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A B S T R A C T   

The Aerobic intestinal Host – Anaerobic Microbiota (AHAM) interface is an important tissue barrier in our in-
testine where the microbiota resides in close proximity and in symbiosis with ourselves: the host. A disturbance 
in this delicate balance between our cells and the commensal microorganisms is associated with effects on the 
host’s health and/or the microbiota. These host-microbiota interactions are believed to be influenced by several 
factors, which hampers the study of the effect of a single element exclusively. Organ-on-chips (OoCs), micro-
engineered in vitro cell culture models, aim to mimic the physiologically relevant microenvironment of organs. 
These OoCs can be used to mimic the AHAM interface and study the host-microbiota interactions in a well- 
controlled environment. In this review, we summarize existing models for (components of) the AHAM inter-
face and provide an overview of four different AHAM-on-chip systems. Furthermore, we defined challenges that 
need to be taken in consideration when designing or using an AHAM-on-chip, such as the importance of oxygen 
modulation, sensors and choice of chip material. It is essential to achieve a balance between the accuracy of 
representing the in vivo interface and the (technical) attainability of the in vitro AHAM-on-chip. The technological 
and biological aspects make an AHAM-on-chip extremely complex, which emphasizes the need for a multi- 
disciplinary team. We believe that standardization and higher throughput systems are crucial to accelerate the 
development of OoC technology.   

1. Modeling the aerobic intestinal host-anaerobic microbiota 
interface 

In the human intestine, the commensal microbiota resides adjacent 
and in symbiosis with the host; our intestinal tissue (Martins dos Santos 
et al., 2010). The intestinal host-microbiota interface is an essential 
element of the gastrointestinal (GI) tract and the microbiota has several 
functions and benefits for the host’s health. A misbalanced microbiota, 
also called a microbial dysbiosis, is associated with effects on the host’s 
health (JRC F7Knowledge for Health and Consumer Safety, 2018; Berg 
et al., 2020). There are strong indications vice versa that an affected 
health creates a misbalance in the commensal microbiota (JRC 
F7Knowledge for Health and Consumer Safety, 2018). There is still a 
major lack of understanding in the mechanisms that underlie these in-
testinal host-microbiota interactions (Sutherland et al., 2020). An ac-
curate in vitro model can be used as a valuable tool to study the 
host-microbiota interactions under a well-controlled environment, 
essential for understanding and unraveling the underlying mechanisms. 

However, it is not trivial to obtain such in vitro model. The commensal 
microbiota resides under anaerobic conditions in the intestine, while the 
intestinal epithelial cells do require oxygen, resulting in a steep oxygen 
gradient along the radial axis of the intestine. It is crucial, but chal-
lenging, to reproduce this gradient to accurately mimic the in vivo 
host-microbiota interface (von Martels et al., 2017). 

Research directed at an in vitro system that aims to model the Aerobic 
intestinal Host – Anaerobic Microbiota (AHAM) interface can have a 
legion of perspectives and backgrounds, due to the complexity and 
numerous aspects of the interface, and possible methods to model the 
interface. The aim of this review is to provide an overview of the most 
commonly used microfluidic organ-on-chips (OoCs) to model the AHAM 
interface using a method of oxygen modulation and address its chal-
lenges. Due to all the biological and technical challenges, we expect that 
the readers of this review have divergent backgrounds. The review aims 
to create a common ground of knowledge for biologists and engineers, 
but is written from an engineer’s point of view. This review is divided 
into clear sections to facilitate the process of finding information about 
the topic of interest for the reader. 
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Section 2.1 provides background information about the intestine, the 
commensal microbiota, and the interactions between the two. Subse-
quently in Section 2.2, we will discuss the currently available in vivo and 
in vitro models to simulate the host, and microbiota separately and 
combined and we elaborate on the existence and benefits of OoCs. In 
Section 3, four different OoC systems are discussed in which this AHAM 
interface is modeled. In Section 4, we describe the future challenges and 
aspects to take into account when designing or using an AHAM-on-chip. 
We discuss the importance of oxygen concentration management, chip 
materials, shear stress and several other factors. Section 5 provides a 
concluding paragraph. 

2. Background 

2.1. Intestinal host-microbiota interface structure and function 

2.1.1. Host: small and large intestine 
The intestinal host-microbiota interface is an essential element of the 

GI tract. The GI tract is a continuous muscular tube that goes from mouth 
to anus in the body; its main function is to digest food and absorb the 
digested fragments into the blood. The small intestine is the most 
important digestive organ of the body, consisting of three consecutive 
parts: the duodenum, jejunum and ileum. With its 6 m length, it is the 
longest part of the GI tract and it has a diameter ranging from 2.5 to 
4 cm. By its length, folds, villi and microvilli, the small intestine is 
evolved in order to have a large surface area, which all amplify the 
absorptive capacitance (Marieb and Hoehn, 2013). The small intestinal 
villi are fingerlike projections of approximately 0.5–1.5 mm long (Krstic, 

List of abbreviations 

AHAM Aerobic intestinal Host - Anaerobic Microbiota 
AMF Automated Membrane Fabrication 
AOI Anoxic-Oxic Interface 
Caco-2 Colorectal adenocarcinoma cells 
CE Counter electrode 
ECM Extracellular matrix 
GF Germ free 
GI Gastrointestinal 
HIMECs Human intestinal microvascular endothelial cells 
Hmb Healthy human microbiome 
HMI Host-microbiota interaction 
IBD Inflammatory Bowel Disease 
IL-8 Interleukin-8 
iPSCs induced Pluripotent Stem Cells 

LGG Lactobacillus rhamnosus Gorbach-Goldin 
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PDMS Poly(dimethoxysilane) 
PMMA Poly(methylmethacrylate) 
PS Polystyrene 
Pt-DENs Platinum dendrimer-encapsulated 
RE Reference electrode 
RT-PCR Reverse transcription polymerase chain reaction 
SEM Scanning electron microscopy 
SHIME Simulator of the Human Intestinal Microbial Ecosystem 
SLA Stereo lithography 
TEER Transepithelial electrical resistance 
WE Working electrode 
WGA Wheat germ agglutinin  

Fig. 1. Schematic illustration of the small intestine (left) and the large intestine (right). The small intestine is illustrated with its fingerlike projections, the intestinal 
villi, and the intestinal crypts in between the villi. The intestinal epithelium consists of different cell types and atop of the villi, a permeable mucus layer is present. 
The epithelium and mucus layer forms a barrier between the intestinal lumen containing the anaerobic commensal microbiota on the apical side and the blood vessels 
on the basal side. In the colon (right), the more abundantly present Goblet cells produce a thicker mucus layer consisting of a dense inner mucus layer, and an outer 
mucus layer in which the commensal microbiota resides. In both organs, a steep oxygen gradient along the radial axis is present, providing the appropriate envi-
ronment for both the anaerobic commensal microbiota and the aerobic blood vessel side. Inspiration for the images is obtained from various sources such as (JRC 
F7Knowledge for Health and Consumer Safety, 2018; Marieb and Hoehn, 2013; Abreu, 2010; Umar, 2010; Johansson and Hansson, 2011). 
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2013). In the large intestine, consecutive to the small intestine, are no 
folds or villi present, as most nutrient are absorbed before they reach the 
large intestine. The large intestine, also called the colon, is shorter in 
length than the small intestine (1.5 m length), but larger in diameter 
(hence large intestine). The architecture of the large intestine is adapted 
to its main function: moving fecal material towards the anus and elim-
inating it (defecation). The large intestine also reabsorbs the remaining 
water and electrolytes and harvests the vitamins synthesized and 
nutritious metabolites (short chain fatty acids) produced by the 
commensal microbiota (Section 2.1.2) (Marieb and Hoehn, 2013). 

The intestinal epithelium consists of four cell lineages: absorptive 
enterocytes, mucus-secreting Goblet cells, antibacterial peptide- 
secreting Paneth cells, and hormone-secreting enteroendocrine cells 
(Abreu, 2010) (Fig. 1). The epithelium of the small intestinal villus 
consists predominantly (90% (Umar, 2010)) of enterocytes, which are 
endowed with microvilli. Amongst the enterocytes reside Goblet cells 
producing the protein MUC2 mucin, forming a loose and permeable 
mucus layer which facilitates the small intestine’s main function; the 
absorption of nutrients. The number of Goblet cells is much higher in the 
colon compared to the small intestine, creating a thick and dense mucus 
layer (Marieb and Hoehn, 2013), which eases the passage of feces and 
protects the epithelium cells from the mechanical stress this passage 
causes (Johansson and Hansson, 2011). It also functions as an extra 
defense wall against the resident microbiota, which is much more 
abundant in the colon compared to the small intestine (Marieb and 
Hoehn, 2013). At the base of the crypts (also called the crypts of Lie-
berkühn) reside both the enteroendocrine cells and the Paneth cells, 
which are part of the intestines immune defense as they secrete anti-
bacterial peptides to protect the intestinal epithelium, especially in the 
small intestine to compensate for the more permeable mucus layer 
(Marieb and Hoehn, 2013; Umar, 2010). The stem cells located in the 
intestinal crypts divide and their daughter cells migrate up as they 
differentiate into the aforementioned specialized cell types (Umar, 
2010). The exact amount of days it takes the entire intestinal epithelium 
to renew is ambiguous and its estimation depends on the used meth-
odology. It is estimated to be between one and five days (Marieb and 
Hoehn, 2013; Umar, 2010; Park et al., 2016; Schneider et al., 2018; 
Barker, 2014; Creamer et al., 1961; Cheng, 1974), indicating the high 
turnover rate of epithelial cells. Intestinal epithelial cells are polarized, 
both structurally and functionally, and their basal side faces the un-
derlying basal membrane and the lamina propria. The lamina propria is 
a highly vascularized layer of mucosal tissue consisting of stromal cells 
(myofibroblasts) in which immune cells, such as B cells (specifically 
IgA-producing plasma cells), T cells, dendritic cells and macrophages 
reside (Marieb and Hoehn, 2013; Abreu, 2010). The immunological 
defense in the gut is specialized to make the discrimination between 
pathogens and the commensal bacteria. Peyer’s patches (PPs) are 
organized lymphatic structures, a critical element in the immune system 
of the gut, located mostly in the last part of the small intestine (ilium). 
The PPs reside under specialized epithelium, the follicle-associated 
epithelium (FAE), which contains microfold (M) cells. These M-cells 
are specialized to transport luminal antigens and bacteria towards the 
immune cells in the underlying PP, which then will activate or inhibit an 
immune response (Abreu, 2010; Jung et al., 2010). Deeper in the in-
testinal wall, two perpendicular (circular and longitudinal) aligned 
muscle layers are located which allow ring and sleeve contractions of the 
intestinal wall, described as peristalsis. Peristalsis helps to mix the 
luminal content and moves it forward in the GI tract (Marieb and Hoehn, 
2013; Basson et al., 1996). 

In conclusion, although the small and the large intestine may have 
their resemblances, they are also two completely different organs in both 
their anatomy, physiology, mucus layer, oxygen concentration and 
gradient and luminal environment, as schematically illustrated in Fig. 1. 

