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FIGURE 3 | State of the art in gut-on-a-chip platforms. (A) Illustration of the cross section of an organ chip with two chambers and flanking vacuum chambers,
which are used to perform mechanical deformation. Gut epithelial cells are grown on top of a porous membrane. The upper (epithelial) chamber is perfused by the
blue pump and the lower chamber is perfused by the red pump. Two lateral chambers allowed application of vacuum to the side chambers to produce cyclic
mechanical strain in the direction of the arrows to mimic peristalsis (Reproduced from Huh et al., 2013 with permission from The Royal Society of Chemistry).
(B) Photograph of the organ chip constructed from PDMS elastomer with the upper (epithelial) chamber infused by a syringe attached to a pump with a blue dye and
the lower chamber being infused with a red dye. The direction of fluid flow is in the direction of the arrows. Cells are seeded in the labeled cell channel. Application of
vacuum to produce cyclic mechanical deformation is performed through tubing attached to vacuum chambers flanking the main micro channel using a vacuum
controller (Reproduced from Huh et al., 2013 with permission from The Royal Society of Chemistry). (C) Caco-2 cells grown under cyclic mechanical strain formed of
three-dimensional “villus-like” structures and crypts. Immunofluorescence staining with DAPI nuclear staining (blue), f-actin (green), and mucin staining (magenta).
(Reproduced from Huh et al., 2013 with permission from The Royal Society of Chemistry). (D) Horizontal and (E) vertical cross-sections of green fluorescent protein
(GFP) expressing E. coli (green) co-cultured with Caco-2 cells on-a-chip (DAPI nuclear stain in blue; F-acin stain in magenta). Dotted line represents the villous
surface of these intestinal cells. (F) Cessation of mechanical strain (deformation) leads to bacterial overgrowth as seen in Caco-2 cells grown with GFP expressing
E. coli. (G) Quantification of bacterial overgrowth. + Str = cells and bacteria grown in the presence of mechanical strain. – Str = without mechanical strain.
(Reproduced from Kim et al., 2016 with permission from The National Academy of Science). *Represents statistical significance as determined by p-value < 0.05.

cells was capable on organ chips but not in conventional cell
culture, making organ chips a powerful tool for understanding
morphogenesis and development. This was further confirmed in
a paper by Sunuwar and colleagues which used human jejunal
enteroids to show that luminal and basolateral flow produce
a model of continual differentiation and NaCl absorption that
mimics normal intestine that will be useful in modeling normal
intestinal physiology (Sunuwar et al., 2020).

Application of pulsatile flow and mechanical deformation
has allowed co-culture of microbes in direct contact with
epithelial cells (instead of with a thin membrane) and for
the ability to maintain systems for weeks, longer than any
static cell culture systems (Kim et al., 2012; Huh et al.,
2013). In fact, it was shown that specific cessation of pulsatile
flow (stopping the peristalsis-like motion) while maintaining
continuous flow, lead to bacterial overgrowth, demonstrating
that the lack of pulsatility, not the lack of fluid flow, is

the likely mechanism of bacterial overgrowth. This may have
implications for the disease small intestinal bowel overgrowth
(SIBO), which occurs in the setting of ileus and may suggest
that the mechanism of overgrowth has more to do with
decreased peristalsis rather than lack of fluid flow in the
intestine and that restoring motility may help treat this disease
(Kim et al., 2016).

Incorporation of the Microbiome Into Gut
Chip Models
Gut microbiome study has been limited to genomic and
metagenomic analysis given difficulty in culturing the largely
anaerobic bacterial population. Conventional 2D models are
unable to support co-culture of microbiome with cells for
extended periods of time limiting analyses because the aerobic
bacteria rapidly overgrow and contaminate the cultures in a
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day. Additionally, obligate anaerobic bacteria are unable to be
effectively cultured.

Kim et al. (2012) developed the first microfluidics-based
system to co-culture human and microbial organisms using
Caco-2 cells and Lactobacillus rhamnosus GG for greater than
1 week. Shin and Kim (2018) developed a more sophisticated
model called HuMiX (human–microbial crosstalk), which again
used co-culture of Caco-2 cells with L. rhamnosus GG or
Bacteroides caccae, this time under anaerobic conditions.
Their model demonstrated transcriptional, metabolic and
immunologic responses that differed between the two different
microbial species (Shah et al., 2016). Limitations of this model
include physical separation of intestinal and microbial cells by a
thin membrane and lack of pulsatile flow (Kim and Ingber, 2013).

