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Abstract: Overwhelming scientific evidence today confirms that the gut microbiota is a central player
in human health. Knowledge about interactions between human gut microbiota and human health has
evolved rapidly in the last decade, based on experimental work involving analysis of human fecal samples
or animal models (mainly rodents). A more detailed and cost-effective description of this interplay is now
being enabled by the use of in vitro systems (i.e., gut-microbiota-on-chip systems) that recapitulate key
aspects of the interaction between microbiota and human cells. Here, we review recent examples of the
design and use of pioneering on-chip platforms for the study of the cross-talk between representative
members of human microbiota and human microtissues. In these systems, the combined use of state-of-
the-art microfluidics, biomaterials, cell culture techniques, classical microbiology, and a touch of genetic
expression profiling have converged for the development of gut-on-chip platforms capable of recreating key
features of the interplay between human microbiota and host human tissues. We foresee that the integration
of novel microfabrication techniques and stem cell technologies will further accelerate the development
of more complex and physiologically relevant microbiota-on-chip platforms. In turn, this will foster the
faster acquisition of knowledge regarding human microbiota and will enable important advances in the

understanding of how to control or prevent disease.

Keywords: Microbiota; host; interplay; intestine; gut-on-chip; microfluidics; bacteria

Received: 22 April 2018; Accepted: 20 August 2018; Published: 16 October 2018.
doi: 10.21037/mps.2018.09.01
View this article at: http://dx.doi.org/10.21037/mps.2018.09.01

Introduction (20-22), metabolic syndrome (23), hepatic inflammatory

disease (24), and some forms of cancer (3,7,25,26). A

The stability and assembled function of our intestinal ) ]
growing body of evidence supports the role of the gut

microbiota is key to determining (and assessing) health

(1-4) and disease (5-7). Alteration in the normal human microbiota (and its metabolites) in the regulation of blood

microbiota, referred to as dysbiosis (5,8,9), has been
associated with many diseases (5) and syndromes, such as
diabetes (10-12), autoimmune diseases (13-15), allergies
(8,16,17), inflammatory bowel disease (9,18,19), obesity
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pressure (27), and the interplay between our immune
system and our microbiota (1,8,13). Not surprisingly,
the study of human microbiota (and the microbiome)
has accelerated (4,15,28,29) during the last decade. The
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cumulative technical knowledge on the origin, dynamics,
and importance of human gut microbiota has enabled
significant advances in biomedicine and nutrition.

However, the study of the host-microbiota interaction
in vivo is limited by the inaccessibility of the digestive
tract. Therefore, the study of the interplay between the
human host and its microbiota has been mainly limited
to the analysis of human fecal samples (30,31) and studies
in animal models (mainly mice) (32,33). Nevertheless,
these platforms have inherent limitations. For example,
experimentation with human volunteers is expensive
and time-consuming. Moreover, in human subjects, the
effect of a specific experimental variable is difficult to
assess independently. Research using animal models is
also expensive, and not always scalable or fully significant
to humans (34,35). Research with animal models or
with humans must also adhere to strict ethical and legal
frameworks that understandably limit scope and speed.

These limitations can be overcome by the use of in
vitro systems based on two-dimensional (2D) cell culture
methodologies. These systems have been used to study
basic features of the complex processes that take place in the
human intestine, such as the absorption of pharmaceutical
compounds and nutrients and the dynamics of parasite
infection, among others (36,37). However, experimental
evidence has shown that 2D cell culture systems fail to
reproduce some relevant aspects of the complex architecture
and dynamics (i.e., morphophysiology) of the human
intestine (36-39). It is anticipated that, the availability of
more physiologically relevant in vitro platforms will further
propel research on the interplay between microbiota and
host cells. These platforms should recapitulate some of
the key aspects of the dynamics of the human gut, a highly
complex environment.

One active front of research is the development of gut-
on-chip models that are capable of emulating some relevant
features and dynamic behaviors of the human intestinal
tract. This approach is challenging due to the complexity
of both the architecture and function of the human gut
and its microbiota. However, gut-on-chip systems have
the potential to provide answers that cannot be obtained
using conventional experimental platforms. The gut-on-
chip platforms enable a fine control of culture conditions
and could lead to the implementation of high-throughput
analytical techniques.

The aim of this paper is to review the state of the art
and to survey the advances in the gut-on-chip technologies
that directly relate to improving our understanding of the
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complex interplay between gut microbiota and human
physiology. We start by briefly describing the composition,
physiological relevance, and basic dynamics of human
microbiota. We then comment on the architecture of the
human intestine and the general approaches used to select
biomaterials and scaffolds to recapitulate some aspects of
the interaction between the physical environment of the
intestine, the key bacterial actors of the human microbiota,
and human intestinal cells. We also review, in detail, the
relevant and recent information related to the conceptual
design, fabrication, and applications of gut-on-chip systems,
focusing on the study of the interplay between the human
host and the human microbiota. In particular, we discuss a
set of pioneering examples of gut-on-chip systems that aim
to emulate some relevant functional features and events
related to the interactions between human gut tissues and
intestinal microbiota. We describe these from simple to
more complex in terms of system architecture and dynamics
and the degree of interaction between microbiota (one
or more types of bacteria) and human cells (i.e., intestinal
epithelial cells, immune cytokines). We then comment
on the use of microfabrication techniques (particularly
3D printing and bioprinting) and stem cell strategies, two
powerful enablers of next-generation gut microbiota-on-
chip platforms. Finally, we briefly refer to some of the
opportunities and challenges that we foresee regarding the
use of gut microbiota-on-chip systems to address relevant
and pressing problems related to human health.