2.1.2. Microbiota 
The human intestinal lumen contains tremendous amounts of 

bacteria, collectively known as the commensal microbiota. In this re-
view we define the microbiota as a community that includes, besides the 
bacteria, also other living organisms of the small intestine such as fungi, 
protozoa and archaea (Berg et al., 2020). The microbiota is sometimes 
also called the microbiome, but the latter is also used to specify the 
collection of genes that are found in that microbiota or in those micro-
bial communities (Salonen and de Vos, 2014). There is no consensus on 
the exact definition of microbiome among researches, but a recent, 
specific definition is given by Berg et al. (Berg et al., 2020). They define 
the microbiome as the microbiota (bacteria, archaea, fungi, protists and 
algae) together with the ‘theatre of activity’ which include microbial 
structural elements (such as proteins and lipids), microbial metabo-
lites/signal molecules and surrounding environmental conditions. To 
this date, the majority of the research on the microbiota is 
bacteria-centric (JRC F7Knowledge for Health and Consumer Safety, 
2018). The exact number of bacteria the microbiota counts is unknown 
and a point of controversy and formerly thought to be more than 100 
trillion bacteria, outnumbering the human cells by a ratio of 10:1 
(Marieb and Hoehn, 2013; Round and Mazmanian, 2009; Sender et al., 
2016). Currently, this ratio is revised and estimated at a 1:1 ratio 
(Sender et al., 2016). 

Infant guts were thought to be sterile in the uterus, though recent 
findings challenge this as they provide indications of bacterial presence 
in the fetal environment during a full-term pregnancy (Milani et al., 
2017). After birth, the gut microbiota composition develops (influenced 
by many factors, such as mode of delivery and feeding method as 
illustrated in Fig. 2) and established within three years into an adult-like 
complexity (Clarke et al., 2019). The adult human intestinal microbiota 
consists primarily of obligate anaerobic bacteria, mainly bacteria that 
belong to the phyla of Firmicutes and Bacteroidetes (Martins dos Santos 
et al., 2010; JRC F7Knowledge for Health and Consumer Safety, 2018; 
Clarke et al., 2019; Qin et al., 2010). Also, but in lower abundance, the 
microbiota consists of bacteria from the phyla Actinobacteria, Proteo-
bacteria and Verrucomicrobia (Martins dos Santos et al., 2010; Clarke 
et al., 2019). More than 1000 species are identified to be present in the 
human intestinal microbiota, and one person carries at least 160 species 
(Qin et al., 2010). The amount of bacteria and bacterial composition 
depends on the location in the GI tract (Clarke et al., 2019; Tiihonen 
et al., 2010). Additionally, the individual gut microbiota is modifiable 
and depends on several factors (JRC F7Knowledge for Health and 
Consumer Safety, 2018; Clarke et al., 2019). Due to the interindividual 
variations, it is not possible to provide an accurate definition of the 
precise composition of a healthy human microbiota (Clarke et al., 2019), 
which also hinders microbiota research (Zoetendal and de Vos, 2014). 
Besides the temporal and spatial dynamic part of the microbiota, re-
searchers have suggested and defined a ‘core microbiota’, which appears 
to remain fairly constant (Berg et al., 2020; Elzinga et al., 2019). 

The intestinal microbiota plays a crucial role in the host’s health and 
disease (Clarke et al., 2019; Linares et al., 2016). The gut microbiota has 
a number of important functions such as modulating the host’s immune 
response and prevention of GI tract infection, as some bacteria can 
produce anti-inflammatory factors (Linares et al., 2016). Bacteria in the 
microbiota also aid in the digestion of indigestible fibres to metabolites 
(e.g. short chain fatty acids) that provide energy for the host tissue but 
also act as signalling molecules which may be beneficial for the host’s 
health (Zoetendal and de Vos, 2014). The bacteria in the colon are also 
involved in the production of vitamins, such as vitamin K or B, essential 
for the human host (JRC F7Knowledge for Health and Consumer Safety, 
2018; Marieb and Hoehn, 2013; Linares et al., 2016; Shah et al., 2016). 

2.1.3. Host-microbiota interactions 
There are strong indications that the commensal intestinal micro-

biota influences the host’s health (JRC F7Knowledge for Health and 
Consumer Safety, 2018). A misbalance in the microbiota is associated 
with effects on the host’s immune system and health (Berg et al., 2020; 
Pearce et al., 2018), and vice versa there are indications that the host on 
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its turn can affect the microbiota (composition) (JRC F7Knowledge for 
Health and Consumer Safety, 2018; Clarke et al., 2019). Although the 
line between an eubiosis (‘healthy microbiota’) and a dysbiosis (‘un-
healthy microbiota’) still remains undetermined (Berg et al., 2020). In 
this review, we use the word ‘dysbiosis’ to indicate a misbalanced 
microbiota, resulting in a pathogenic microbiota. There is a wide range 
of interactions between the host and the microbiota suspected to affect 
one another and there are numerous aspects not (fully) understood 
(Elzinga et al., 2019). Especially, there is still a lack of understanding in 
the underlying mechanisms of these interactions (Clarke et al., 2019). 
We summarized and visualized the presumptive host-microbiota effects 
or interactions in a simplified representation (Fig. 2). One can imagine 
that the complexity and dynamics of all these effects cause difficulties in 
studying the host-microbiota interactions and hampers the establish-
ment of a good model or study. This complicates the controllability of 
different studies and makes it incredibly difficult to compare different 
studies. For more in-depth information about specific interactions, one 
could consult the references included in Fig. 2. 

2.1.4. Host-microbiota physiological interface 
The intestinal mucus layer is a crucial, physical barrier between the 

host’s epithelial cells and its microbiota. The mucus layer differs 
tremendously between the small and large intestine (see Fig. 1 and 
Section 2.1.1) (Johansson and Hansson, 2011; Billat et al., 2017). The 
intestinal microbiota in the gut lumen consist mainly of obligatory 
anaerobic bacteria, while the intestinal epithelium cells do require ox-
ygen to maintain viable. The unique physiology in the gut, a steep ox-
ygen gradient (Fig. 1), is a result of a combination of factors including 

the arrangement of the intestinal tissue and vasculature with counter-
current shunts (a direct exchange of oxygen from the arterial blood 
supply to the venules), which results in low oxygen concentration at the 
villus tip (Zheng et al., 2015). Also, the fluctuating blood perfusion 
throughout the day and the metabolic activities of the host’s cells and 
microbiota affect the oxygen gradient (Zheng et al., 2015; Espey, 2013). 
It is suggested that in an infant gut the metabolism by aerobic or 
facultative anaerobic bacteria on the luminal surfaces gradually in-
creases the oxygen gradient steepness inwards over time (Espey, 2013; 
Savage, 1978). The commensal bacteria (facultative and strictly anaer-
obic) also arrange in the gut lumen according to this oxygen gradient 
(Espey, 2013; Albenberg et al., 2015). The outer mucus layer is less 
dense and functions as a niche and a source of nutrients for the (less 
strictly anaerobic) bacteria from the microbiota (Johansson and Hans-
son, 2011). Studies indicate that these less strictly anaerobic bacteria 
consume the host-derived oxygen actively and consequently contribute 
to the steep oxygen gradient (Zheng et al., 2015). The gut luminal ox-
ygen concentration affects the organization, development, and the dy-
namic nature of the intestinal microbiota and physiology (Espey, 2013; 
Chen et al., 2015). 

To conclude, there are strong indications that disturbances in the gut 
microbiota affect the host, and vice versa. We provided an overview of 
the in vivo situation and also described the tremendous complexity of the 
host-microbiota interactions. In order to study (the underlying mecha-
nisms of) these interactions, we emphasize the need for a representative 
model that allows both controllability of internal and external factors 
(Fig. 2) and the accurate microphysiological environment (Fig. 1). 

Fig. 2. Illustration of several factors that 
presumably mediate host-microbiota in-
teractions, emphasizing the complexity of 
this host-microbiota interface. This 
complexity hampers the study of the effect of 
one particular factor, as there are many 
factors, which are also regularly inter-
connected. The figure demonstrates thereby 
the need of a model allowing to study the 
host-microbiota interactions in a well- 
controlled environment. For more informa-
tion, one could consult the references 
included in the figure: (Reyman et al., 2019; 
O’Toole and Jeffery, 2015; Goodrich et al., 
2016; Gubert et al., 2020; Molina-Torres 
et al., 2019; Fetissov, 2017; Zoetendal and 
de Vos, 2014; Salonen and de Vos, 2014; 
Haro et al., 2016; Mach and Fuster-Botella, 
2017; Deschasaux et al., 2018; Org et al., 
2016; Vermuri et al., 2018; Round and 
Mazmanian, 2009; Elson and Cong, 2012; 
Zimmermann-Kogadeeva et al., 2019; 
Becattini et al., 2016).   
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2.2. Current in vitro and in vivo AHAM models 

An overview of the current host-microbiota models is illustrated in 
Fig. 3. Models mimicking the intestinal host (left side Fig. 3) or 
epithelial cell layer are widely acknowledged and used for 

pharmacological studies and research of the absorption of nutrients. The 
different intestinal models widely range in their accuracy and 
complexity of representing the in vivo situation. Relatively simple 
Transwell systems exist with a cell monolayer, but also complex in vivo 
(animal) models or advanced microfluidic OoC systems, which can even 

Fig. 3. Schematic overview of the research field of host-microbiota interface models. At the left side, intestinal host models are illustrated. There are different cell 
models such as induced pluripotent stem cells (iPSCs), cell lines and primary cells. These cell models can be used in the in vivo or in vitro models like a Transwell 
system and a gut-on-chip. At the right side, the microbiota models are illustrated. Defined microbiota communities can be obtained by a bottom-up (combining 
single bacteria species) or top-down approach (using feces samples). These defined communities can be used in in vivo or in vitro models. In the middle of the figure, 
the models are shown which combine these host and microbiota components, allowing to study the host-microbiota interactions. For more information on each 
specific topic, one could consult the references included in the figure. (Kostic et al., 2013; Elzinga et al., 2019; Park et al., 2017; May et al., 2017; von Martels et al., 
2017; Pearce et al., 2018; Kim et al., 2020; Fofanova et al.; Roeselers et al., 2013; Gjorevski et al., 2016; Bartfeld, 2016; Williamson et al., 2018; Ussing and Zerahn, 
1951; Gibson et al., 1988; Molly et al., 1994; Kim et al., 2012; Kasendra et al., 2018; Jalili-Firoozinezhad et al., 2019; Shin et al., 2019; Marzorati et al., 2014; Walsh 
et al., 2018; Magnúsdóttir and Thiele, 2018). 
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be used to study systemic effects. 
On the right side of Fig. 3, we illustrated the models for the anaerobic 

intestinal microbiota. The bacteria, feces or defined communities can 
be cultured on plates, in conventional liquid medium culture flasks in an 
anaerobic chamber, in single or multistage continuous systems, and 
using germ-free (GF) animals, which all provide methods to study bac-
terial interactions all with their own advantages and shortcomings, 
depending on the complexity and controllability of the system. 

