply represented by pH increment over time. 
Wiese et al (2018) [371] used the CoMiniGut to demonstrate significant differences in microbiota 
composition and short-chain fatty acid (SCFA) profiles between using inulin or lactose as the 
fermentation substrate. 

4.6.15 MicroMatrix 
The microMatrix (Applikon Biotechnology, Heertjeslaan 2, 2629 JG Delft, Netherlands) is a mini-
fermentation system (1 – 10 mL). This system utilises mini-batch fermentation of frozen standardised 
inoculum to obtain a highly reproducible microbiota that can easily be evaluated for changes due to 
variation in treatment conditions. The microMatrix system was first used by O’Donnell et al (2018) 
[316] to mimic the distal colon to differentiate the initial microbiota from one that has undergone 
fermentation of a prebiotic carbohydrate in a reproducible manner. However, in this initial study, 
metabolites were not evaluated. The buffer system used was potassium phosphate. 

4.6.15.1 Mini-Bio in vitro model 
The Mini-Bio in vitro model by Applikon Biotechnology (Deft, Netherlands) is a patented flexible in 
vitro system that can be operated in batch mode or dynamically. The software is able to remotely 
supervise fermentation reactions in up to 32 separate bioreactors. The online data logger identifies 
real-time changes in pH, temperature, dissolved oxygen or NaOH addition. The length of set-up time 
(including stabilization periods) for each fermentation system can range from hours to weeks to 
months; thus a simple parallel system to allow multiple simultaneous experiments is advantageous, 
particularly for screening projects as a precursor to animal studies[316].Various attachments can be 
employed depending on the task at hand, such as mechanical impellers that can rotate at up to 2000 
rpm. In terms of flexibility, the volume of the system can be varied to the desired value, from a 
minimum of 50 mL.  

4.6.16 Toddler-SHIME 
Bondue et al (2020) [372] adapted the SHIME to reflect the colonic microbiota of healthy donors aged 
1 – 2 years old, highlighting that the ‘first 1000 days of life’ determine the gut microbiota composition 
and can have long term influences on health. In addition to inoculation with faeces from healthy 
children, modifications were made to adapt the system in terms of volumes and pH with the 
ascending: 100 mL, pH 5.4 - 5.6; transverse: 160 mL, pH 6.0-6.3; descending colon: 120 mL, pH 6.3 – 
6.5 in addition to age-appropriate changes to the nutritional medium. 

4.6.17 Dynamic colon model (DCM) 
The Dynamic Colon Model (DCM) is an anatomically representative in vitro model of the human 
ascending colon, designed based upon cine-MRI images that showed the anatomical architecture and 
wall motility patterns of the undisturbed colon [373]. The DCM is comprised of 10 haustral segmental 
with a total length of 200 mm (209 ± 47 mm is the length of the caecum-ascending colonic region in 
humans [374]) and volume of 290 mL (within the physical range of 76 – 390 mL. Each haustral segment 
is connected to a syringe controlled by a stepper motor which pushes and pulls the plunger of the 
syringe to pre-programmed displacement values, inflating and deflating the DCM wall to manipulate 
the degree of luminal occlusion. The pattern of contractile activity is synchronised between segments 
to reproduce the widely accepted law of the intestine [375]. Manometric studies showed that the 
DCM can reproduce the physical amplitudes within the human colon [376]. The current design of the 
DCM operates: (i) in a horizontal orientation in accordance with the normal supine position adopted 
by patients during scintigraphy and MRI procedures; (ii) in the fed state in which more frequent 
propagating sequences of pressure waves occur in the proximal colon [377]. The DCM is the only in 
vitro model to data (known by the authors) to replicate peristaltic motility in a lumen with the 
segmented architecture of the human colon. The DCM may be suitable for the development of 
ingestible devices that investigate intraluminal hydrodynamics and colonic motility, rather than the 
complex physicochemical characteristics of GI fluids. Although a vast range media can be used inside 
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the DCM across different levels of complexity, the system is not anaerobic and therefore cannot 
support relevant microbial activity and fermentation. 
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Model name and 
Reference 