The relevance and complexity of human
microbiota in a nutshell

Although the estimates vary widely, a recent report
concludes that a 70-kg reference human is inhabited by
approximately 10" symbiotic bacteria (roughly 0.2 kg in
dry weight) (40) that reside primarily in the intestine. The
number of human cells in this average individual would be
within the same order of magnitude, if erythrocytes (non-
nucleated cells) are included in the calculation (Figure 1A).
Therefore, a ratio of 1:1 for bacteria:human cells appears to
be a more realistic figure than the frequently referred (41,42)
[and recently questioned (40,43)] 10:1 ratio (note that this
ratio holds true if erythrocytes are not counted). These
revised numbers justify the hypothesis that our microbiota
is at least as important as our own cells, in the context of
human physiology and health.

At the level of the intestine, the ratio between bacteria
and intestinal cells becomes impressively high. The trillions
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Figure 1 The complexity of human microbiota. (A) Ratios of human to microbiota cells. Taken with permission from reference (40). (B)
Scheme that shows the complex set of interactions between the human microbiome and key environment variables. The core is surrounded
by a set of variably represented genes (blue): this variation could be influenced by a combination of factors (arrows) including transient
populations of microbes that are not able to persistently colonize (allochthonous organisms), lifestyle (including diet), various environmental
exposures (place of residency or work), host genotype, host physiologic status including the properties of the innate and adaptive
immune system, and disease. Taken with permission from reference (29). (C) Succession of microbial consortia in a developing infant gut

microbiome. Taken with permission from reference (41). (D) Variation in the composition of the gut microbiota among 242 healthy humans.

Taken with permission from reference (4).

of microbes (44-46) that inhabit the human intestine form a
complex ecological community (4) whose collective genome
contribution, the “microbiome”, contains at least two orders
of magnitude more genes that our own human genome (46).
These remarkably high numbers of bacteria in the human
gut have physiological purposes (4,46). For one, microbiota
greatly enriches our food processing capabilities, providing
us with a metabolic arsenal that facilitates the digestion
of materials that we are unable to process with our own
enzymatic machinery (46).

The composition of human gut microbiota is highly
complex and has only been partially elucidated (4,41,44,47).
Several different studies have identified a common core of
bacteria in the human intestine (4,31,41,46,48,49) while
it harbors a stunningly diverse array of microbial species

© Microphysiological Systems. All rights reserved.

mps.amegroups.com

[100-1,000 species (50)]. Although very diverse in terms
of species and strains, more than 90% of the phylogenetic
types (phylotypes) found in the human intestine belong to
just two of the 70 known divisions of bacteria, namely, the
Bacteroidetes and the Firmicutes; the remaining phylotypes
are distributed among eight other divisions (51-53).

As previously referred, current evidence confirms
that the composition of gut microbiota and its degree of
diversity play a crucial role in human health and disease (5,6).
Consequently, understanding the cross-talk between the gut
environment and the dynamics of the microbiota, as well as
the evolution of our microbiota through life, has received
particular attention in the last decade. A brief summary of
our current knowledge on these particular topics follows.

The gut microbiota appears to have evolved with humans
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(48,49,53) in an intimate symbiosis that has occurred over
many millennia. Nevertheless, the gut microbiome is not
significantly associated with genetic ancestry, and the host
genetics play only a minor role in determining the ultimate
microbiome composition (54). By contrast, the composition
of the microbiome of any single individual (4,20,49) is
significantly influenced by multiple environmental factors
(13,29,55), including diet and exposure to food additives
(56) and drugs (i.e., antibiotics) (57,58). Over 20% of the
inter-person microbiome variability has been associated
with environmental factors (Figure 1B) (54). Indeed,
significant variation is observed in the core composition
of the microbiota in different geographical and cultural
settings, and a similarity in the gut microbiota among family
members has been documented (59). Significant similarities
also exist in the compositions of the microbiomes of
genetically unrelated individuals who share a household (54).

Within an individual, the microbiota composition varies
across age (2,59,60). A share of microbiota “memory”
is present at birth, as skin or vaginal microbiota are
transferred from mother to child during delivery (61)
and breastfeeding (62). Throughout early development, a
significant fluctuation in microbiota has been documented
(Figure 1C) in any given individual (6,63); gut microbiota
evolves in time from a community dominated by the
bacteria acquired during birth, which help the infant to
assimilate certain nutrients and boost its immune system,
to a relatively constant core composition in the healthy
adult dominated by Bacteroidetes and Firmicutes (2,52).
Variations in microbiota among healthy individuals in
a given population appear to be much higher than the
variation within a healthy individual during adulthood
(Figure 1D) (4). However, if a healthy subject is exposed
to out-of-the-ordinary events, such as a drastic change in
diet, an acute infection, or antibiotic administration, the
composition of the microbiota could be severely disturbed,
but it eventually and resiliently returns to the previous-to-
disturbance status (4,44).