A difficult, but crucial challenge is to model the earlier described 
interface between intestinal host and microbiota, illustrated in the 
middle of Fig. 3. All physical elements concerned in the interface should 
be included, besides intestinal cells with all its different cell types, the 
host’s immune system, mucus layer and notably the commensal 
microbiota. Here, we will shortly discuss the existing different ap-
proaches for modeling the interface between intestinal host and 
microbiota. The aim of this section is to provide a compressed overview 
of the models, as extensive discussions of particular systems are already 
provided by others (von Martels et al., 2017; May et al., 2017; Park et al., 
2017). We recommend reading the referred reviews or experimental 
articles for more in-depth information on the specific topics. 

2.2.1. In vivo models 
In vivo models, animal models and studies in GF animals have proven 

to be a valuable model for studying host-microbe interactions (Elzinga 
et al., 2019) and have given considerable insight in these interactions 
(Martins dos Santos et al., 2010; Zoetendal and de Vos, 2014). A crucial 
advantage of in vivo models is that they are complex and allow to study 
the effect on the entire host system. Before human clinical trials begin, 
pre-clinical animal studies are still always performed as animal models 
still play a large role to obtain significant physiological results evalu-
ating efficacy and safety (Mak et al., 2014). Elzinga et al. provide a 
thorough review in which they summarized recent studies which 
addressed the host-microbe interactions by the use of colonization of GF 
animals with defined communities representative of the healthy human 
gut microbiota (Elzinga et al., 2019). 

However, the concerns in using animal models are increasing. Ani-
mal studies used in human microbiota research are not physiologically 
representative (Zoetendal and de Vos, 2014; Shah et al., 2016), they lack 
predictive value, are costly and labor-intensive and the ethical aspects 
related to experimentation using animal models also have to be taken 
into account (Hartung, 2013). The advantage of studying the systematic 
effect on the host is impaired by the complexity of the in vivo models, 
which causes difficulties in controllability while studying 
host-microbiota interactions, as explained in detail in Section 2.1 
(Elzinga et al., 2019; Kostic et al., 2013). 

2.2.2. In vitro models 
In vitro models allow to grow cells in a controlled environment. For 

mimicking the intestinal host, there are different intestinal cell models 
(cell lines or cell types). The cell line ‘Caco-2 cells’ (colorectal adeno-
carcinoma cells), are most often used as these are considered cost- 
effective and relatively easy to handle. Caco-2 cells can be differenti-
ated into intestinal epithelial cell monolayers and they have been widely 
accepted and used as physiological models for transport studies and 
toxicity studies (Sambuy et al., 2005). However, cell lines are immortal 
and often cancerous cells, and their homogeneity is not representative 
for a healthy intestine that consists of a variety of different cell types 
(Pearce et al., 2018). The discovery of the very promising induced 
pluripotent stem cells (iPSCs) more than 10 years ago, allowed matured 
cells to be reprogrammed into a pluripotent cell, whereafter they can be 
differentiated into several different cell types as desired (Takahashi and 
Yamanaka, 2006; Takahashi et al., 2007). However, the process of 
obtaining these iPSCs takes 20–30 days (Takahashi et al., 2007; Li et al., 
2011), and the differentiation of the iPSCs into intestinal host cells also 
takes weeks to months depending on the cell type that is aimed for and 
the definition of a fully ‘differentiated’ cell (Itoh et al., 2011; Prè et al., 

2014). This differentiation process is not trivial and the differentiations 
still need to be validated (Rowe and Daley, 2019). The advantages of 
iPSCs are that there is no need to use embryonic cells, which faces 
ethical controversies (Takahashi et al., 2007), and that iPSCs allow pa-
tient specific OoCs. Pearce et al. provide a clear overview of the different 
cell types used to model the intestine (Pearce et al., 2018). 

An accurate in vitro model of the gut microbiota will depend on the 
location in the GI tract to be mimicked, but could be based on the sug-
gested and defined ‘core microbiota’ (Berg et al., 2020; Elzinga et al., 
2019). Most studies focus on the microbiota in the large intestine, since 
fecal samples are easy to obtain (Clarke et al., 2019). However, fecal 
samples are not a good model for the small intestinal microbiota. In vitro 
gut fermentation models allow the culture of intestinal microbiota under 
controlled conditions. These in vitro gut fermentation models, which also 
can be referred to as gut luminal models, are extensively reviewed 
elsewhere (Payne et al., 2012; Venema and Van Den Abbeele, 2013). The 
design and complexity of these models vary from relatively simple batch 
cultures to multistage continuous flow models. We will briefly discuss 
such a continuous multistage model, also called a chemostat, as this 
model is also used later in combination with a host model (Marzorati 
et al., 2014). A chemostat strictly refers to continuously stirred tank 
reactors and not to (series of) batch systems or fed-batch systems (Smith 
and Waltman, 1995). Multistage models aim to simulate the different 
sections of the GI tract with its unique physiological environment. 
Several of these systems have been developed, from which the Simulator 
of the Human Intestinal Microbial Ecosystem (SHIME) is a well-known 
example (Molly et al., 1994), which is an evolution of the system 
developed by MacFarlane and Gibson (Gibson et al., 1988; MacFarlane 
et al., 1998). Using this SHIME system, microbiota communities can be 
composed by a top-down approach by inoculating human feces in these 
tracts (Molly et al., 1994). Such chemostats can produce highly repro-
ducible, stable and complex bacterial communities in vitro within 
approximately a month (Elzinga et al., 2019; Molly et al., 1994; 
McDonald et al., 2013). 

2.2.2.1. Transwell. Transwell systems are often used as a tool for drug 
screening applications, as they can be highly automated by addressing 
the individual wells with automated liquid dispensing equipment, 
allowing high throughput testing (Billat et al., 2017). The Transwell 
system can be adapted to enforce the oxygen gradient required for 
mimicry of the host-microbiota (Kim et al., 2020; Song et al., 2021). An 
in-house fabricated insert for the Transwell system has a 
gas-impermeable plug, which can isolate only the luminal compartment 
of the insert from the external atmosphere. This allows to create a steep 
oxygen gradient in the collagen hydrogel atop the membrane of the 
Transwell insert (Kim et al., 2020). 

Transwell studies are considered to be valuable in vitro models and 
controls for microfluidic systems. However, Transwell systems also have 
limitations inherent to the system (Billat et al., 2017). Physiologically 
relevant cues, such as a controllable shear stress or peristaltic move-
ment, are difficult to apply in a typical Transwell system (Bein et al., 
2018). Furthermore, cells on a traditional Transwell have a relatively 
high amount of ‘bulk’ cell medium, which causes dilution of factors 
secreted by the cells (Zhou et al., 2015; Haque et al., 2016). This dilution 
will cause reduced endogenous signals and molecular crosstalk between 
cells. Lastly, it is difficult to add the intestinal microbiota to the Trans-
well system and perform a long-term culture, as the bacteria can rapidly 
overgrow the cultured cells in a static culture (Park et al., 2017; Bein 
et al., 2018). 

2.2.2.2. Organoids. Organoids are formed by culturing iPSCs or stem 
cells obtained by taking a biopsy, in a three-dimensional (3D) matrix as a 
hydrogel. The cells self-organize and differentiate, resulting into a 
recapitulation of the real organ (Billat et al., 2017; Gjorevski et al., 2016; 
Lukovac et al., 2014). As organoids grow into a 3D sealed lumen, it 
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might be that an oxygen gradient towards the organoid core is estab-
lished, mimicking the in vivo situation more accurately than 2D cell lines 
(Bartfeld, 2016; Hill and Spence, 2017). The use of organoids for 
studying host-microbiota interactions was extensively reviewed by 
Bartfeld (2016). A pioneer in the field of organoids is Clevers, who 
developed a method to create intestinal organoids from stem cells 
(Gjorevski et al., 2016). However, it is difficult to investigate and access 
the lumen of the organoids, as it is entrapped in the organoid itself. The 
lumen cannot be accessed without physical disruption of the organoid 
barrier. To overcome this limitation, a very interesting concept is 
developed so-called basal-in/apical-out organoids. These organoids with 
a reversed polarity allow to add the microbiota to the outside (apical) 
side of the host epithelial layer (Co et al., 2019). However, the possi-
bility to measure the intestinal barrier function using electrodes (Section 
4.3.3) is still limited since not both sides of the cell layer are accessible. 
Organoids cultured from primary cells can also be used as cell source for 
a two-dimensional (2D) in vitro model, such as an OoC. Culturing these 
cells from organoids on a chip is already shown for the small intestine 
and the colon (Kasendra et al., 2018; Sontheimer-Phelps et al., 2020). 
Using these organoids as a cell source provides all intestinal epithelial 
cell types, and is claimed more physiological relevant compared to 
cancer-derived Caco-2 cells (Sontheimer-Phelps et al., 2020). Organoids 
can also be used to be seeded in hydrogel scaffolds, which allow to 
mimic the crypt-villus 3D architecture of the intestinal epithelium 
(Verhulsel et al., 2021). 

2.2.3. Ex vivo models 
Ex vivo models are models in which the cells or tissue are typically 

taken from a biopsy and grown into/onto a certain system. These cells 
can be cultured in Transwell systems (Stevens et al., 2019), form orga-
noids (Grabinger et al., 2014) or enteroids (when consisting of only 
epithelial cells (Hill and Spence, 2017)), or be implemented in an OoC 
(Kasendra et al., 2018). Another example of an ex vivo model is the 
Ussing chamber, which is a system originally designed by Ussing, in 
which resected tissue can be mounted to study ion transport through the 
tissue (Ussing and Zerahn, 1951). The system can also be used to 
co-culture bacteria, but only for a limited period (<3 h) (Park et al., 
2017). The Ussing chamber can be modified to measure the oxygen 
concentration (e.g. to study the oxygen consumption rate), and it allows 
to apply hypoxia to study the effect of the intestinal barrier (Carra et al., 
2011). This Ussing chamber and more ex vivo systems are reviewed in 
more detail by Roeselers et al. (2013), Park et al. (2017) and Pearce et al. 
(2018). 

2.2.4. In silico models 
Computational models, or in silico models, are widely used to predict 

results, help to design systems and give a guidance in forming hypoth-
eses for laboratory research. Due to the complexity of the microbiota 
earlier described, in silico models can be of great use in microbiome 
research for forming hypotheses for experimental research. Magnus-
dottir et al. reviewed the in silico studies that have investigated meta-
bolic dynamics of the gut microbiome (Magnúsdóttir and Thiele, 2018). 
Metabolic modeling is used to model the human gut microbiota, but also 
host-microbiota interactions, extensively reviewed elsewhere (Shoaie 
and Nielsen, 2014; Bauer and Thiele, 2018). 

Programs such as COMSOL Multiphysics®, a finite element simula-
tion program that can be used in the design process of a system, can 
model and simulate scientific and engineering problems. For host- 
microbiota interface models, the oxygen concentration and distribu-
tion within a system are important factors, which can be modeled using 
COMSOL. Such program providing in silico models can be used as a 
design tool. Using the COMSOL software package, modeling the oxygen 
concentration in Transwell systems (Kim et al., 2020), single channel 
poly(dimethoxysilane) (PDMS) chips (Walsh et al., 2018), or PDMS 
OoCs (Shin et al., 2019) are already shown. 