AC/TC/DC 
Volume 
(mL) 

Media 
Used 

pH Control Microbiota 
present 

Biorelevant 
luminal 
media 
score 

Biorelevant 
Intraluminal 
architecture 

Biorelevance 
of 
representative 
anatomy 

Mixing 
mechanism 

Pattern of 
agitation 

Pressure Biorelevance 
of motility 

Intestinal 
transit 

Biorelevant 
transit 
time 

Three-stage 
continuous culture 
system [330] 

AC: 300 
TC: 500 
DC: 800 

Level 
3 
faecal 
slurry 

AC: 6.0 
TC: 6.5 
DC: 7.0 

Y 6 Cylindrical 
beaker 

0 Stirring Continuous Not 
reported 

0 Mapped 
to in vivo 
data 

1 

Three-stage 
continuous culture 
[332] 

AC: 80 
TC: 100 
DC: 120 

Level 
3 
faecal 
slurry 

AC: 5.5 
TC: 6.2 
DC: 6.8 

Y 6 Cylindrical 
vessel 

0 Magnetic 
stirrer 

Continuous 
stirring 

Not 
reported 

0 27.1 hour 
or 66.7 
hours 

1 

SHIME [333] AC: 500 
TC: 800 
DC: 600 

Level 
3 
faecal 
slurry 

AC: 5.6-5.9 
TC: 6.1-6.4 
DC: 6.6-6.9 

Y  5 Cylindrical 
vessel 

0 Magnestic 
stirrer 

Continuous Not 
reported 

0 72-76 h 0 

BCFFM [337] 100 Level 
3 
faecal 
slurry 

7.2 Y 6 Cylindrical 
vessel 

0 Stirring Continuous  Not 
reported 

0 24h 1 

EBFM [337] 100 Level 
2 fluid 

7.2 Y 5 Cylindrical 
vessel 

0 Stirring Continuous  Not 
reported 

0 24h 1 

3 stage tubular [338] Flow 
through 
system 

Level 
3 
faecal 
slurry 

Y – removal 
of fatty 
acids. Feed 
maintained 
at pH 5.8 

Y 5 Cylindrical 
fermenter 

0 Not 
reported 

Not reported Not 
reported 

0 40 h 1 

Enteromix [339] AC: 3 
TC: 5 
DC: 7 

Level 
3 
faecal 
slurry 

AC: 5.5 
TC: 6.0 
DC: 6.5-7.0 

Y  5 Cylindrical 
vessel 

0 Magnestic 
stirrer 

Continuous Not 
reported 

0 48h 1 
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VTT One compartment 
fermentation model  
[345] 

10 Level 
3 
faecal 
slurry 

Controlled 
but value 
not 
reported 

Y 5 Cylindrical 
vessel 

0 Orbital 
mixing 

Continuous Not 
reported 

0 24h 1 

ARCOL [352, 354, 355] 2000 
(capacity) 
450 
working 

Level 
3 
faecal 
slurry 

6 Y 6 Cylindrical 
vessel 

0 Stirring Continuous at 
400 rpm 

Not 
reported 

0 72h 0 

PolyFerm-S [356] 300 Level 
3 
faecal 
slurry 

5.7 Y – 
microencap
sulation 
technique 

6 Cylindrical 
vessel 

0 Overhead 
mixing 

Continuous Not 
reported 

0 7.5 h 0 

TNO TIM-2 [363] Proximal 
colon only 
(200 mL 
capacity, 
120 mL 
working 
volume) 

Level 
3 
faecal 
slurry 

Y – 
secretion of 
NaOH to 
neutralise 
acids as a 
product of 
metabolism, 
maintain pH 
5.8. Can 
also have 
TC=6.4; 
DC=7.0 