A subsequent model allowed for direct contact between
epithelial cells and microbes (Figures 3D,E). This was shown
to be possible through the integration of pulsatile flow and
mechanical deformation, which produced peristalsis-like waves
of deformation (Figures 3F,G) (Kim et al., 2012, 2016) (see
section on intestine chip models of peristalsis). They found that
co-culture of L. rhamnosus GG with intestinal epithelial cells
improved intestinal barrier function and also demonstrated that
pathogenic bacteria such as enteroinvasive Escherichia coli can be
integrated into this model (Kim et al., 2016).

One major hurdle to studying the interactions of the
comprehensive gut microbiome and intestinal epithelia is that
hundreds of bacteria species are obligate anaerobes that will
not grow under aerobic conditions (>0.5% O2) required to
grow intestinal cells (Flint et al., 2012). A recent gut-on-a-
chip model overcame this problem by incorporating physiologic
oxygen gradients into a gut chip which included primary human
ileum epithelium and endothelial layers. Their chip contained
two chambers: the epithelial chamber was anaerobic and the
vascular (endothelial) chamber grown in aerobic conditions.
These chambers were separated by PDMS. Diffusion of oxygen
from the aerobic chamber produced an oxygen gradient with
oxygen concentration <0.3%. The authors fabricated oxygen
sensors with embedded oxygen-quenched fluorescent particles
along the epithelial and vascular channels to for real-time non-
invasive monitoring of oxygen levels. They grew Caco-2 cells
and primary ileal epithelium in this chip. They demonstrated
that the obligate anaerobe Bacteroides fragilis was able to grow in
this system and demonstrated improved growth when anaerobic
conditions were applied. They used microbiota originally derived
from healthy human stool specimens in order to produce the
first in vitro microbiome epithelium co-culture. This oxygen
gradient allowed for the stable co-culture of the microbiome
community in the same channel as mucus-producing human
villus intestinal epithelium for 5 days and again showed
improved growth of obligate anaerobes in the anaerobic system
(Jalili-Firoozinezhad et al., 2019).

Incorporation of the gut microbiome on-a-chip opens doors
for many questions previously unanswerable such as how
microbial composition differs on the cell surface versus lumen,
how specific bacteria interact with host cells and tracking of
these dynamics over time in response to stimuli. Additionally,
immune cells, epithelium from different regions of the intestine,

and specific microbial aspirates from those regions can be added
to this system to model specific geographic regions along the GI
tract (Poceviciute and Ismagilov, 2019).

Gut Inflammation On-a-Chip
Chip based models have been used to study gut inflammation
and inflammatory bowel disease (IBD). Addition of
lipopolysaccharide (LPS) endotoxin to a microfluidic model
of the epithelial microchannel demonstrates secretion of
proinflammatory cytokines interleukin (IL)-1beta, IL6, IL8,
and tumor necrosis factor (TNF)-alpha which lead to increased
expression of intercellular adhesion molecule (ICAM)-1, villous
blunting, and intestinal barrier dysfunction similar to that seen
in inflammatory bowel disease (Kim et al., 2016). An intestinal
chip model was also used to study radiation induced gut injury
(Jalili-Firoozinezhad et al., 2018).

More recently, in order to identify the initiating factors in
gut inflammation, a gut chip incorporating the well-established
dextran sodium sulfate (DSS)-induced colitis model (Solomon
et al., 2010; Chassaing et al., 2014) was used to assess the
effects of gut epithelial barrier dysfunction (DSS treatment),
microbial pathogens (E. coli or its byproduct LPS), immune
components [peripheral blood mononuclear cells (PBMC)],
probiotics in various combinations. They demonstrated epithelial
barrier dysfunction, pathogenic bacteria (E. coli or LPS), and
immune cells were required to get gut inflammation and that
pretreatment with a probiotic (VSL #3) was able to suppress gut
inflammation (Shin and Kim, 2018).