2.3. Microfluidic organs-on-chips 

OoCs are defined as microfluidic cell culture devices engineered to 
model or mimic organ-specific functions and/or structures (Low et al., 
2020). The devices typically contain independently perfusable, parallel 
channels which are often separated by a porous membrane, allowing to 
culture different cell types on both sides of the membrane resulting in a 
complex, organ-specific, tissue-tissue interface (Ingber, 2016; Bhatia 
and Ingber, 2014). OoC systems are considered to be a powerful alter-
native to conventional in vitro and animal models (Low et al., 2020; 
Reardon, 2015). 

The typical OoC approach allows to study the interaction between 
multiple different types of cells and tissues, the effect of physical cues 
from their environment in an in vivo mimicking microenvironment, and 
the response of cells and tissues to different cues (molecular compounds 
e.g. cytokines and lipopolysaccharides) (Ingber, 2016). Over the last 
decade, a variety of OoC systems have been developed, including single 
organ systems as lung (Huh et al., 2010; Jain et al., 2018), intestine (Kim 
et al., 2012; Jalili-Firoozinezhad et al., 2019; Maurer et al., 2019), 
blood-brain barrier (Griep et al., 2013; van der Helm et al., 2019; Vatine 
et al., 2019), and kidney (Jang et al., 2013). 

The main disadvantage of all in vitro models, including OoCs, is that 
they lack a systematic component of the host. These models cannot 
provide a complete assessment of the response or eventual toxicological 
side effects for pharmaceutical studies (Shuler, 2017). One of the newest 
developments in the OoC field is the so-called multi-organ-on-chip sys-
tems or human-body-on-chip systems (Novak et al., 2020). In these 
systems several separate OoCs are interconnected to be able to study the 
systematic response or simulate different specific interactions (Zhang 
et al., 2017; Materne et al., 2015; Maoz et al., 2018; Herland et al., 2020; 
Vernetti et al., 2017); examples are the gut-brain axis or ADME (ab-
sorption, distribution, metabolism, and elimination) assays. Skardal 
et al. discussed the relevance of body-on-chip systems and reviewed 
them in a book chapter (Skardal et al., 2019). 

2.4. AHAM-on-chips 

The advantages of microfluidics can also help in physically modeling 
the AHAM interface. Known advantages of intestine-on-chips are the 
possibilities of applying a fluid flow, thereby creating a physiological 
shear stress to the cells. Applying a fluid flow is also essential to co- 
culture bacteria with human cells, as in the conventional static models 
the bacteria within a day overgrow and contaminate the human cell 
culture (Bein et al., 2018). Besides, it is believed that applying a me-
chanical deformation is beneficial for the differentiation process and 
villus formation (Kim et al., 2012). 

Microfluidics also provide tools to modulate the oxygen concentra-
tion within the cell culture device. PDMS is a frequently used material 
for organs-on-chips and has a high permeability for gasses, allowing 
oxygen modulation inside the PDMS chip (Walsh et al., 2018; Thomas 
et al., 2011). As microfluidic devices contain small volume samples, 
oxygen modulation could be achieved relatively fast. Microfluidic de-
vices can be made of materials with different diffusivity for oxygen, such 
as PDMS, poly(methylmethacrylate) (PMMA) or glass. Furthermore, 
there are materials of which the oxygen diffusivity can be modulated, 
such as a Parylene coating on PDMS (Mehta et al., 2007), or the material 
itself can function as a oxygen scavenger, such as a thiol-ene-epoxy 
called OSTEMER (Sticker et al., 2019). 

The gut-microbiota on-chip is a timely topic. In 2018, Bein et al. 
wrote an extensive review about microfluidic OoC models for the human 
intestine (Bein et al., 2018). Trujillo-de Santiago et al. provided a very 
interesting review focused on gut-microbiota-on-chip, in which besides 
microfluidics also biomaterials and scaffolds are discussed (Trujillo-de 
Santiago et al., 2018). However, in both reviews, oxygen modulation is 
not discussed in detail, whilst emulating the aerobic – anaerobic inter-
face is crucial for studying the effect of the microbiota on the host and 
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vice versa. Von Martels et al. reviewed in 2017 in vitro models (but not 
specifically microfluidic systems) of host-microbe interactions at the 
aerobic-anaerobic interface of the human intestine (von Martels et al., 
2017). Recently, Marrero et al. provided a review with an overview of 
existing gut-on-chip systems, and a large part of this review is focusing 
on the integration of (bio)sensors to monitor various aspects (Marrero 
et al., 2021). In this review, we will focus on host-microbiota micro-
fluidic OoC systems that include a method of oxygen modulation, as the 
oxygen gradient is essential to obtain a physiological relevant model. 

3. Current AHAM-on-chip systems 

To the best of our knowledge, four different systems or publication 
series of microfluidic AHAM-on-chip models exist to date. We included 
only microfluidic systems in which both host and microbiota are 
cultured and in which oxygen modulation is intentionally modulated. 
This section provides a summary of these four models. Table 1 gives an 
overview comparing several important aspects of the systems. 

3.1. The host-microbiota interaction (HMI™) module: a SHIME module 
connected to a gut-on-chip (Marzorati et al., 2014) 

The host-microbiota interaction (HMI) module presented by Mar-
zorati et al. is a microfluidic gut-on-chip with two parallel chambers 
(one for the microbiome and one for the enterocytes, see Fig. 4) which is 
connected to a SHIME module (for more information, Section 2.2.2). 

To verify if both anaerobic and aerobic conditions could be obtained 
in the device, the oxygen permeability of the membrane with artificial 
mucus layer was determined, without the cells and/or the microbiota. 
The oxygen concentrations at the outlet connections of both culture 
chambers were determined using a luminescent liquid dissolved oxygen 
(LDO) probe. Intestinal epithelial cells (Caco-2 cells) were co-cultured 
with the continuous flow of microbiota originating from a SHIME 
module. The outflow of the HMI module chambers was collected and 
analyzed for bacteria composition. The microbiota adhered to the arti-
ficial mucus differed from the luminal microbiota. Furthermore, the 
response of the Caco-2 cells to the yeast fermentate (4 g/L) was moni-
tored by measuring the production of inflammatory cytokines (inter-
leukin-8, IL-8). The yeast fermentate is known to have anti- 
inflammatory properties and this is supported by a shown decrease in 
IL-8 secretion of the Caco-2 cells in the presence of yeast fermentate. 

The co-culture of cells and microbiota was sustained for 48 h. 
Mazorati and colleagues mention that this co-culture time is sufficient. It 
takes on average 48 h for an enterocyte to migrate from the crypts to the 
top of the villi in the human body. Thus, according to them, it is com-
parable to the in vivo situation, where the enterocytes are on average 
exposed to the microbiota for 48 h. 

In the in vivo intestine, there is a continuous supply of oxygen and 
nutrients by the blood capillaries from the basal membrane side to the 
Caco-2 cells, which cannot be applied in the presented chip design. 
Furthermore, as the flow of the cell medium in the cell culture chamber 
was applied semi-continuously, the Caco-2 cells do not experience a 
continuous shear stress (further discussed in Section 4.3.2). Lastly, the 
chip design, which contains only a microbial and an epithelial chamber, 
hinders the possibility of several studies. These include studies to an 
immune response, the intestinal barrier function and the transport or 
absorption of molecules by the Caco-2 cells towards a blood vessel- 
mimicking compartment. The co-culture of endothelial cells with 
epithelial cells has been shown to be beneficial for the formation of villi- 
like structures and to enhance the barrier function and mucus produc-
tion of the Caco-2 cells (Kasendra et al., 2018; Jalili-Firoozinezhad et al., 
2018). 

3.2. The HuMiX system: perfusion of aerobic and anaerobic culture 
medium into a chip with oxygen impermeable sealing (Shah et al., 2016; 
Greenhalgh et al., 2019) 

The lab of Wilmes presented a series of publications using their 
HuMiX system, first presented by Shah et al., in 2016 (Shah et al., 2016) 
and more recently expanded by Greenhalgh et al. (Greenhalgh et al., 
2019). The HuMiX system consists of a stack of silicon sheets with 
gaskets, separated by porous membranes, creating three microchambers 
(see Fig. 5). The bacteria and the epithelial cells are perfused with 
anaerobic and aerobic cell medium respectively, which provides the 
required oxygen gradient. The anaerobic medium is obtained by 
bubbling with nitrogen gas. The oxygen concentration during cell cul-
ture can be measured with integrated optical oxygen sensors (Presense) 
integrated in the chip. 

Caco-2 cells were seeded in the epithelial microchamber and 3 h after 
seeding, a flow (25 μL/min) in the bacterial and perfusion chamber was 
applied (Greenhalgh et al., 2019). Transepithelial electrical resistance 
(TEER) measurements, a measure for barrier integrity (van der Helm, 
2018), are performed during cell culture using integrated chopstick 
electrodes and a voltmeter. TEER values of Caco-2 cells cultured in the 
device for 7 days were determined to be in the order of 1 kΩ cm2 (Shah 
et al., 2016). The cells were cultured for 5–7 days whereafter the bac-
teria were inoculated for 30 min. The co-culture of Caco-2 cells and 
bacteria was sustained for 24 or 48 h. In 2016, the co-culture of immune 
cells (CD4+ T cells) with the bacteria was also shown (Shah et al., 2016). 
The oxygen concentration during cell culture in the perfusion chamber 
was established to be 5.43%. In the microbial chamber the oxygen 
concentration is shown to be less than 0.8% of dissolved oxygen, which 
is sufficiently anaerobic as the in vivo oxygen concentration is approxi-
mately 0.88% (Shah et al., 2016; Espey, 2013). This oxygen concen-
tration allowed them to culture Bacteroides caccae, an obligate anaerobic 
bacteria in their chip (Shah et al., 2016). 

In 2019, Greenhalgh expanded the HuMiX model as an in vitro model 
to study the interactions between diet fiber, probiotics and the host. 
Primary CRC (colorectal cancer)-derived epithelial cells were co- 
cultured with the bacteria Lactobacillus rhamnosus Gorbach-Goldin 
(LGG), a facultative anaerobic bacterium which can live under both 
aerobic as anaerobic conditions. They studied the effect of a simulated 
prebiotic regimen: a situation with non-digestible nutrients as dietary 
fiber. In response to a symbiotic (containing both probiotic and prebiotic 
treatment) regimen, the epithelial cells showed attenuated self-renewal 
capacity. Furthermore, this symbiotic treatment caused the down-
regulation of genes involved in procarcinogenic pathways and drug 
resistance (Greenhalgh et al., 2019). 

In the HuMiX model, there is no flow in the epithelial cell micro-
chamber, which causes that the Caco-2 cells experience no direct shear 
stress (at their apical side) as there is only a fluid flow on the basal side of 
the cells. Also, endothelial cells were left out of consideration, which 
could be a limitation of the system, as the co-culture of epithelial and 
endothelial cells has shown to enhance the barrier tightness and pro-
duction of mucus by Caco-2 cells (Kasendra et al., 2018; Jalili-Fir-
oozinezhad et al., 2018). Lastly, a possible disadvantage of the system is 
the physical separation of the microbiota and the intestinal cells by the 
nanoporous membrane coated with artificial mucus, which is unlike the 
in vivo situation (further discussed in Section 4.4.2). 