Cells, biomaterials, and scaffolds useful to study
microbiota-host interactions

Several reaction/culture systems (human-gut-simulators)
are in use to culture the human microbiota and recreate its
composition and biochemical activity in different sections
of the gastrointestinal tract (55,64,65). These systems,
conventionally composed of a series of reactors in the scale
of hundreds of milliliters of volume, are frequently used
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in the context of absorption/nutrition studies. However,
most previously reported gut-on-chip devices do not
attempt to recreate the highly complex composition and
dynamics of the human gut microbiota; rather, they aim
to recapitulate relevant pieces of it, and they do provide
valuable information. Indeed, most of the reported
experiments on microbiota-on-chip systems have considered
one or two bacterial strains, with only a few reported results
with bacterial species. The most commonly used bacterial
strain in gut-on-chip systems is Escherichia coli (66), which
is frequently used as a commensal model (67-69). In some
reports, pathogenic entero-invasive E. co/i strains have been
used to model invasion or infection by pathogenic bacteria
into the commensal bacterial biofilm or the host intestinal
endothelium (67,68). Other pathogenic bacteria used in
gut-on-chips include Staphylococcus aureus, Pseudomonas
aeruginosa, and Salmonella typhimurium (69,70). Some lactic
acid bacteria have been used to model the presence or the
biochemical contribution of beneficial bacteria (probiotic
bacteria) in human microbiota (69,71,72).

The complexity of the composition and dynamics of
the human gut microbiota is only one of several important
aspects to consider in the design of relevant microbiota-on-
chip systems. One challenge is to develop intestinal scaffolds
that are capable of reproducing the complex multi-scale and
multi-layered architecture, as well as surface topography
and function, of the human intestine. Figure 24 shows a
simplified graphical representation of the architecture of
the intestinal tissue. The intestine has folds (better known
as circular folds) that increase the surface area available
for optimized absorption of nutrients. The epithelium
of the human small intestinal possesses a distinct crypt-
villus architecture (31). The villi are finger- or tongue-
like microstructures (depending on the portion of the
intestine) that are formed by epithelial cells and protrude
into the intestinal lumen. With an average height and base
length of 550 and 160 pm, respectively (73), the villi are the
minimum functional unit of intestinal tissue. The valleys
between the villi are known as crypts. The crypt-villus axes
exhibit a characteristic tissue polarity, in which proliferative
cells reside inside crypts whereas mainly differentiated cells
form the villi (74,75).

Another important player in the intestinal dynamical
equilibrium between microbiota and human cells is the
intestinal mucus (76). The intestinal epithelium is covered
with a mucus layer approximately 100-pm in thickness (77)
that is secreted by the goblet cells (76). The mucus
layer, long underappreciated, limits the direct contact
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Microphysiological Systems, 2018 Page 5 of 23

A Biofilm

2 e——Mucus layer

Luminal space

Luminal space

Mucosa 4 & Antimicrobial peptides
» | Epithelial cell
1 Mucus layer
~a&» Bacteria

@ T cell

“ Macrophage

Submucosa

PDMS
villi mold

Alginate
reverse mold

3D cell
structure

‘

‘
3D hydrogel
structure

‘

Middle

Figure 2 Biomaterial-based strategies to recapitulate the complex architecture of the intestinal membrane. (A) schematic representation of
the multi-scale architecture of the human intestine membrane and the complex host-microbiota environment inherent to it. (B) Fabrication
of intestinal villi-like structures on polymeric porous membranes. Taken with permission from reference (73). (C) Decellularized duodenal
rat tissue showing tongue-shaped villi. Taken with permission from reference (74). (D) Strategy of fabrication of alginate scaffolds with
villi-structures fabricated by molding. Modified from reference (75). (E) Caco-2 cells and (e1) Lactobacillus casei or (e2) Staphylococus aureous
cultured in alginate scaffolds with villi-like structures. (e3) Co-culture of Caco-2 cells (blue), Lactobacillus casei (red), and Staphylococus aureous
(green) in alginate scaffolds with villi-like structures. Taken with permission from reference (69). (F) Collagen-based scaffolds containing
villi-like structures produced by 3D bioprinting (f1) containing viable Caco-2 cells. DAPI staining was used to identify cell nuclei, and the

expression of MUC17 was revealed by immunohistochemistry (£2). Taken with permission from reference (76).
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between bacteria and human cells and slows down
bacterial penetration into the epithelial monolayer, while
concentrating the anti-bacterial peptides produced by
the crypt Paneth cells. Without mucus, the anti-bacterial
peptides would be quickly diluted into the luminal content.
Therefore, the mucus helps to establish an antibacterial
chemical gradient.

In recent years, several researchers have engineered
scaffolds that resemble specific features of the architecture,
topography, and functionality of the human intestine
(4,69,70,78,79). For example, the epithelial layer in the
intestine plays a fundamental role as a permeable membrane
that allows the transport of materials from the lumen to
the blood stream. Several approaches have been used to
specifically mimic this permeable barrier function. For
instance, Esch er al. described the fabrication of permeable
polymeric membranes of tunable 3D shapes that could
be integrated into microfluidic systems to emulate the
functions of physiological membranes (80). These authors
developed a simple method based on the partial exposure
of photoresist (SU-8) on flat silicon substrates to produce
flat membranes with pores of 0.5 to 4.0 mm in diameter.
Alternatively, thin layers of SU-8 were dispensed and air-
dried over silicon pillars of specific 3D shapes (Figure 2B)
to fabricate porous membranes that resembled the villus
intestinal architecture and served as a scaffold for the culture
of Caco-2 cells. These microfabricated membranes could
be used to integrate barrier tissues (e.g., the gastrointestinal
tract epithelium, the lung epithelium, or other barrier
tissues) within multi-organ “human-on-a-chip” devices.