Y  6 Flexible 
cylindrical 
tube 

0 External 
pressure to 
replicate 
peristalsis 

Discontinuous Not 
reported 

2 Mapped 
to in vivo 
data 

1 

SIMGI [167, 242] AC: 250 
TC: 400 
DC: 300 

Level 
3 
faecal 
slurry 

AC: 5.6 ± 
0.2 
TC: 6.3 ± 0.2 
DC: 56.8 ± 
0.2 

Y 6 Cylindrical 
vessel 

0 Stirring Continuous  Not 
reported 

0 76h 0 
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M-SHIME [367] AC: 500 
TC: 800 
DC: 600 

Level 
3 
faecal 
slurry 

AC: 5.6-5.9 
TC: 6.1-6.4 
DC: 6.6-6.9 

Y Mucosal 
and luminal 

5 Cylindrical 
vessle 

0 Magnetic 
stirrer 

Continuous Not 
reported 

0 72-76 h 0 

SBFS [315] 100 Level 
3 
faecal 
slurry 

6.5 Y 6 Cylindrical 
vessel 

1 Stirring Continuous  Not 
reported 

1 24h 1 

CoMiniGut [371] 5 Level 
3 
faecal 
slurry 

AC: 5.7-6.0 
TC: 6.0-6.5 
DC: 6.5-6.9 

Y 5 Cylindrical 
vessel 

0 Magnetic 
stirrer 

Continuous Not 
reported 

0 AC: 0-8h 
TC: 8-16h 
DC: 16-
24h 

1 

MicroMatrix [378] 6 Level 
3 
faecal 
slurry 

6.8 Y 6 Cylindrical 
vessel 

0 Orbital 
mixing 

Continuous 
250 rpm 

Not 
reported 

0 24h 1 

Toddler SHIME  [372] AC: 100 
TC: 160 
DC: 120 

Level 
3 
faecal 
slurry 

AC: 5.4-5.6 
TC: 6.0-6.3 
DC: 6.3-6.5 

Y 6 Cylindrical 
vessel 

0 Magnestic 
stirrer 

Continuous Not 
reported 

0 24h 1 

Dynamic Colon Model 
(DCM) [373, 379] 

290 mL 
(capacity); 
100 mL 
working 
volume 

Level 
1 fluid 

Not 
reported 

N 6 Anatomically 
accurate 
model of the 
human 
colon 

2 Externally 
applied 
forces 

Mapped from 
in vivo data 

Mapped 
from in 
vivo 
data 

4 Mapped 
from in 
vivo data 

1 

Table 17. Summary of in vitro models of the colon 
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The data presented in Table 17 highlights the large number of in vitro models of the colon that are 
reported in the literature. The majority have focussed on reproducing the luminal environment in 
terms of the media composition, mainly as they have been used to probe digestion. However, there 
are some efforts to replicate the motility within the colon in some models.  

4.7 Organoid models of the colon 
In 2011, Sato et al [75] developed a protocol to grow epithelial organoids from mouse and human 
colon, in addition to human colorectal cancer cells. Since, colonoids have been grown from human  
[81, 251, 380-387], murine [202, 255], porcine [388] and even bat [261] primary tissue. Human colonic 
organoids have also been generated from hIPSCs [78, 380]. Human intestinal organoids expressing 
colonic markers and colon-specific cell populations [78] and resembling the proximal colon [380] have 
been generated from the differentiation of hIPSCs. 
Colonoids have been used to study genetic diseases; colonoids make for a suitable model of cystic 
fibrosis (CF) due to their expression of cystic fibrosis transmembrane regulator [386, 389]. Colorectal 
cancer [81, 255], the CRISP-Cas9 genome-editing system has also been used to introduce mutations 
to normal colonoids [81]. Colonoids have been used to model infectious diseases such as C. difficile 
[380], human rotavirus [251, 381, 383], E. Coli [382, 384, 385], and SARS-CoV-2 [261]. Additionally, 
high-throughput biobank systems have been developed for drug screening applications, such as for 
colorectal cancers  [79, 81, 255, 387], therapeutics and and CF [389] in rectal organoids. 
Colonoids grown as 2D epithelial monolayers on permeable Transwell inserts are rapidly becoming 
the new gold standard. These models comprise goblet cells and an apical mucous layer, permitting 
studies of pathogen-mucus interaction [384]. In a study of infection of a colonoid monolayer with 
EHEC, a layer of MUC2-containing apical mucous was reported, however it was uncharacteristically 
thin, measuring approximately 25 microns thick  [385]. In vivo, the human colon produces a mucous 
layer that is approximately 600 microns [390]. In order to recapitulate a physiologically relevant 
mucous environment, Wang et al (2019) [391] cultured human colonic epithelial cells on a Transwell 
plate under an air-liquid interface. This resulted in obtaining a mucous layer of 300 microns, although 
a significant improvement, this is still approximately 50 % of the thickness of the human colonic 
mucous layer. 