3.3. The Intestine Chip: an oxygen permeable chip in an anaerobic box 
(Jalili-Firoozinezhad et al., 2019) 

Starting in 2012, the Wyss institute, a pioneer in the OoC field, 
presented a series of publications about their Intestine Chip or Gut Chip 
system (Kim et al., 2012; Jalili-Firoozinezhad et al., 2019; Kim and 
Ingber, 2013). The authors were the first to apply mechanical defor-
mation simulating the peristaltic movement in their gut-on-chip (Kim 
et al., 2012). To manipulate the oxygen concentration in their PDMS 
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Table 1 
A summary and comparison of four AHAM-on-chip systems, all with different chip designs, cell culture parameters and methods of oxygen modulation. 
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gut-on-chip (Fig. 6), a so-called ‘anaerobic box’ was used, which allows 
the co-culture of human intestinal cells with obligate anaerobic bacteria 
for 5 days (Jalili-Firoozinezhad et al., 2019). 

After 7 days of cell culture on-chip under anaerobic conditions with 
flow and mechanical deformation, the Caco-2 cells differentiated into 
different cell types and the formation of villi was observed. Scanning 
electron microscopy (SEM) clearly indicated a continuous and dense 
mucus layer on top of the differentiated epithelium. After approximately 
14 days of culturing, the peristalsis-like stretching was stopped, and the 
medium in the chip was replaced with antibiotic-free medium. Next, the 
microbiome (one obligate anaerobic bacteria Bacteroides fragilis, or a 
sample of a gut microbiome isolated from human feces) was introduced 
in the lumen of the upper channel, atop the mucus layer. Jalili et al. 
show that their system can generate an oxygen gradient over the 
endothelial-epithelial-microbiome interface and supports the co-culture 
of intestinal epithelial cells with the obligate anaerobic bacteria Bac-
teroides fragilis, which cannot grow when in an environment of 0.5% or 
higher concentration of oxygen (Jalili-Firoozinezhad et al., 2019; 

Patrick et al., 1984). Integrated optical sensors monitored the oxygen 
concentration in the chip and showed that the concentration was 
maintained below 1% during the co-culture with bacteria. Furthermore, 
in their co-culture with a complex human microbiome, abundances of 
obligate anaerobic bacteria are shown, with ratios of Fermicutes and 
Bacteriodetes (the most abundant bacterial phyla in the microbiota 
(Martins dos Santos et al., 2010; JRC F7Knowledge for Health and 
Consumer Safety, 2018; Clarke et al., 2019)) similar to human feces. 
Besides commonly used Caco-2 cells as intestinal epithelial cells, pri-
mary cells derived from resected tissue were also cultured on-chip (in 
the design illustrated at the left side of Fig. 6), as published in (Kasendra 
et al., 2018). The authors successfully co-cultured the primary cells with 
fresh patient-derived human stool samples from infants over 5 days 
without compromised barrier function. 

In the condition of an anaerobic culture with complex microbiome, a 
lower permeability and thus a higher barrier function is reported, 
compared to an aerobic culture with complex microbiome. A paper 
published in 2016 (Kim et al., 2016) reports a decrease of barrier 

Fig. 4. Schematic interpretation of a cross section of the HMI module. Briefly, the system consists of two chambers, a microbial chamber and a cell culture chamber, 
separated by a membrane with a 200–250 μm thick artificial mucus layer. The microbial chamber is continuously perfused with anaerobic medium from a SHIME 
module. At the bottom of the cell culture chamber, Caco-2 cells are cultured and the aerobic cell culture medium is replaced every 6 h. Authors were contacted for 
height channels and material. 

Fig. 5. Schematic interpretation of a cross section of the HuMiX system. Shortly, the system consists of three microchambers on top of each other, separated by a 
nano- and a microporous membrane. Anaerobic medium is flown through the top chamber, which contains an artificial mucus layer and anaerobic bacteria. Aerobic 
medium through the bottom chamber, providing oxygen and nutrients for the Caco-2 cells which are cultured in the middle chamber. 
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function of the endothelium-epithelium in the presence of a pathogenic 
bacteria. These two studies show that a commensal bacteria enhances 
the intestinal barrier function (Jalili-Firoozinezhad et al., 2019), while a 
pathogenic bacteria decreases the barrier function (Kim et al., 2016). 
This demonstrates that the presented AHAM-on-chip model is able to 
discriminate between the presence commensal or pathogenic bacteria. 

The system allows the study of the direct intracellular interactions 
between bacteria and human intestinal epithelium under controlled 
conditions. Contrary to the previously mentioned studies, this system 
allows direct contact of the microbiome and the epithelial cells, instead 
of a separation by a porous membrane. The authors claim this is an 
important advantage of their model. However, this lack of physical 
separation between the bacteria and the epithelial cells may also 
contribute to the need to dilute the microbiome inoculum, to prevent 
bacteria from rapidly overgrowing the cells. The anaerobic box method 
has yielded impressive results, but requires a PDMS chip, which has its 
disadvantages, such as the absorption of small hydrophobic molecules 
(van Meer et al., 2017) and the leaching of PDMS oligomers in the cell 
culture medium (Carter et al., 2020). 

3.4. The Anoxic-Oxic Interface (AOI)-on-a-chip: an oxygen scavenger 
added to the luminal cell culture medium (Shin et al., 2019) 

The Anoxic-Oxic Interface (AOI)-on-a-chip presented by Shin et al. 
(Fig. 7) has a similar design as the Intestine Chip (Section 3.3), but the 
authors apply a different strategy for oxygen modulation. By adding 
sodium sulfide as an oxygen scavenger to the cell culture medium for the 
top channel, an anaerobic top channel is created, even though the chip 
consists of the oxygen permeable material PDMS. 

In order to study the effect of the addition of the oxygen scavenger to 
the cell medium, a computational model using COMSOL Multiphysics 
was used, which shows that the anaerobic-aerobic interface can be ob-
tained when a villous epithelium is present on-chip. This computational 
model was validated by measuring the oxygen gradient using platinum 
dendrimer-encapsulated (Pt-DENs) nanoparticles. These nanoparticles 
catalyze Amplex Red (10-acetyl-3,7-dihydroxyphenoxazine) reagent 
into the fluorescent resorufin in the presence of oxygen, which could be 
visualized in 3D using a confocal microscope. A steep oxygen gradient is 
reported over the entire length of their chip with intestinal epithelium 
cells. The oxygen measurement was performed in a chip with intestinal 
villous epithelium, but it is not clear on which day this measurement is 
performed, how often during cell culture this is checked and if this 

Fig. 6. Schematic interpretation of a cross section of the two Intestine Chips with oxygen modulation. Both PDMS chips consist of two parallel culture channels, 
separated by a porous PDMS membrane. Two vacuum chambers on both sides of the culture channels allow mechanical deformation during cell culture. Intestinal 
cells are cultured in the top channel, which will differentiate over time and produce a mucus layer on top of the cells. Endothelial cells are cultured in the bottom 
channel of the left sided chip, mimicking a blood vessel. The PDMS chip is placed in an in-house made anaerobic box, which imposed an oxygen gradient on the chip, 
allowing the co-culture of anaerobic bacteria atop the mucus layer. 

Fig. 7. Schematic interpretation of a cross section of the Anoxic/Oxic Interface (AOI)-on-a-chip. The PDMS chip consists of two parallel culture channels, separated 
by a PDMS membrane, with two vacuum chambers on each side allowing mechanical deformation. Caco-2 cells are cultured in the top channel, which over time 
produce a mucus layer on top of the cells. The oxygen concentration is modulated by adding oxygen scavenger sodium sulfide to the cell medium for the top channel, 
allowing the culture of anaerobic bacteria atop the mucus layer. 
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oxygen gradient is also checked during co-culture with bacteria. A po-
tential disadvantage of their oxygen modulation method is the sodium 
sulfide, which is proven to be cytotoxic for glioblastoma cells (Xiao 
et al., 2019). Sodium sulfide can be used as an oxygen scavenger, but it 
precipitates via a redox reaction with oxygen to sulfur. Authors report 
that sodium sulfide (Na2S) is used, which should not be confused with 
sodium sulfite (Na2SO3), a commonly used oxygen scavenger. The effect 
of introducing the anaerobic medium with sodium sulfide was checked 
by Shin et al. who report no cell death induced by the sodium sulfide. 

First, Caco-2 cells were cultured in the top channel for 1 week under 
continuous flow and mechanical stimulation, whereafter the anaerobic 
medium was introduced in the top channel. After 48 h of anaerobic- 
aerobic culture, the barrier integrity was determined by measuring the 
TEER (measured to be around 9 kΩ cm2), using silver/silver chloride 
(Ag/AgCl) electrodes connected to an Ohm meter. No effect of the so-
dium sulfide on the measured TEER was observed. After 72 h of intro-
ducing the anaerobic medium, no cell death was induced, no 
compromised expression of ZO-1 was observed, and no decreased level 
of MUC2 protein expression was found compared to the aerobic control. 

The microfluidic device allowed them to co-culture human cells with 
anaerobic bacteria for 7 days. Both the bacteria and the epithelial cells 
show to be viable after 7 days of culture under AOI conditions. Eubac-
terium halli (actually recently reclassified to Anaerobutyricum hallii 
(Shetty et al., 2018).) has no effect on the TEER, when comparing an AOI 
with only epithelial cells to an oxic chip with bacteria or an AOI with 
bacteria. The co-culture of epithelial cells with Bifidobacterium ado-
lescentis under AOI conditions does increase the TEER compared to the 
oxic control with cells and bacteria. Adding an oxygen scavenger to an 
AOI-on-chip is an interesting method of achieving the necessary oxygen 
gradient. However, the reliability of this method as a function of time 
and position within the device during (co-)culture has yet to be exper-
imentally confirmed. 

4. Future challenges 

For AHAM-on-chips to become generally available as the new golden 
standard for host-microbiota interaction research, there are still chal-
lenges ahead. We believe there is not one perfect AHAM-on-chip, as we 
think the system should be adapted to suit the research question at hand. 
One should always be aware and careful about the impact of certain 
aspects (such as the material, membrane, method of oxygen modulation, 
channel dimensions, materials, and flowrates) on the obtained results. 
The aspects that might influence the outcome of the AHAM-on-chip 
should carefully be addressed in the discussion. We believe it is highly 
valuable to have a multi-disciplinary team developing AHAM-on-chip 
systems, in order to cover all these biologically and engineering ele-
ments involved. 

4.1. Oxygen management challenge 

Oxygen is an essential parameter in in vitro cell cultures in general as 
it is a measure of cellular activity, cell viability and it also affects cell 
differentiation. Therefore, there is a lot of interest in controlling the 
oxygen concentration in OoC devices (Oomen et al., 2016). The com-
bination of anaerobic and aerobic conditions on such small physical 
scale (Fig. 1) demands a method of precise oxygen management in the 
AHAM-on-chip. To be able to control or manage the oxygen concen-
tration, it is key to precisely and accurately measure it in the micro-
fluidic channels. 