Another study using an intestinal chip model demonstrated
that LPS disrupted the intestinal barrier and that lactobacillus was
able to protect against the invasion across the epithelium of the
opportunistic pathogen Candida albicans in this model (Maurer
et al., 2019). Another model of enterohemorrhagic E. coli
(EHEC) infection, a pathogenic bacterium causing diarrheal
illness, showed that addition of specific metabolites from the
gut microbiome potentiate the pathogen’s infection, providing a
potential explanation for why certain organisms (e.g., mice) and
certain human subpopulations (e.g., children) may have different
susceptibilities to EHEC (Tovaglieri et al., 2019).

Recently, a gut-on-a-chip model was used to study the
relationship of the entero-invasive intestinal pathogen Shigella
and colonic mucosa. Shigella is a pathogen bacillary dysentery,
a severe diarrheal illness, with a small inoculation, as few as a
few hundred bacteria; however, Shigella are particularly hard to
culture using traditional cell culture methods (Sansonetti et al.,
1996). A gut-on-a-chip system with incorporation of peristalsis-
like activity (as described above, see section on “Models of
Peristalsis in Intestinal Chips Models”) (Kim et al., 2016) was
found to increase the capability of this bacterium to invade
human colonic epithelium (Grassart et al., 2019). This provides
an important animal-free model that more accurately models
Shigella infection that traditional methods.

Models of Metabolism
The intestine is an important contributor to drug absorption and
metabolism that is understudied. First pass metabolism — drug
metabolism that occurs before systemic circulation of drugs is

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 11 July 2020 | Volume 8 | Article 725

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


fbioe-08-00725 July 30, 2020 Time: 18:28 # 12

Steinway et al. Bioengineered Models of the Intestine

a major barrier to drug bioavailability. Traditionally thought to
occur in the liver, it has been more recently identified to occur
in the intestine as well (Thummel, 2007; Thelen and Dressman,
2009). Animal models are not great for predicting bioavailability
for numerous reasons (Martignoni et al., 2006; Paine et al., 2006;
Komura and Iwaki, 2011). Human in vitro models of intestinal
drug absorption have generally used Caco-2 cell lines in cell
culture or Transwell plates. Issues with these systems include
lack of three-dimensional cellular architecture, lack of other
cell populations present in the gut, altered expression profiles
of drug transporters and drug metabolizing enzymes, especially
CYP450s, and aberrant CYP450 induction response, making
use of these models challenging for predicting clinical human
responses (Sun et al., 2008). Human intestinal microsomes are
more commonly used for gut metabolism rather than Caco-2 cells
since they lack CYP450 activity (Hatley et al., 2017).

Several intestinal chip models of drug metabolism were
recently developed as possible low-cost, in vitro platforms for
monitoring drug metabolism. The first used Caco-2 cells to
evaluate bioavailability of two drugs (Guo et al., 2018). A second
drug metabolism model was adapted from the primary cell
human duodenum-on-a-chip model (Kasendra et al., 2018).
This model demonstrated polarized cell architecture, intestinal
barrier function, presence of specialized cell subpopulations, and
expression, localization, and function of major intestinal drug
transporters. Notably, when compared to Caco-2 cells, this model
displayed improved CYP3A4 expression and induction capability
(Kasendra et al., 2019). Lastly, a “functional coupling” organ chip
model incorporating intestine, liver, kidney, blood–brain barrier,
and skeletal muscle was used to screen drugs to identifying
multi-organ toxicity and absorption, distribution, metabolism
and excretion. In this publication, each microphysiologic system
was run separately in labs across the US and the samples from
each chip were shipped to each lab. This operation is not
practical for drug screening and questionable to be useful for
this purpose, which led to the development of multi-organ chips
(Vernetti et al., 2017).

Gut Chips of the Different Regions of the
Intestine
The gastrointestinal system from the mouth to anus is subdivided
based on anatomic and physiologic function into the esophagus,
stomach, small intestine (consisting of duodenum, jejunum, and
ileum), large intestine, rectum, and anus. Organ chip models
of the various gut regions have been constructed. A duodenum
on a chip constructed using biopsy samples and was shown
to transcriptionally more closely resemble in vivo duodenum
than organoids (Kasendra et al., 2018). An organ chip derived
from human ileum samples was used to understand mucosal
microbiome interactions (Jalili-Firoozinezhad et al., 2019). This
model is more extensively described in the above section entitled
“Incorporation of the Microbiome Into Gut Chip Models.” More
recently an organ chip constructed from human colonic mucosal
tissue was developed to study mucus formation. This model
demonstrated a subpopulation of proliferative epithelial cells,
goblet cells, and the accumulation of a mucus bilayer with

thickness similar to what is seen in vivo. In response to
prostaglandin E2 the mucus layer underwent volume expansive.
This model was responsive to prostaglandin in a Na-K-Cl
cotransporter 1 dependent manner (Sontheimer-Phelps et al.,
2020). There currently is not an organ chip model of the
esophagus, although esophageal organoids have been developed
from human pluripotent stem cells. Future development of an
esophagus-on-a-chip will be an important direction. Another
important future direction will be the further use of current
region specific gut chips for investigation of specific physiology
and disease processes pertaining to these regions.