Alternatively, intestinal tissues might be decellularized
and used for engineering the gut microstructure. In fact,
the use of decellularized gut tissues has been suggested (81),
but not yet implemented, in the development of microbiota-
gut-on-chip platforms. Several simple protocols have been
reported for decellularization of intestinal tissue, mainly
for tissue engineering applications (81-83). For instance,
Totonelli e al. used decellularized rat intestinal tissue as
a scaffold that preserved the architecture of the intestinal
(duodenal) tongue-shaped villi (Figure 2C) (81). Briefly, both
the intestinal lumen and the vascular tree were perfused
with continuous fluid delivery using a peristaltic pump at
0.6 mL/h. Each detergent cycle consisted of successive
and slow flowing of (I) deionized water (resistivity 18.2
MQ/cm) at 4 °C for 24 h, (II) 4% sodium deoxycholate at
room temperature for 4 h, and (III) 2,000-kU DNase-I in
1 M NaCl at a residence time of 3 hours (each solution).
After each treatment cycle, the constructs were preserved
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at 4 °C, in phosphate buffer saline (PBS) containing 5% of
antibiotic-antimycotic solution. Subsequent histological
examination and scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) analyses
confirmed the removal of cellular elements while preserving
the native architecture of the tissue. Moreover, the
decellularized tissue exhibited similar mechanical stiffness to
that of the native tissue, adequate cell adhesion (as evaluated
by culturing amniotic fluid stem cells), and angiogenic
properties (as measured using chicken embryo assays).

A series of papers have described the development
and use (again mainly for tissue engineering purposes) of
collagen-based scaffolds that resemble the 3D structure
of the finger-like intestinal villi (78,79,84,85), such as the
ones present in ileum and jejune. For example, Costello
et al. developed an in vitro artificial intestine from
poly(lactic-co-glycolic acid) (PLGA) (69,70,86), which could
be molded into villous shapes to mimic the topography of
the small intestine, thereby providing a platform for the
differentiation of epithelial cell types and the subsequent
adhesion/invasion of pathogenic bacteria (Figure 2D). The
authors showed that different strains of bacteria could attach
to epithelial cells residing at different locations of the crypt-
villus axis. In addition, in this 3D environment, probiotics
exerted their effects through different mechanisms.
For example, Lactobacillus gasseri was more effective at
displacing Salmonella typhimurium once it had colonized,
whereas E. coli Nissle was more effective at preventing
attachment of S. typhimurium (Figure 2E). Alternatively,
direct 3D-bioprinting has been used to fabricate crypt-
villi structures with some degree of tissue functionality.
Kim ez al. (78) developed a Caco-2 cell-laden collagen ink
(cross-linkable with tannic acid), and 3D-bioprinted villi-
like structures in which expression of three indicators of
epithelial differentiaion [MUC17, E-cadherin, and alkaline
phosphatase (ALP)] was observed (Figure 2F).

Another important consideration regarding the
development of gut-on-chip systems is the type of mammalian
cells to use to mimic the host cell system. Most existing
in vitro models of human intestinal function commonly
rely on the use of established epithelial cell lines, such as
Caco-2 (87,88) and HT29-MTX (89) cells. Caco-2 cells
are perhaps the best-established cell model for fabricating
polarized epithelial monolayers capable of emulating the
architecture and function of the small intestine epithelial
membrane, despite their colonic origin (87,90). They have
been widely used to conduct absorption studies and drug
testing in Transwell systems. Recently, Kim ez a/. showed that
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a microfluidic gut-on-chip technology that exposed cultured
cells to physiological peristalsis-like motions and liquid flow
could be used to induce human Caco-2 cells to undergo
a spontaneous and robust morphogenesis to produce 3D
intestinal villi-like structures (68,91). The cells that formed
these villus structures were linked by tight junctions and
covered by brush borders (micro-villi-like structures) and
produced mucus. They also reconstituted basal proliferative
crypts that populated the villi along the crypt-villus axis and
formed four different types of differentiated epithelial cells
(absorptive, mucus-secretory, enteroendocrine, and Paneth
cells) that took characteristic positions similar to those
observed in the human small intestine.

Formation of these intestinal villi also resulted in
increased intestinal surface area that mimicked the
absorptive efficiency of the human intestine, as well as
enhanced cytochrome P450 3A4 isoform-based drug
metabolizing activity, when compared to conventional
Caco-2 cell monolayers cultured in a static transwell system.
The ability of the human gut-on-chip to recapitulate
the 3D structures, differentiated cell types, and multiple
physiological functions of normal human intestinal villi
indicate that it may become a powerful alternative in vitro
model for studies on intestinal physiology and digestive
diseases, as well as an appropriate drug development/
screening platform. Cellular models, based on the use of
Caco-2, mucus-producing HT29 cells, and Raji B cells have
been proposed for a better recapitulation of the dynamics of
drug absorption in the small intestine (92,93). Alternatively,
HelLa cells, a cervical cancer cell line, have been also used as
model cells in simple gut-on-chip systems (67). In a recent
contribution, Kasendra et a/. developed a small intestine-
on-chip device using biopsy-derived organoids (94). The
ability of human pluripotent cells to develop fully functional
and self-renewable intestinal tissue was also recently
demonstrated by Spence et al. (95).