4.1.1. Oxygen sensors 
Oxygen sensing on-chip is vital to monitor the oxygen distribution 

within an OoC and has already been thoroughly reviewed (Oomen et al., 
2016; Rivera et al., 2019; Brennan et al., 2014). Preferably, the oxygen 
concentration is measured inside the culture channel on-chip, along the 
channel and at different heights of the channel: at the site where the 

microbiota is cultured, the intestinal host cells, and optionally at the site 
where endothelial cells are cultured. The oxygen concentration should 
be monitored during the cell culture, as the oxygen consumption most 
likely will vary during culture. 

Generally, oxygen sensors are classified into two types: optical and 
electrochemical sensors. Optical oxygen sensors mostly rely on the 
principle of luminescence quenching by oxygen (Table 2, left side). A 
quenching material is illuminated with light of a certain wavelength to 
excite electrons from ground state to excited state. Decaying back to the 
ground state can occur via fluorescence or phosphorescence decay, 
processes which can be quenched by the presence of oxygen. As a result, 
the intensity and lifetime of the luminescence is reduced, proportional to 
the oxygen concentration. Electrochemical oxygen sensors or Clark-type 
electrodes are well-known electrochemical sensors which measure the 
dissolved oxygen concentration of a medium. The measurement is based 
on the reduction of oxygen at the platinum or gold working electrode 
(Table 2, right side). Both sensor classes have their own advantages and 
disadvantages for application in OoCs, summarized in Table 2. For more 
in-depth information, e.g. on sensor integration, one could consult the 
references (Oomen et al., 2016; Rivera et al., 2019; Brennan et al., 
2014). 

4.1.2. Oxygen control 
When oxygen can be accurately monitored in the microfluidic de-

vice, one can consider the quest for oxygen control or management in an 
AHAM-on-chip. For AHAM-on-chips, one requires a steep oxygen 
gradient with both anaerobic and aerobic conditions within the cross 
section of the device, but it is also important to have a constant oxygen 
distribution over the entire length of the culture channels, to ensure 
consistent conditions within one chip. The oxygen concentration in a 
microfluidic device is affected by aspect such as the oxygen permeability 
of the material of the device; the oxygen concentration of air around the 
device; the oxygen concentration of the medium introduced in the de-
vice; the flow rate through device and last but not least, the oxygen 
consumption rate of cells and microbiota. 

All four systems in Section 3 followed a unique approach to modulate 
the oxygen concentration in their AHAM-on-chip system. The gas 
permeability of PDMS can be used to enforce an oxygen concentration or 
gradient in the microfluidic device (Walsh et al., 2018; Thomas et al., 
2011). This property is utilized by Jalili et al., who place the OoCs in an 
anaerobic box, enforcing anaerobic conditions in the top channel 
(Jalili-Firoozinezhad et al., 2019). Another method is the addition of an 
oxygen scavenger (Shin et al., 2019), continuous perfusion of the cell 
medium with nitrogen (Greenhalgh et al., 2019) or using the (anaerobic) 
outflow of a SHIME system (Marzorati et al., 2014). However, all of 
these methods do not allow for spatial control of the oxygen in the 
microfluidic channel. These methods in combination with a cell medium 
flow and oxygen consumption intuitively result in spatial and temporal 
differences in the oxygen distribution on-chip. Walsh et al. present an 
interesting approach where they use microfluidics as a valuable tool to 
modulate or manage the spatial oxygen concentration (Walsh et al., 
2018). 

The spatial and temporal fluctuations in oxygen concentration 
should be measured and by using automated feedback, the method of 
oxygen control should be adapted to adjust the oxygen concentration on- 
chip. Feedback control is a big field in engineering. The most common 
and simple controller is a proportional-integral-derivative PID 
controller, which controls the error of the measured value with the 
aimed value of a specific parameter (e.g. the oxygen concentration). The 
so-called three-term control is proportional (P) to the error, accounts for 
the past values of the error (the Integral term, I), and the estimation for 
the future trend (the Derivative term, D) (Burns, 2001). 

Ideally, we would combine a method of measuring the oxygen con-
centration and modulating oxygen concentration with both spatial and 
temporal control. This could be achieved for example by having an 
oxygen permeable matrix with extra channels next to the culture 
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channels, which could be used to precisely tune the oxygen control 
depending on the feedback from the oxygen sensors. 

4.2. Design and fabrication challenges 

When designing and fabricating an AHAM-on-chip, factors such as 
material of the OoC, the possible/required fabrication method, the 
required OoC dimensions, all depend on each other. The chosen method 
of oxygen management will also play an important aspect in these 
choices in the design/material (or vice versa). For the best choice of 
device material for the AHAM-on-chip, one should consider, besides the 
oxygen permeability, other aspects, such as the biocompatibility, the 
required fabrication techniques and its (dimension) limitations, the 
hydrophobicity/hydrophilicity, the possibility to integrate sensors, 
valves and membranes, and the ability to allow automated high- 
throughput manufacturing. 

4.2.1. Material 
The material of the OoC should be biocompatible, a contextual 

concept; as the most suitable material for a device to culture bone cells is 
not suitable for mimicking the intestine. The ideal material should 

resemble the extracellular matrix (ECM) of the intestine, including 
properties such as its stiffness, roughness, expressed proteins, and to-
pology. Such a material cannot easily be bought or fabricated, thus 
plastics such as PDMS, PMMA, polystyrene (PS), PC or glass, or oxygen 
scavenger materials, such as OSTE a thiol-ene polymer (Sticker et al., 
2019) are commonly used. Often used plastics and their properties such 
as oxygen diffusivities are discussed extensively in other reviews 
(Oomen et al., 2016; Rivera et al., 2019). Although its use for OoCs is 
under debate (van Meer et al., 2017; Campbell et al., 2020; Ren et al., 
2013), PDMS is still the material of choice for many researches as it is 
(Volpatti and Yetisen, 2014): easy to use in fabrication processes, low 
cost, and it has a high elasticity (allowing the possibility for mechanical 
deformation or the integration of valves) (Campbell et al., 2020; Ren 
et al., 2013; Halldorsson et al., 2015). However, the ‘habit’ of using 
PDMS in OoC technology might need to be reconsidered, looking at 
Table 3, depending on the design, application and method of oxygen 
modulation. We summarized in Table 3 important aspects, such as the 
oxygen diffusivity and possibility of automated fabrication of possible 
materials for AHAM-on-chips. 

An emerging research field is the incorporation of scaffolding bio-
materials, for example hydrogels or electrospun fibers, in microfluidics. 

Table 2 
Oxygen sensors: the working principle, advantages and disadvantages of optical or electrochemical based oxygen sensors. 
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Such scaffolds provide a 3D environment as cell support and aim to 
resemble the in vivo intestinal ECM better compared to microfluidic 
devices consisting of the often used polymers or glass (Terrell et al., 
2020). Interesting approaches are presented to fabricate scaffolds which 
mimic the 3D topology of the intestinal epithelium including its villi and 
crypts (Verhulsel et al., 2021; Creff et al., 2019). Different scaffolding 
materials and fabrication techniques for 3D cell culture in microfluidic 
devices have been reviewed elsewhere (Terrell et al., 2020; Yu and 
Choudhury, 2019; Wu et al., 2017). 

4.2.2. Fabrication techniques 
The three fabrication techniques for OoCs which are most available 

in research labs are photolithography, micromilling and 3D printing. All 
three can be used to fabricate molds or OoC devices directly. The 

techniques all allow the fabrication of custom-made designs for OoCs 
within days or weeks. In Table 4, we summarized these techniques and 
important aspects to consider, such as their dimension limitations, res-
olution, and cost. There is a wide spectrum of 3D printer quality, 
resulting in a large range of resolution and achievable dimensions. We 
focused here on commercial grade, stereolithography-based 3D printers 
as these are widely available, cheap, fast and easy to use. Injection 
molding is left out of consideration in this table, as this technique is not 
often used in independent research labs (due to high startup costs). 
Companies such as Microfluidic Chip Shop offer injection molded chips 
with various (but standard) layouts. Buying such commercially available 
products can be interesting if lab facilities for photolithography, 
micromilling or 3D printing are not available. 

When choosing the material and fabrication technique, an important 

Table 3 
Important aspects of potential materials for AHAM-on-chips (Kim et al., 2012; Mehta et al., 2007; Sticker et al., 2019; van Meer 
et al., 2017; Oomen et al., 2016; Rivera et al., 2019; Kajihara et al., 2004; Nguyen et al., 2019; Henry et al., 2017; Unger et al., 
2000). 
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Table 4 
Fabrication techniques for OoCs, for the fabrication of directly the channels in a material, or indirectly a mold for the OoC channels (Guckenberger et al., 2015; Faustino et al., 2016; Venzac et al., 2021). 
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balance must be found between the physiological representation of the 
material and the feasibility to fabricate the microfluidic device in that 
material with the desired dimensions, channels, membrane etc. The 
chosen material and fabrication method together determine the 
achievable physical dimensions of the chip. For AHAM-on-chips, the 
chosen method for imposing the oxygen concentration also contributes 
to the fabrication and material choice. 

4.2.3. Membrane 
The basal membrane is the separation between most barriers and/or 

cell types in vivo, and also between the intestinal epithelial and endo-
thelial cells. This basal membrane is only a few nanometers thick in the 
human body. A membrane of 20 μm or even 50 μm thick is often used in 
OoCs (Jalili-Firoozinezhad et al., 2019; Shin et al., 2019; Marzorati 
et al., 2014; Huh et al., 2013), which is not physiologically representa-
tive. It decreases the ability of the epithelial cells and the endothelial 
cells to interact physically and mechanically through (direct) cell-cell 
contact. The OrganoPlate® systems aim to be membrane-free by using 
a phase guide to fill a channel partially with a hydrogel, which can be 
used as cell support, allowing direct cell-cell contact but limiting the 
possibility to apply shear stress to these cells. In a different chip design, 
the hydrogel can be considered a membrane, although it is very thick 
(350 μm) (Mimetas, 2021). Tibbe (2020) discusses the limitations of 
membranes often used in OoC devices by addressing the effects of the 
thickness of the membrane, as well as the elasticity or stiffness of the 
membrane, biochemical functionalization, surface porosity, pore size, 
pore distribution and roughness or texture. When modeling a tissue or 

cell-cell barrier, one needs to consider what kind of membrane is needed 
to suit the research question at hand. Furthermore, one should carefully 
consider the membranes impact on the obtained results (between 
different OoCs but also when comparing to Transwell systems) and this 
should be addressed in the discussion. Table 5 summarizes some avail-
able membranes for OoCs. As can be seen in the table, the 
non-commercially available membranes for OoCs are all PDMS mem-
branes, as a lot of OoCs consist of PDMS. Hence, we limited the mem-
brane integration method to the integration in PDMS OoCs. 

In conclusion, for designing and fabricating an AHAM-on-chip, the 
material, membrane and fabrication techniques all dependent on each 
other, and on the chosen method of oxygen management. The field of 
OoC is very diffuse regarding the used materials and membranes, 
showing the versatility and potential of microfluidic technology. How-
ever simultaneously, this versatility hinders comparisons between 
studies and labs, which brings us to the request for standardization 
further discussed in Section 4.5.1. 