4.8 Organ-on-a-chip models of the colon 

Table 18 presents microfluidic models of the colon. In a landmark study, the first of its kind Colon Chip 
was produced by Sontheimer-Phelps et al (2020) [392] using primary patient-derived fragmented 
colonoids.   
 
The Colon Chip represented a breakthrough in the study of human colonic mucosa. The colonic 
mucous layer is the first line of defense against invading pathogens and heavily influences the 
solubility of molecular compounds in close proximity to cells; thereby presenting as a pivotal factor in 
drug permeability studies. The Colon Chip produced a mucous bilayer with total thickness of 500-600 
microns, similar to the living human colon, which permitted non-invasive visual analysis of 
accumulation and physiology in real time [392]. This model therefore demonstrates a notable 
advantage; no other studies using human colonic epithelial cell cultures in Transwell plates, organoids 
or any other in vitro model resulted in the production of a thick mucous layer with a bilayer structure 
consistent with in vivo observations [64]. Furthermore, it is not currently possible to study intestinal 
mucous physiology within the living human colon and ex vivo tissue explants permit study over very 
short timescales (< 1day). Mucous physiology can be studied in animal models but only currently with 
low resolution, highly invasive and technically challenging methods. In addition, mucous physiology 
differs between species, therefore animal models may not accurately reflect human colonic mucosa. 
Therefore, Sontheimer-Phelps et al (2020) [392] have made a significant breakthrough in in vitro 
modelling. This model may be of use to the development of any ingestible microdevices that interact 
with the colonic mucosa. 
 



[Type here] 
 

76 
 

Gazzaniga et al (2021) [276] developed a murine colon chip following a similar approach to 
Sontheimer-Phelps et al (2020) [392]. This chip cocultured murine colonic epithelium with both 
complex species-specific microbiota and particular individual strains to investigate effects on epithelial 
and mucosal physiological function and protection against pathogens. Additionally, the use of animal 
colon chips enables direct comparison to the results of prior animal studies, whilst also enabling the 
study of physiologically relevant cells that can be difficult to obtain from human biopsies. 
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Ref Cell type Lumen 
dimensions 

Luminal flow Molecular 
transport 

Wall shear 
stress 

Mucous 
layer 
thickness 

Peristalsis Commensal 
microbiota 

Disease / pathogen Co-culture with 
other cells 

Gazzaniga et 
al [276] 

Murine 
colonoid 

H: 1000 μm 
W: 1000 μm  
MT: 50 μm 

n/a N n/a n/a  Human and 
mouse 
microbiota 

S. Typhimurium N 

Beaurivage 
et al [393] 
2020 

Colonoids W: 400 μm 
OrganoPlate 

n/a N n/a n/a N N IBD Monocyte-derived 
macrophages 
(immune cells) 