Microbiota-related studies in gut-on-chip
systems

A wide variety of in vitro systems have been used to recreate
some of the host-microbiota interactions occurring in
the human intestine (32,39,69,96-98) or interactions
between microbiota protagonists (99). In this section, we
have selected and will review some of the systems that
we consider closest to the concept of a gut-microbiota-
on-chip: a gut-on-chip system in which the interplay of
(at least) one bacterial component of human intestinal
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microbiota and (at least) one human host cell is studied
(67,68,71,72,100). We discuss different devices designed to
recreate relevant features of the interactions between the
host and the human microbiome. We follow a rationale of
increasing complexity; we first describe simple systems in
which biological or chemical environments appropriate to
the human intestine are recreated and one human cell type
is exposed to them. Subsequently, we discuss devices in
which the physical environment of the gut is the scenario
for the interaction of one or more host cells, and one or
more microbiota microorganisms. Then, we describe more
complex platforms in which human cells and more than two
protagonists of the human microbiota interact.

Kim et al. described the co-culture of epithelial cells and
bacteria for investigating host-pathogen interactions (67).
In particular, the authors aimed to reproduce the sequence
of events in gastrointestinal infection in which planktonic
pathogen cells first interact with a commensal bacterial
biofilm to later attach to epithelial cells. They used a
pneumatically actuated system (Figure 34) composed of two
chambers for independent cultures of HeLa cells (cervical
cancer cells taken as a model of epithelial intestinal cells)
and commensal bacteria (an E. co/i BW25113 strain). The
Hela cells were cultured to confluence, while the bacteria
were cultured in confined areas (bacterial islands) as a
bacterial biofilm (Figure 3B). Each bacterial island (1,200
pm in diameter and 1,000 pm apart) had a separate inlet
and outlet for providing growth media and removing waste
from the island (Figure 3C). At a later time, the authors
emulated a process of infection of the intestinal epithelial
cells by adding the enterohemorrhagic and pathogenic
E. coli O157:H7 (CDC EDL933 or EHEC) to the co-
culture model. For this purpose, the authors first seeded
the pathogenic E. co/i strain into the commensal bacterial
biofilm region and incubated for several hours (Figure 3D).
These invasive bacteria were not allowed to install at
the commensal bacterial biofilm, and instead chemically
interacted with it as planktonic cells (Figure 3E,F).
Communication between the HeLa cell zones and the
bacterial islands was then permitted, and the viability of
the HeLa cells was monitored (Figure 3G,H). The findings
suggested that the interaction between the chemical biofilm
of the commensal bacteria and the invasive bacteria was
key to determining the course of infection. The degree of
infection, as measured by the viability of HeLa cells exposed
to EHEC, was lower when the invading bacteria interacted
with naive commensal bacteria (indole producers) than
when they interacted with mutant E. co/i lacking indole

Microphysiol Syst 2018;2:7



Page 8 of 23

e Bacterial island
- E.coli & Media o
i '— inlets

Hela cell
inlet & outlet

B Bacterial inlet

Isolated
bacterial isl

‘Top: PDMS

00 pm

) Bottom: glass
Commensal E.coli

Microphysiological Systems, 2018

EHEC in the E.coli island

Figure 3 A simple model for bacterial infection. (A) Microfluidic system for the co-culture of epithelial cells and bacteria for investigating
host-pathogen interactions. Fluid dyed in different colors show the regions of the device where bacteria (blue chambers) and HeLa cell (yellow
area) were initially cultured in independent regions. (B) The functioning of the microfluidic system is shown: the sections where bacteria
and HeLa cells are cultured are completely independent in close mode, and (C) communicated in open mode. (D) Close-up view of Hela
cells and commensal E. colif BW25113 in a bacterial-island after 48 h. (E) Fluorescence image of red fluorescent protein-expressing EHEC
and green fluorescent protein-expressing E. colif BW25113 in island. Scale bars, 200 pm. (F) Localization of EHEC (red) in E. coli BW25113
biofilms (green). (G,H) Fluorescence micrographs of viable (green) and dead HeLa cells (red). HeLa cells exposed to EHEC bacteria after

being in contact with (G) commensal indol-producing E. co/i bacteria and (H) non-indol producing E. co/i bacteria. Samples were dyed with

Live/Dead® reagent. Scale bars, 50 pm. Taken with permission from reference (67).

expression. This paper elegantly shows that the commensal
biofilm microenvironment may be a key determinant
controlling infectivity and virulence.