Multi-Organ Chips
Multi-organ chips attempt to model multiple organ systems
through the culture of multiple cell types that are connected in a
microphysiologic system. In one of the seminal multi-organ chip
models, Tsamandouras et al. (2017) demonstrate the quantitative
contribution of gut and liver microphysiologic systems to drug
absorption and metabolism as individual and interconnected
MPSs. A three-compartment microfluidic “digestion-on-a-chip”
model system was created to study digestion in vitro. This
was constructed using three compartments in series to mimic
the environments of the mouth, stomach, and small intestine.
Each compartment was with specific pH, buffer, and mineral
composition as well as saliva, gastric, and duodenal fluid in
order to mimic their respective local physiologic environment.
Digestion of starch, casein, and milk protein (lactoferrin) were
used in the study as model nutrients and enzyme kinetics
were monitored in real time across the system. Notably, no
gut mucosa was used in these models, which limits its current
use for the study of drug metabolism and bioavailability
(De Haan et al., 2019).

Another study developed a microfluidic platform connecting
the liver, stomach, and intestinal cells in a multi-organ-on-a-chip,
with the goal of using this as an in vitro drugs screening platform,
given that not only the liver, but the intestine and stomach play
roles in drug metabolism (Jin et al., 2018).

Recent studies suggest peripheral inflammation and microbial
pathogens could be triggers for neurologic diseases like
Alzheimer’s (AD) and Parkinson’s disease (PD) (Dominy et al.,
2019; Rekdal et al., 2019). Recently the European Research
Council (ERC) funded a project called “MINERVA” aimed
at evaluating the effect of intestinal microbiota on brain
functionality through development of a gut-brain chip model.
This model has five miniaturized organs (gut microbiota, gut
epithelium, immune system, blood–brain-barrier, and the brain)
connected hydraulically through a microfluidic system. The goal
of this work is to test the effect of microbiota from AD versus
healthy patients in the system (Raimondi et al., 2019).

CONCLUSION AND FUTURE
PERSPECTIVES

In this review, we describe the recent efforts to develop micro-
physiological models of the GI system. The overarching goal
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of organ-on-a-chip technology is to emulate in vivo system
physiology in a highly controllable environment. Despite the
significant listed efforts to model the GI tract in vitro, there
remain significant challenges and room for improvement in
model development.

We still can only model a handful of cell types at a time.
Being able to interface numerous cell types at once will be a
challenge but is important to recapitulate many processes. For
example, modeling the microbiome interactions with epithelium
is interesting but the human immune system is very important
for pathogen response and in the induction of tolerance (Belkaid
and Hand, 2014). Some incorporation of the immune system
into organ chips is currently possible but it is largely limited to
infusion of peripheral blood mononuclear cells and injection of
various cytokines. Furthermore, future work needs to identify
ways to integrate the ENS, which is recognized as having an
increasingly important role in the regulation of stress response,
blood flow, secretion, metabolism, and immune regulation
(Sharkey et al., 2018).

Organ-on-a-chip technology will be quite powerful for
advancing personalized medicine approaches. Organoids can be
used to do some personalized studies, but they lack the ability
to incorporate multiple tissue types and their luminal surface
is on the interior of the organ and so not directly open to
drug treatment (as described above); thus, they are limited in
their use in personalized medicine approaches. Organ-on-a-chip
technology will allow growth of patient-specific samples in the
presence of microbiome and immune systems and so will more
fully incorporate these factors in.

Organ-on-a-chip technology is creating a new wave of
powerful in vitro tools that overcome many of the limitations of
traditional cell culture and have begun to allow many complex

biomedical questions to the asked that were unattainable with
previous technology. There remain many avenues to improve this
technology to make it more biologically relevant as it becomes an
increasingly important tool in biomedical research.
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