Sontheimer-
Phelps [392] 
2020 

AC and 
sigmoid 
Colonoids 

H: 1000 μm 
W: 1000 μm  
MT: 50 μm 

1.6, 6 & 10 
mL*h-1 

N n/a 570 μm N N Exposure to PGE2 (to 
model ulcerative colitis) 

N 

Shin et al 
[394] 

Colonoid H: 500 μm 
W: 1000 μm 
L: 10 mm  
MT: 50 μm 

30+ mL*h-1 N N N N N N N 

Apostolou 
et al [395] 
2020 

Colonoids H: 1000 μm 
W: 1000 μm 
V = 28.041 μL 
cell surface 
28 mm2 

60 mL*h-1 N n/a n/a 10% 
strain at 
0.15 Hz 

N Interferon (IFN)-γ in 
inflammation and leaky-
gut 

N 

Tovaglieri et 
al [396] 
2019 

Colonoids H: 1000 μm 
W: 1000 μm  
MT: 50 μm 

60 mL*h-1 N N n/a N Hmm or 
Mmm  

EHEC N 

Shin et al 
[397] 
2019 

Human 
Caco-2 & AC 
colonoid 

W: 1 mm 

L: 10 mm 

H: 0.15 mm 

MT:  20 μm 

30, 100 & 200 
mL*h-1 

N 0.02 dyne *cm-2 
at 30 μL*h−1 

N 10% 
strain at 
0.15 Hz 

N N N 

 
Table 18: Microfluidic models of the colon. VSL#3 is a therapeutic probiotic formulation containing Lactobacillus acidophilus, Lactobacillus 
plantarum, Lactobacillus paracasei, Bifidobacterium breve, Bifidobacterium longum, and Bifidobacterium infantis; Hmm = human microbiome metabolites; 
Mmm = mouse microbiome metabolites
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5 Conclusions 

Developing and evaluation of ingested devices is a complex field where the evaluation to be 
undertaken will be strongly linked to the functionality of the device under test. The multitude of in 
vitro methods available that mimic the human GI tract provides a wide selection of methods yet 
some of these are only available in particular laboratories and may not be accessible for all 
researchers.  
This review has presented a wide range of in vitro models that have been reported to simulate the 
stomach, small intestine, colon or a combination of these sites. Each model has been developed to 
replicate a specific aspect of the GI environment from the composition of the luminal fluids to the 
morphology or motility pattern or transit time. The majority of models have originated from either 
pharmaceutical or nutrition research where there have been some attempts to link performance 
within the model to in vivo data. However, full validation of a model is complex, often due to the 
limited in vivo data that is available.  
Several models are adaptations of standard apparatus, for example the modified pharmacopoeial 
dissolution apparatus, this means that the methodology can be replicated in a number of 
laboratories. Other models are commercial systems where access may not be possible or may only 
be possible for a fee. The selection of the best model to use for an ingestible device will depend 
upon the purpose of the ingested device; the mechanism of action of the device and the availability 
of the apparatus. 
The information presented in Table 7, Table 12 and Table 17 highlight the strengths and limitations 
of the models reported in the literature. The scores for the level of biorelevance associated with the 
luminal media; anatomy; motility and transit reflect the strength of the models presented; these 
scores can be used as guidance when selecting the most appropriate model to use. However, it is 
also critical to consider the mechanisms of the device under test to ensure that the most suitable 
system is used.  
Key factors to consider in any in vitro method include the relative dimensions compared to the size 
of the device and the critical functional parameters of the device; for example a device intended to 
measure pH within the GI tract needs to be evaluated in a system where pH changes can occur and 
the timing of these can be closely controlled; whereas a device intended to respond to the 
microbiome needs to be evaluated in a system where the microbiome can be controlled. The 
technical hurdles in generating appropriate in vitro models that are dynamic are high. The large 
number of models and fact that many are based in academic research centres means that the 
regulatory precedence of use is often low and few are validated against clinical data. There is clear 
area of active research in replicating both the macro and micro environment within the gastro-
intestinal tract and future work should focus on the combination of macro and micro environments 
to better replicate the complexity within the human stomach; small intestine and colon. This links to 
the range of pre-clinical models available for evaluation of ingestible devices which is covered in a 
second paper in this special edition [8]. 
A future direction would be to consider the development of computational “in silico” models that 
integrate artificial intelligence and machine learning techniques. The use of digital twin systems has 
gained precedence within pharmaceutical processing and aspects of this may help to improve the 
design of invitro systems and provide a smarter as well as faster evaluation of ingestible devices. 
In summary, there are impressive in vitro models that have been developed in recent years to 
replicate the gastrointestinal tract where all models may have value at some stage of the 
development of ingestible devices. However, it is crucial to highlight that presently there is no “one 
model fits all” choice. The selection of the model should always be selected based on the analysis 
criteria and the final aim of the study. In future, the focus on clinical validation of models will be a 
crucial step in advancing the translation of ingestible devices to the clinic. 
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6 Supplementary Material 