A series of articles by Kim and Ingber have described the
evolution of a gut-on-chip system to study different aspects
of the host-microbiota interaction in the human intestine. In
a first report, Kim and Ingber developed a biomimetic ‘human
gut-on-chip’ microdevice aimed at studying the effect of
peristalsis and shear on the intestinal epithelial cell layer (72).
The architecture of this system more closely resembled that
of the human intestine (Figure 24). The authors also aimed to
reproduce the dynamic flow environment of human intestine
within this gut-on-chip model. The system was composed
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of two microfluidic channels separated by a porous flexible
membrane coated with extracellular matrix (containing
50 mg/mL of rat type I collagen and 300 mg/mL of
Matrigel® in serum-free Dulbecco Modified Eagle Medium
(DMEM) and lined with human intestinal epithelial cells
(Caco-2, Figure 44). The gut-on-chip system was composed
of clear polydimethylsiloxane (PDMS) elastomer, and a
syringe pump was used to perfuse culture media (direction
indicated by arrows) through tubing to the upper and lower
microchannels (Figure 4B). The gut microenvironment was
recreated by flowing culture medium at a low flow rate (0.5
pL/min) and producing low shear stress (0.02 dynes/cm’).
In addition, the authors imposed cyclic strain (10%; 0.15

Microphysiol Syst 2018;2:7
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colonies (white arrows) remain tightly adhered to the Caco-2 cell monolayer after exposure to continuous fluidic flow for 96 h. A live/dead
staining of a Caco-2 monolayer co-cultured with LGG demonstrates that practically all epithelial cells remained viable (green). Catalytic
activity of b-galactosidases in LGG cells co-cultured with Caco-2 cells in the gut-on-chip with mechanical strain (40 mL-h™', 10% strain,
0.15 Hz) or in Caco-2 cells cultured alone as a control (*P<0.01). Scale bars, 20 pm. (G) Transepithelial electrical resistance (TEER) of the
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frequency of 0.15 Hz) (*P<0.01, **P<0.05). Taken with permission from reference (72).
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Hz) that mimicked the physiological peristaltic motion. The
Caco-2 cells under peristaltic motion underwent phenotypic
and expression modifications (Figure 4C,D,E) and assumed
some of the key features of the structure of the intestinal
epithelium, including the development of villi and crypt-
like structures, tight junctions sealed with occludin, cell
polarization, and increased height of the cell layer when
compared to cells in transwell culture systems (Figure
4C,D,E). The authors also assessed the ability of their system
to sustain bacterial growth. Lactobacillus rhamnosus GG
(LGG), a habitual intestinal microbe, was co-cultured on
the luminal surface of the cultured epithelium for seven days
with no compromising of the epithelial cell viability. Growth
of these probiotic bacteria improved the barrier function,
as observed in the human gut (Figure 4FG). This gut-on-a-
chip recapitulated multiple dynamic physical and functional
features of the human intestine. For the first time, shear flow
on the intestinal epithelial cell layer and peristaltic motion
were integrated into the design of a gut-on-chip system (72).
These two factors are critical for the proper recapitulation
of intestinal transport phenomena and absorption within a
controlled microfluidic environment.

In a more recent contribution, Kim ez 4/. reported
a human gut-on-chip platform and its use to study
interactions between components of the intestine, the
immune system, and bacteria (68). This system was not only
able to mimic intestine function (mechanical peristalsis,
luminal flow) and tissue architecture, but it was also capable
of recreating, for the first time, inflammatory events, with
results that recreated iz vivo situations and behaviors. The
authors used their microbiota-on-chip system to reproduce
different scenarios that involved several relevant actors
of inflammatory bowel disease, namely immune cells,
commensal bacteria, pathogenic bacteria, probiotic bacteria,
bacterial endotoxin, cytokines, and antibiotics. They
challenged the gut tissue with different stimuli (individual
and combined) and assessed their effects on villus integrity,
epithelial barrier function, and inflammatory responses.
Their results showed the occurrence of villus injury and a
detrimental effect in the intestinal barrier integrity when
the system was fed with immune cells, i.e., peripheral blood
mononuclear cells (PBMCs). A similar effect was observed
in the presence of (commensal and/or pathogenic) bacteria
and PBMCs. The villus architecture and the intestinal
barrier were also compromised in the presence of a bacterial
endotoxin, namely lipopolysaccharide (LPS) and immune
cells (Figure 5A).

The authors also replicated the well-known effect

© Microphysiological Systems. All rights reserved.
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observed with probiotic bacteria and antibiotics against
pathogenic bacteria. Their results indicated that the
intestinal villus injury caused by pathogenic bacteria
in presence of immune cells could be prevented by the
administration of probiotics and antibiotics (Figure 5B).
Interestingly, this platform was capable of recapitulating
the cytokine secretion profile of vascular endothelial
cells when challenged with inflammatory agents, such as
LPS, in the presence of immune cells (Figure 5C). In this
scenario (LPS + immune cells), four pro-inflammatory
cytokines, interleukin (IL)-1B, IL-6, IL-8, and tumor
necrosis factor ('NF-a), were secreted at significantly
higher concentrations than observed in the control (without
immune cells nor LPS).