4.3. Ensuring biomimetic conditions 

4.3.1. Mechanical strain: peristaltic movement 
The peristaltic movement of the intestine, generated by the two 

perpendicularly aligned muscle layers in the intestinal wall, causes 
mechanical deformation or strain of the mucosa. In 1996, Basson et al. 
studied the effect of mechanical strain on Caco-2 cells in vitro in a 
Flexcell® system, a Transwell-like system with a flexible membrane 
which allows mechanical deformation. They applied an average strain of 

Table 5 
Comparison of different membranes for OoCs (Henry et al., 2017; Huh et al., 2013; Novak et al., 2018; 
Le-The et al., 2018; Zakharova et al., 2020; Quirós-Solano et al., 2018; van der Helm et al., 2017). 
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10%, with 10 cycles per minute (0.167 Hz), resulting in an increase in 
cell proliferation. They also show an effect of the strain amplitude (% 
strain) on the cells, where cells showed an increase in proliferation when 
cultured on the part of the membrane with higher strain compared to a 
low strain region (Basson et al., 1996). The frequency of the strain cycles 
may also have an effect, as shown for other cell types (Gayer and Basson, 
2009). Also, the effect of strain on intestinal epithelial cells is found to be 
matrix-dependent when comparing collagen and fibronectin (Gayer and 
Basson, 2009; Zhang et al., 2006). 

In 2010, Huh et al. showed for the first time the incorporation of 
cyclic mechanical deformation or strain of the membrane in an OoC. In 
their lung-on-chip system, they aimed to mimic the breathing strain in 
alveoli to obtain a physiological inflammatory response (Huh et al., 
2010). The long vacuum chambers next to the culture chambers allow 
the strain to be homogenously applied to the cell layer on-chip, in 
contrast to the circular Flexcell® system. In 2012, the application of 
mechanical deformation was expanded to a gut-on-chip to mimic the 
peristalsis, where the cyclic strain (always in combination with a fluid 
flow; a shear stress) results in an increase in the expression of intestinal 
differentiation specific enzyme activity (Kim et al., 2012). However, a 
recent gut-on-chip study (applying the same strain amplitude and fre-
quency) suggests that the mechanical strain does not have an additional 
effect (also always combined with a fluid flow) on cell height or the 
cellular secretion of a specific protein (cGMP) (Sunuwar et al., 2020). 
This could be explained by the use of a different cell source, as human 
small intestine enteroids were used instead of the well-known 
Caco-2 cell line. The effect of mechanical strain in absence of fluid 
flow has, to the best of our knowledge, not been studied. The 10% strain 
often applied in in vitro intestinal models (Basson et al., 1996; Kim et al., 
2012; Jalili-Firoozinezhad et al., 2019; Shin et al., 2019; Sunuwar et al., 
2020) is within the range of numbers found in in vivo experiments, which 
show 7.2–27.4% strain (Basson, 2003). Also, the frequency typically 
used (0.15 Hz) is within the ranges found in vivo (Basson et al., 1996). 
However, the mechanical deformation is in vivo a complex pattern, 
where the frequency, amplitude and rhythm of the strain is depending 
on the state of the person and the site in the GI tract (Basson et al., 1996; 
Gayer and Basson, 2009). 

In conclusion, applying strain in in vitro models seems beneficial for 
Caco-2 cell differentiation and proliferation. For other cell types, the 
effect of strain should be explored further. When applying cyclic me-
chanical strain, one should carefully consider the factors influencing the 
effect of the strain on cells such as amplitude, frequency and supporting 
matrix. 

4.3.2. Shear stress 
Shear stress is a mechanical stimulation of the cells, caused by a fluid 

flow. In vivo, cells at barriers, such as in the vasculature and the 
epithelium, experience this shear stress. Shear stress is an important, but 
sometimes misinterpreted or overlooked factor for cells in in vitro 
models when mimicking the in vivo situation closely. The applied shear 
stress in in vitro devices affects endothelial cell morphology (Seebach 
et al., 2000) and the barrier function (Section 4.3.3) of both intestinal 
epithelial cells (Delon et al., 2019) as endothelial cells (Seebach et al., 
2000), underlining the importance of applying shear stress properly in 
AHAM-on-chips. Van der Helm et al. clearly discussed how to calculate 
the shear stress in a microfluidic channel, which depends on the channel 
height and width, the height to width ratio, flow rate, and viscosity of 
the fluid in the channel and expresses the shear stress in the SI unit 
Pascal (Pa) (van der Helm et al., 2016). Besides this calculation, the 
software program COMSOL Multiphysics® (Section 2.2.4) can also be 
used to understand the effect on the device geometry and fluid flow on 
shear stress by running dynamic simulations. Table 1 reports the shear 
stresses used in literature for AHAM-on-chips, which vary a lot (from 1 
to 3 orders of magnitude) between studies and even within a paper. One 
should be aware of the influences of the channel geometry, flow rate and 
viscosity of the medium on the shear stress the cells experience. 

Determining the actual in vivo shear stress that epithelial cells 
experience on the luminal side of the intestine is not straightforward. 
Although values are mentioned in literature, we believe expressing the 
shear stress in a single number oversimplifies the issue. Due to the 
physical structure of the folds and villi in our intestine, not all epithelial 
cells experience the same shear stress. Furthermore, the intestinal sur-
face is completely covered with mucus, differing in viscosity along the 
villi, and the viscosity of mucus also changes over the length of the GI 
tract (Swidsinski et al., 2007). These factors hinder the calculation of the 
shear stress in vivo, and thus the shear stress to target in vitro. 

4.3.3. Barrier function 
The intestinal barrier function is widely acknowledged to play a 

crucial role in the pathology of certain (intestinal) disorders such as 
inflammatory bowel disease, which are also related to host-microbiota 
disturbances (Round and Mazmanian, 2009; Alam and Neish, 2018; 
Singh et al., 2019). In this review, an intact intestinal barrier is defined 
as the functional barrier of a healthy gut. A disturbed barrier integrity 
can be caused by a downregulation of tight junction proteins, which 
results in an increased gut permeability (often seen in unhealthy gut, for 
example in inflammatory bowel disease patients) (Singh et al., 2019). 
The microbiota can influence the intestinal barrier function, as re-
searchers have already shown that the barrier function of epithelial cell 
layer is influenced by co-culture with bacteria (Jalili-Firoozinezhad 
et al., 2019; Alam and Neish, 2018). Therefore, it is very interesting to 
measure the barrier function especially in the AHAM-on-chip to study 
this effect of the microbiota on the barrier tightness. 

Barrier tightness can be examined by looking at the expression of 
barrier-specific proteins, such as tight junction proteins which can be 
assessed by several techniques: reverse transcription polymerase chain 
reaction (RT-PCR), immunofluorescence staining and western blotting. 
However, the main drawback of these techniques is that these are all end 
point measurements. Furthermore, they only provide information about 
the RNA or protein content of the tissue and do not give a direct quan-
tification of the barrier function. 

Permeability assays allow one to study the permeability of a barrier 
of both hydrophilic and lipophilic molecules with different molecule 
sizes. A standardized method to calculate the permeability in an OoC, 
independent of the chip design, is provided by Van der Helm et al. (van 
der Helm et al., 2016). However, when implementing permeability as-
says in microfluidic devices, one should be critically aware of the 
problems that might arise in microfluidics, especially when comparing 
with Transwell systems. Different channel dimensions for top and bot-
tom in an OoC can cause a pressure difference between the channels, 
causing a convective flow through the membrane. Permeability assays 
also have other disadvantages: they are time consuming, they require 
labeled agents and they have limited time resolution, issues which can 
all resolved by measuring the TEER. 

The barrier function of a tissue interface can also be estimated by 
measuring the electrical resistance across a cell barrier, the TEER. In 
1980, Meza et al. performed an electrical characterization of the barrier 
function of their kidney epithelium (Meza et al., 1980). The ion 
conductance (electrical resistance) across a cellular barrier was recog-
nized to be mainly determined by the tight junction between the cells 
and therefore represents the paracellular transport. The tissue barrier 
can be monitored quantitatively, continuously and non-invasively by 
TEER measurements (Shuler and Hickman, 2016). Van der Helm et al. 
clearly discussed the possible methods to measure TEER on-chip: Pos-
sibilities are using direct current or employing impedance spectroscopy 
(alternating current) using integrated on-chip electrodes or external 
electrodes such as chopsticks or Ag/AgCl wires, of which the advantages 
and disadvantages are discussed (van der Helm, 2018). They emphasize 
the advantages of measuring TEER using impedance spectroscopy 
instead of the often used chopstick method, and also propose elegant 
methods to integrate electrodes (reducing measurement errors) in a 
blood-brain barrier-on-chip and a gut-on-chip (van der Helm et al., 
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2019; van der Helm et al., 2016). Impedance spectroscopy provides, 
besides the TEER, additional information about the probed cell layer or 
tissue, for example in terms of morphology (differentiated or undiffer-
entiated Caco-2 cell layer) (van der Helm et al., 2019). However, TEER 
measurements are limited to assessing only the paracellular perme-
ability, and it does not allow to directly measure barrier-specific trans-
port functions or the permeability of different molecule polarity or sizes 
(van der Helm, 2018). It is important to note that permeability assays 
and TEER measurements assess different properties of the intestinal 
barrier, so they should be used as complementary techniques. 

In conclusion, the barrier function is a valuable parameter, especially 
in AHAM-on-chips. Each of the techniques to assess this barrier function 
in an OoC has their advantages and disadvantages, summarized in 
Table 6. It must be noted that permeability assays and TEER measure-
ments should be well-thought-through and the values should be stan-
dardized to allow comparison between different studies and systems. 

4.4. Biological challenges 

To obtain a physiologically relevant AHAM-on-chip, the biological 
challenges may be considered the biggest. Important aspects to be taken 
into account are: the used cells (cell line, iPSCs, and organoids), GI tract- 
site-specific cell types, co-cultures of different cell types, implementing 
immune cells, the microbiota, and the mucus layer in between the cells 
and microbiota. Before addressing any particular aspect, one should 
carefully consider which part of the intestine is aimed to be mimicked. 
As described in Section 2.1.1, the small and large intestine differ greatly 
in both their anatomy and physiology. Absorption of nutrients and orally 
administered drugs mainly takes place in the small intestine, which 
therefore might be more of interest for the pharmaceutical industry. On 
the other hand, the microbiota is most abundant in the large intestine, 
which therefore might be more of interest for studying the effect of the 
microbiota on the host. 