Review synopsis Date of 
review 

Reference 

Comparison of non-compendial dissolution models (ASD, 
biorelevant dissolution stress-test device, dynamic in vitro 
lipolysis model, DGM, TNO TIM1) to assess drug product 
performance under physiologically relevant conditions  

2010 [12] 

Eight dynamic digestion systems (DGM, HGS, ARCOL, DIDGI, TIM-
1, tiny-TIM AGC, SHIME, ESIN and SIMGI) are presented as well as 
their validation towards in vivo data in order to determine what 
aspects of food digestion they are able to mimic. 

2019 [13] 

Comparison of in vitro digestion models in terms of suitability to 
predict in vivo performance of lipid-based drug delivery systems 
(DGM, TIM-1, HTP, pH-stat lipolysis model) 

2019 [14] 

In vitro digestion systems (COST INFOGEST static model, DGM, 
HGS, GDS, SHIME, TIM, IMGS, DRSD, DHSI) with regards to the 
human GI physiology, and their advantages versus limitations in 
the understanding of various food digestion processes. Specific 
details on the type of mixing are listed 

2020 [15] 

A comparison of physical stomach models (HGS, SHIME, v-form 
glass vessel, MIDA, DIVRS, DGM, DGSM, ESIN, SIMGI, TNO, 
TIMagc, BGR, RD-IV-HSM, DIVHS, AGDS, GSM, HGS, GDS, iHGS) 
specifically looking at shear stress and strain within the systems 

2020 [16] 

Comparison of gastric emptying parameters in dynamic digestion 
models (HGS (NZ), DGM; GDS; GSM; DGSM; IMGS; AGDS) 

2020 [5] 

Comparison of in vitro models to study food-induced gut 
microbiota shift (Batch fermentation model; Reading model; TIM-
2; SHIME; M-SHIME; SIMGI; PolyFermS; MiniBio; TSI) 

2020 [17] 

Comparison of dynamic in vitro models and their relevance to the 
human digestive system were described (TIM, SHIME, ESIN, 
DIDGI, SIMGI, DGM, DGSM, c-GDS, AGDS, ARCOL) 

2021 [398] 

Supplementary Table 1. Relevant review papers that describe in vitro models of the gastro-intestinal 
tract 
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Reference Population Fluids 

characterised 

Co-

administration 

of water 

pH  Osmolality  

mOsm/kg 

Surface 

tension 

Buffer 

capacity 

(mmol/L*pH) 

Bile salt 

concentration 

(mM) 

Protein 

concentration 

(mg*mL-1) 

Neutral Lipid 

concentration(mM) 

Phospholipid 

concentration(mM) 

Viscosity 

[118] 24 adult 

healthy 

volunteers 

(19-37 

years) 

Fasted 

jejunal fluid 

None 7.1 ± 

0.6 

271 ± 15   2.9 ± 2.9     

[124] 9 healthy 

volunteers 

(age not 

reported) 