In a different set of experiments, the authors evaluated
the ability of these four proinflammatory cytokines to
cause villi injury per se (Figure 5D). They observed that
villus damage only occurred when the four cytokines were
combined and administered to the system; the cytokines
tested individually did not exert this effect. Figure 5D also
shows that the intestinal villus damage was prevented when
a monoclonal antibody against IL-8 was co-administered
with the cocktail of cytokines. Bacterial overgrowth is
an important scenario to reproduce and study because it
is a characteristic often observed in different intestinal
pathologies. In the same work, Kim ez 4/. found that halting
the peristalsis-like movement in the gut-on-chip triggered
rapid bacterial overgrowth. In a 21-day experiment, the
bacterial density increased more than two-fold in the
system with no peristaltic stimulation when compared
to a system with mechanical stretching (Figure SE).
The authors then studied living human intestinal
epithelium, with or without vascular and lymphatic
endothelium, immune cells, and mechanical deformation,
as well as the living microbiome and pathogenic microbes,
and they identified previously unknown contributions of
specific cytokines, mechanical motions, and the microbiome
to intestinal inflammation, bacterial overgrowth, and
control of the barrier function. This contribution by Kim
et al. (68) describes in detail the development of a micro-
engineered model of human intestinal inflammation and
bacterial overgrowth that enables the analysis of individual
contributors to the pathophysiology of intestinal diseases,
such as ileus and inflammatory bowel disease, over a period
of several weeks.

Another relevant angle of application of microbiota gut-
on-chip systems is the understanding of the relationships
of human nutrition and human microbiota. Ramadan

Microphysiol Syst 2018;2:7



Microphysiological Systems, 2018

A —Immune cells

Control

Bacterial Commensal
endotoxin bacteria

Pathogenic
bacteria

+TNF-a, +IL-8,
+IL-1B, +IL-6

-

Cytokine released
(ng'mL™)
o wo wonN

Page 11 of 23

+Immune cells B

Probiotic
bacteria

Probiotic &
athogenic
bacteria

Probiotic,
pathogenic P
immune cells

Probiotic,

pathogenic
immune cells |

antibiotics

m

+Anti-IL-8 mAb 5
+TNF-a, +IL-8,
+IL-1B, +IL-6

+Stretching

= 5)

Figure 5 Human gut-on-a-chip used as an intestinal inflammation model. (A) Assessment of the intestinal villi integrity in the presence of

commensal bacteria, pathogenic bacteria, and endotoxin, with or without immune cells. (B) Assessment of the intestinal villi integrity in the

presence of probiotic bacteria alone and combined with pathogenic bacteria, immune cells, and antibiotics. (C) Cytokine secretion profile of

inflammatory of endothelial cells challenged with LPS in the presence of immune cells. (D) Intestinal villi injury caused by proinflammatory

cytokines and the neutralizing effect of anti IL-8 monoclonal antibody. (E) Bacterial overgrowth effect caused by the cessation of peristalsis-

like stimulation. Scale bars, 50 pm. Taken from reference (68).

et al. introduced the concept of the NutriChip, an
integrated microfluidic platform for investigating the
response of immune cells to pro-inflammatory stimuli or
immunomodulators in food (37,101). The NutriChip was
a miniaturized artificial human gastrointestinal tract, which
consisted of two main culture chambers (Figure 6A4). The
upper chamber hosted a confluent monolayer of epithelial
cells that interacted through a permeable membrane with
immune cells (monocytes differentiated into macrophages)
cultured in the lower compartment (Figure 6B,C). The
authors characterized the integrity of the monolayer of
Caco-2 cells by trans-epithelial electrical resistance (TEER)
measurements (Figure 6D) and conducted across-membrane
transport studies using 4-kDa fluorescein isothiocyanate
(FITC)-dextran. In addition, the proper differentiation of
the cells into intestinal epithelial-like cells was validated
by measuring ALP activity (i.e., the cells’ ability to convert

© Microphysiological Systems. All rights reserved.
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p-nitrophenylphosphate into phosphate and p-nitrophenol,
Figure 6E). The cell monolayer was confluent after 1 week
of microfluidic culture, and the cells were fully differentiated
after 2 weeks of culture. In two separate reports (37,101),
macrophages (differentiated from U937 monocytes) were
exposed to different concentrations of LPS or TNF-a and
the associated production of a pro-inflammatory signal,
namely IL-6, was measured using a magnetic bead-based
immunoassay (Figure 6F). Through this strategy, the
authors provided proof-of-concept evidence for the ability
to study pro-inflammatory effects of food in a gut-on-chip
system. The aim of the NutriChip was to enable the study
of processes inherent in the passage of nutrients though
the human gut, including, in particular, the activation of
immune cells in response to the transfer of nutrients across
the epithelial layer. The NutriChip platform offered a new
option to evaluate the influence of food quality on health,

Microphysiol Syst 2018;2:7
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Taken with permission from references (37,101).
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by monitoring the expression of relevant immune cell
biomarkers.

Marzorati er al. developed a microfluidic system—the
host-microbiota interaction (HMI) module—to study the
response of a monolayer of Caco-2 cells challenged with
metabolic products derived from the activity of bacterial
biofilms (55). The HMI module was composed of two
flow chambers divided by a semipermeable membrane
(Figure 7A4). The top chamber was fed with bacteria
[either a suspension of L. rbamnosus or a complex mix of
microorganisms developed and fed from a Simulator of
the Human Intestinal Microbial Ecosystem (SHIME)]
(Figure 7B). A semipermeable membrane, coated with
porcine mucin, divided both chambers and served both as
a scaffold to support the development of a bacterial biofilm
and as a semi-permeable barrier to allow the diffusion of
soluble materials from the bacterial chamber to the bottom
chamber. The bottom chamber was continuously fed with
mammalian cell culture to maintain a confluent monolayer
of Caco-2 cells attached to a fibronectin-coated glass slide.