4.4.1. Host cells and microbiota 
The cell type(s) used are crucial to obtain a predictive model of the 

human AHAM. The wide usage of Caco-2 cells is a form of standardi-
zation allowing easier comparison between studies and labs, but they 
are cells of cancerous origin and therefore known not to be represen-
tative for healthy in vivo tissue. Additionally, Caco-2 cells are known to 
have batch-to-batch variations, and factors such as passage number, 
supporting material and matrix influence the performance of Caco- 
2 cells (Sambuy et al., 2005). Caco-2 cells origin from specifically the 
colon. Although it has been shown that they can express genes of all cell 
types in the small intestine when cultured in a gut-on-chip under flow 
and peristaltic movement (Kim and Ingber, 2013), one might debate 
whether Caco-2 cells are the best choice to mimic the small intestine. 
Due to these reasons other host epithelial cells might be better alter-
natives. The field is leaning more towards implementing organoids as a 
cell source for OoCs, which can contain different cell types of the in-
testine (Kasendra et al., 2018; Wang et al., 2020). Besides the correct cell 
source for the epithelial cells, a co-culture with endothelial cells aims to 
mimic the intestine more closely. The intestinal immune system is 
specialized to distinguish between pathogenic and commensal bacteria 
(Jung et al., 2010). To study the effect of (an alteration in) the 

microbiota on the immune system or its relation to immunological dis-
orders, it is essential to also implement immune cells on-chip (Fig. 2) as 
shown by Shah et al. (Shah et al., 2016). Furthermore, the gut-brain axis 
(illustrated in Fig. 2) is an important bidirectional connection between 
the nervous system and the gut microbiota. Recent findings indicate that 
an intestinal dysbiosis might be linked to neurological disorders 
(Schächtle and Rosshart, 2021; Raimondi et al., 2019). One of the po-
tential routes for this gut microbiota – brain interaction is based on the 
release of biologically active microbial molecules and metabolites, but 
its complexity underlines the need for a system to study this interaction 
under a controlled environment (Schächtle and Rosshart, 2021; Rai-
mondi et al., 2020). None of the AHAM-on-chip systems discussed in 
Section 3 implemented this gut-brain axis in their systems. The 
MINERVA project emphasizes the need for a gut-brain axis-on-chip, 
presented in a series of reviews (Raimondi et al., 2019, 2020; Boeri et al., 
2019), but no experimental papers have been published yet. 

Mimicking the intestinal microbiota composition is also a tremen-
dous challenge. Again, one should first of all consider the part of the 
intestine that is mimicked. Research shows that this microbiota is 
affected by several factors, it varies per individual, location in the GI 
tract and there are daily fluctuations (Uhr et al., 2019). The concept of a 
‘normal’ microbiota is questioned and also has changed over time. 
Therefore, researchers aimed to define a ‘core microbiome’ (Berg et al., 
2020; Elzinga et al., 2019), which seems like an interesting approach to 
standardize the microbiota cultured on-chip. Currently, most studies use 
simplistic and ‘well-mixed’ microbiota models only comprising of 1–3 
species as it remains a challenge to produce stable and diverse intestinal 
microbiota models. The 3D organization of bacteria and bacterial pop-
ulations in the host plays a critical role for the communication within the 
microbiota and might affect the viability of the bacteria (Saygili et al., 
2020). New bioprinting techniques can contribute to developing more 
complex polybacterial microbiota models with a native-like physical 
arrangement (Saygili et al., 2020; Ceballos-González et al., 2021). 

4.4.2. Mucus layer 
The in vivo mucus layer produced by Goblet cells is, besides an 

important barrier, also a source of nutrients for some bacteria in the 
colon. Please note that the mucus layer greatly differs in e.g. composi-
tion and thickness between the colon and the small intestine (Fig. 1). An 
in vitro co-culture of mucus-secreting HT29-MTX cells (human colon 
carcinoma cells that are differentiated into mucus producing goblet cells 
(Lesuffleur et al., 1991)) with Caco-2 cells is widely used to obtain an 
intestinal epithelial cell layer with self-produced mucus layer (Walter 
et al., 1996). The mucus barrier in a microfluidic chip can either be 
produced by the cultured epithelial cells (Jalili-Firoozinezhad et al., 
2019) or artificially applied on a membrane which separates the cells 
and microbiota (Greenhalgh et al., 2019). Such nanoporous membrane 
can be used to physically separate the cells and bacteria to prevent 
bacterial overgrowth, but still allow to study the host-microbiota in-
teractions (Marzorati et al., 2014; Greenhalgh et al., 2019). However, 
one can question the accuracy of this representation of the in vivo situ-
ation, as in vivo the bacteria are in direct contact with the mucus layer 
atop the epithelial cells. Direct contact might mimic the in vivo situation 
better, but a porous membrane still allows secreted molecules to pass, 
allowing crosstalk between the cells and the microbiota. One could 

Table 6 
Comparison of different techniques to assess the intestinal barrier function. Adapted from (van der Helm, 
2018). 
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argue that this is sufficient for studying host-microbiota interactions. 

4.4.3. Co-culture host-microbiota 
The duration of the co-culture of the host cells with the bacteria is 

another consideration that has to be made. The exact cell turnover in the 
small intestine reported depends on the used method to determine this 
turnover, but is estimated between one and five days (Marieb and 
Hoehn, 2013; Umar, 2010; Park et al., 2016; Schneider et al., 2018; 
Barker, 2014; Creamer et al., 1961; Cheng, 1974). So in vivo, the 
epithelial cells are only during this time span in contact with the 
microbiota (Marzorati et al., 2014). With respect to this, a longer 
co-culture seems not necessary as is done by others (Jalili-Firoozinezhad 
et al., 2019; Shin et al., 2019). However, in that case you do not consider 
the change of the microbiota composition over longer periods of time. 
To study clinically relevant effects of the microbiota to the host, a 
long-term model is essential, as stated by Bein et al. (Bein et al., 2018). 
Uhr et al. summarized the temporal dynamics of our microbiome and 
show in which time scale different external factors have an effect (Uhr 
et al., 2019). 

To conclude, the biological aspects of AHAM-on-chips, the options 
for different co-cultures (epithelial cells, endothelial cells, immune cells, 
gut-brain axis) and microbiota compositions seem endless. We believe it 
is essential to make a clear distinction between the small and large in-
testine, as these are different organs in physiology anatomy and chem-
ical environments. This decision has an impact on all further (biological) 
choices as the choice of cell type, cell source, microbiota, and mucus 
layer. Due to the combination of this tremendous biological challenge 
and all the technological aspects of an AHAM-on-chip, we believe it 
highly essential to have a multi-disciplinary team designing and using 
AHAM-on-chip systems. 

4.5. Challenges towards commercial AHAM-on-chip systems 

4.5.1. Standardization 
The research field of OoC technology has experienced rapid growth 

over the past decade (Low et al., 2020; Wang et al., 2020). Several 
universities, institutes and labs are working on OoCs, often all with their 
own (and different) fabrication methods, design, chip layouts, chip 
material, cell types, membranes, biomimetic parameters, demonstrated 
by Tables 1, 3 and 5. This illustrates the versatility of OoC technology, 
but at the same time, this lack of standardization complicates the direct 
comparison of results between different models or studies. Standardi-
zation can accelerate OoC developments, similar to the electronics in-
dustry, where these standards already exist for almost all aspects, from 
package dimensions to positions of solder joints. This standardization 
has led to the tremendous acceleration in the development of the elec-
tronics industry, resulting in the complex system-on-chip technology of 
today. In the field of microfluidics, this is aimed for by the ISO workshop 
agreement, which is supported by key European players in the field 
(Dekker et al., 2018). 

To bring the OoC field further, open source technological solutions 
need to be developed that allow both design freedom for the researcher, 
as well as promote device and setup interoperability to avoid continuous 
reinventing of the wheel by companies and PhD students all over the 
world. This could be achieved by agreeing on various standards such as 
chip-chip interfacing, chip-world interfacing, standardization of exper-
imental values (e.g. shear stress), and readouts. This demand for stan-
dardization is also observed and met in the Translational Organ-on-Chip 
platform by the non-profit organization hDMT (TOP-hDMT, online, 
Vollertsen et al., 2020). 

4.5.2. Obtaining higher throughput 
Currently, the OoCs in most research labs can be labor-intensive in 

both terms of production and usage, and challenging to use, as they 
require a lot of manual handling and experience with both microfluidics 
and cell culture (Sontheimer-Phelps et al., 2019; Probst et al., 2018). 

There are two systems from two key players in commercial OoCs: 
Mimetas and Emulate, which can obtain respectively high and medium 
throughput research output. Firstly, the OrganoPlate® systems of 
Mimetas are based on a 96-well plate, containing 96 2-channel OoCs or 
40 3-channel OoCs. The systems can be combined with a pipetting robot, 
resulting in a high throughput and automated system. However, the 
main disadvantage of their system is the need for a hydrogel in both 
platforms as discussed above (Section 4.2.3). Furthermore the co-culture 
area between the two channels is small, which might be a problem for e. 
g. RNA sequencing. The ZOË™ platform of the company Emulate pro-
vides a system which allows the culture of 12 OoCs, under fluid flow and 
mechanical stretch during cell culture. However, their system requires a 
special commercially available incubator and the chips need to be taking 
out individually for microscopic visual inspection. 

A sophisticated method to allow multiplexing and automated liquid 
control in microfluidic systems are integrated microvalves, which can be 
applied for mixing, pumping and compartmentalization purposes. 
Different examples of such systems with microvalves are already pre-
sented, which enable a higher throughput, but compromise on the 
physiologically relevance of the 3D environment which constitutes OoCs 
and are of particular importance for AHAM-on-chips (Vollertsen et al., 
2020; Schuster et al., 2020; Zhang et al., 2019; Sikorski et al., 2015). To 
accelerate the development of OoCs, it will be essential to obtain systems 
allowing automated control and higher throughput, while maintaining 
physiological relevance (Probst et al., 2018; Rothbauer et al., 2019). 

5. Conclusion 

The complexity of the AHAM interface in our intestine emphasizes 
the need for a good model to study the interactions between the intes-
tinal microbiota and ourselves, the host. OoC technology provides a 
versatile method to allow the study of organ-level functions and effects, 
while still having the major advantage of in vitro models; a well- 
controlled environment. There are already a number of different OoC 
systems which aim to mimic the AHAM interface on-chip, all showing 
innovative approaches and promising results. The discussed systems 
show the versatility and potential of microfluidics to mimic the AHAM 
interface. 

We discussed several challenges which have to be taken into account 
when designing or using an AHAM-on-chip, such as the importance of 
oxygen modulation, the implementation of oxygen sensors, well defined 
biomimetic conditions such as shear stress, the desired chip material and 
fabrication method. We believe it is crucial to make a clear distinction 
between aiming for the small or the large intestine, as these host- 
microbiota interface differ in anatomy, physiology and their chemical 
environment. The field of OoCs is currently very diffuse, which is 
desirable as the development of new materials, methods of oxygen 
control etc. can result in interesting outcomes. However, for OoCs to 
become more accessible and widely used, we advocate for more stan-
dardization in terms of chip lay-out, chip-chip interfacing and chip- 
world interfacing, to facilitate modular systems. 

An AHAM-on-chip can become a technological and biological 
extremely complex system when all aspects addressed by us are imple-
mented, which makes a multi-disciplinary team valuable (or maybe 
even essential) to cover all elements. Furthermore, one should make a 
thoughtful trade-off between the quality of the representation of the in 
vivo AHAM interface and the attainableness of the in vitro system. The 
required complexity or completeness of the OoC device should depend 
on the research question or hypothesis at hand. In conclusion, micro-
fluidic AHAM-on-chip technology provides a promising tool to study 
host-microbiota interactions under a well-controlled environment to 
unravel the underlying mechanisms of these interactions. 
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