Fasted 

jejunal fluid 

None 6.7 ± 

0.9 

278 ± 16 33.7 ± 

2.8 

 1.52 ± 1.77     

[399] 12 healthy 

volunteers 

aged 24-40 

Fasted 

jejunum 

None 7.5  28 ± 1 Range 2.4-

2.8 

2.0 ± 0.2 1 ± 0.1 0.1 ± 0.01 0.2 ± 0.07  

[400] 6 adult 

volunteers 

(22-35 

years) 

Fasted 

duodenal 

fluid 

None 7.0 ± 

0.4 

137 ± 54   2.6 ± 1.6     

[400] 6 adult 

volunteers 

(22-35 

years) 

Fasted 

jejunal fluid 

None 6.8 ± 

0.4 

200 ± 68   3.5 ± 1.6     

[401] 4 adult 

volunteers 

Duodenum None 6.45 ± 

0.5 

   3.47 ± 1.8   0.09 ± 0.05  

[402] 5 adult 

healthy 

volunteers 

 

  

Fasted 

duodenal 

fluid 

None 6.7 ± 

0.6 

214 ± 57 40.6 ± 

4.7 

 2.65 ± 0.4  0.6 ± 0.7 0.68 ± 0.6  

[403] 5 healthy 

volunteers 

(24-39 

years) 

Fasted 

duodenal 

fluid 

Sampling 

followed 15 

minutes post 

ingestion of 

250 mL water 

6.24 205   3.64 ± 0.42   1.81 ± 0.16  

[404] 4 healthy 

volunteers 

(19-35 

years) 

Fasted 

duodenal 

fluid 

Sampling 

followed 

ingestion of 

200 mL water 

7.5 224   8.125    0.65 
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[120] 20 healthy 

volunteers 

(20-32 

years) 

Fasted 

duodenal 

fluid 

Samples 

followed 

ingestion of 

250 mL of 

mineral water 

containing 10 

mg*mL−1 PEG 

4000 as a 

nonabsorbable 

marker 

Median 

6.2  

178 32.3 5.6 2.6 3.1    

[123] 8 adult 

healthy 

volunteers 

(23-34 

years) 

Fasted 

duodenum 

Sampling 

followed 

ingestion of 

240 mL table 

water 

Range 

6.2-6.8 

Range 

92.5-

217.4 

32.7 ± 

0.51 

8.9-19.2 Range 1.1-7.7 Range 1.0-3.7 Range 0.28-0.95 Range 0.12-0.61 0.76 ± 

0.01 

[405] 11 adult 

healthy 

volunteers 

Fasted 

duodenum 

Sampling 

followed 

ingestion of 

200 mL water 

    4.2     

[406] 20 adult 

healthy 

volunteers 

(18-31 

years) 

Fasted 

duodenal 

fluid 

250 mL water 

administered 

prior to 

sampling 

6.78    4.61   0.95  

             

Supplementary Table 2. Summary of cohort details from studies reported where fasted intestinal fluid was collected for characterisation. Data shown are mean (± standard deviation) unless 
otherwise stated. 
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Reference Fed conditions  Parameters measured Time points 

[399] NuTRIflex®; Braun, (Berlin, Germany) 
(nitrogen 0.8 g, amino acids 5.8 g, glucose 
11.5 g, lipids 7.2 g, energy 576 kJ) 

pH, total protein 
concentration, bile 
secretion components, 
surface tension, buffer 
capacity, and total 
nutritional lipid 
content 

Single time 
point at 20–60 
minutes post 
ingestion 

[402] 400 mL Ensure Plus® (Abbott 
Laboratories B.V., Zwolle, the 
Netherlands) plus 250 mL water was used 
to simulate a standard meal. One portion 
of 200 mL has an energy content of 300 
kcal of which lipids, carbohydrates and 
proteins constitute 29%, 54%, and 17%, 
respectively.  

pH. Osmolality, surface 
tension, bile acid 
concentration, total 
phospholipid content, 
lipid content. 

15, 30, 45, 60, 
75, 90, 105, 
120, 135, 150, 
165, 180, 195, 
210, 225, 240, 
255, 270, 285, 
300 minutes 
post ingestion 

[402] 300 mL Scandishake Mix® (Nutricia, 
Liverpool, UK) plus 350 mL water was 
used to simulate a fat-enriched meal. 
One portion amounts to 300 mL with a 
total energy of 600 kcal, consisting of 
46% lipids, 46% carbohydrates, and 8% 
proteins on energy basis. 

Osmolality, surface 
tension, bile acid 
concentration, total 
phospholipid content, 
lipid content. 

15, 30, 45, 60, 
75, 90, 105, 
120, 135, 150, 
165, 180, 195, 
210, 225, 240, 
255, 270, 285, 
300 minutes 
post ingestion  

[404] 400 mL Ensure Plus® (Abbott 
Laboratories B.V., Zwolle, the 
Netherlands) plus 200 mL water was used 
to simulate a standard meal. One portion 
200 mL (Ensure plus) has an energy 
content of 300 kcal of which lipids, 
carbohydrates and proteins constitute 
29%, 54%, and 17%, respectively.  

pH, osmolality, bile salt 
concentration, lecithin 
concentration, 
viscosity 

15, 30, 45, 60, 
75, 90, 105, 
120 minutes 
post ingestion 

[120] 500 mL Ensure Plus® (Abbott 
Laboratories B.V., Zwolle, the 
Netherlands). One portion 200 mL 
(Ensure plus) has an energy content of 
300 kcal of which lipids, carbohydrates 
and proteins constitute 29%, 54%, and 
17%, respectively. 

pH, buffer capacity, 
protein content, bile 
salt concentration, 
osmolality, surface 
tension 

30, 60, 90, 120, 
150, 180, 210 
minutes post 
ingestion 

[405] 400 mL Ensure Plus® (Abbott 
Laboratories B.V., Zwolle, the 
Netherlands) plus 200 mL water was used 
to simulate a standard meal. One portion 
200 mL (Ensure plus) has an energy 
content of 300 kcal of which lipids, 
carbohydrates and proteins constitute 
29%, 54%, and 17%, respectively. 

Bile salt concentration, 
lecithin concentration 

15, 30, 45, 60, 
75, 90, 105, 
120 minutes 
post ingestion 

[406] 400 mL Ensure Plus® (Abbott 
Laboratories B.V., Zwolle, the 
Netherlands) plus 250 mL water was used 
to simulate a standard meal. One portion 

pH, phospholipid 
concentration; 
cholesterol 
concentration bile salt 

10, 20, 30, 40, 
50, 60, 70, 80, 
90 minutes 
post ingestion 
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200 mL (Ensure plus) has an energy 
content of 300 kcal of which lipids, 
carbohydrates and proteins constitute 
29%, 54%, and 17%, respectively. 

concentration; lipid 
content; pancreatic 
lipase activity; 
phospholipase A2 
activity;  

[125] Standard high-calorie, high-fat meal 
(example suggested by the regulatory 
authorities today consists of two eggs 
fried in butter, two strips of bacon, two 
slices of toast with butter, four ounces of 
hash brown potatoes and a glass of 
whole milk) 

pH, buffer capacity, 
lipid content, bile acid 
content, and viscosity  
 

45, 105, 165 
and 225 
minutes post 
ingestion  

[122] A liquid meal. Two cans of Pulmocare 
(total volume of 474 mL, containing 29.6 
g of proteins, 44.2 g of fat, 25 g of 
carbohydrates, and a total amount of 710 
calories) 

pH, buffer capacity 0, 15, 30, 45, 
60, 90, 120, 
150, 180, 240, 
300, 360, 420 
minutes post 
ingestion  

Supplementary Table 3. Studies on the composition of fed intestinal media 
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