In a first set of experiments, a suspension of L. rbamnosus
was continuously fed to the upper chamber. A bacterial
biofilm was established in the mucin layer after 1.5 hours of
circulation of the bacterial suspension. Similarly, in a second
set of experiments, the upper chamber was fed with a
complex mix of bacteria developed in the SHIME simulator
to establish a bacterial biofilm community. The bacterial
and mammalian cell culture media were then continuously
fed to the upper and lower chamber, respectively, for 48
hours so that the Caco-2 cell monolayer was indirectly
exposed to the products of the bacterial biofilm. The results
indicated that the viability of Caco-2 cells at the monolayer
was not compromised during this time period. By contrast,
Caco-2 cells directly exposed to the complex bacterial mix
(in an independent well-plate experiment) exhibited high
mortality within the same time frame (Figure 7C).

The authors further studied the composition of the
bacterial biofilm after 24 and 48 hours of culture (Figure 7D)
and demonstrated that particular strains of bacteria would
migrate and establish in different locations (at different
heights) of the mucin layer, according to their particular
oxygen needs. For instance, Faecalibacterium prausnitzii,
a micro-aerophilic bacterium, settled at the basal section
of the semipermeable membrane, while Bifidobacterium
spp., a strict anaerobe, established in the lumen side of the
mucin layer, which was the zone with the lowest oxygen
concentration (Figure 7E,F).

In a third set of experiments, Marzorati et 4/. demonstrated

© Microphysiological Systems. All rights reserved.
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that the mucus-associated microbiota composition was
influenced by treatment with a dried product derived
from yeast fermentation, a formulation with alleged anti-
inflammatory properties. The decreased levels of IL-8
produced by the Caco-2 cell monolayer in these experiments
suggested that the HMI was indeed able to recreate the in
vivo anti-inflammatory effect attributed to the yeast product.
The HMI module aimed to recapitulate several conditions
that were physiologically relevant for the gastrointestinal
tract, including the presence of a mucosal area, the action of
physiological shear stress values (3 dynes/cm’); the bilateral
transport of low molecular weight metabolites (4 to 150
kDa) with permeation coefficients ranging from 2.4x10 to
7.1x10™ cm/sec; and the microaerophilic conditions at the
bottom of the growing biofilm. The HMI module offered
the possibility of co-culturing a gut representative microbial
community with enterocyte-like cells for up to 48 hours. To
our knowledge, this contribution by the Marzorati Group is
the most illustrative example of the coculture and chemical
interaction of intestinal cells with a complex mix of intestinal
bacteria in a gut-on-chip system.

More recently, Shah er a/. developed the human-
microbial crosstalk (HuMiX) model (71), a well-designed
microbiota-gut-on-chip system that enables co-culture of
human and microbial cells under conditions representative
of the gastrointestinal human-microbe interface (Figure 8A).
The device was composed of a modular stacked assembly of
three elastomeric gaskets (thickness: 700 mm) sandwiched
between two polycarbonate (PC) enclosures. Each gasket
defined a distinct spiral-shaped microchannel 200-mm
long, 4-mm wide, and 0.5-mm high. Semi-permeable
membranes affixed to the elastomeric gaskets demarcated
three channels of 400 mL each. The top microchannel
(microbial microchamber) contained a bacterial biofilm.
The middle microchannel (human chamber) hosted Caco-2
cells growing on a membrane in a monolayer fashion, while
the bottom channel (perfusion chamber) functioned to
perfuse culture media to the human microchamber through
a porous membrane (Figure §B). Each microchamber
had dedicated inlets and outlets to inject laminar steams
of distinct liquids, thereby providing the means for tight
control of a distinct cell microenvironment in each chamber
and for collecting samples for downstream analysis. The
pore sizes of the membranes were chosen for their intended
functionality. A microporous membrane (pore diameter of
1 mm), which allows diffusion-dominant perfusion to the
basal side of the Caco-2 cells, was used to partition the
perfusion and human microchambers; this configuration

Microphysiol Syst 2018;2:7
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emulates the intestinal blood supply to the epithelial
intestine layer and provides physiologically relevant
shear-free culture conditions. A nanoporous membrane
(pore diameter of 50 nm) partitioned the human and
microbial microchambers to prevent the infiltration
of microorganisms, including viruses, into the human
microchamber, thereby mimicking the functionality of an
intact epithelial barrier.

© Microphysiological Systems. All rights reserved.
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The authors described a step-wise protocol for the
coculture of bacterial and human cells in the HuMIX, with
negligible loss of viability of the Caco-2 cells (Figure 8C).
First, Caco-2 cells were seeded and cultured for 1 week
on the mucin and collagen-coated porous membrane to
achieve a confluent monolayer culture. The integrity of
the epithelial cell barrier was characterized by TEER
evaluations (Figure §D) and observation of the presence
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and Caco-2 cell, LGG, and B. caccae. Taken with permission from reference (71).
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of occludin cell junctions by immunofluorescence assays
(Figure $E). A culture of the facultative anaerobe L.
rhamnosus (LGG) was then established in the microbial
chamber (Figure §F). LGG, a well-known and characterized
lactic acid-producing probiotic, was selected by the authors
as a representative member of the Firmicutes phylum. A
stream of nitrogen was used to adjust the initial oxygen
concentration level of the culture media supplied to the
microbial chamber to facilitate the establishment of aerobic
or anaerobic environments within it. The system also had
optodes (oxygen electrodes) embedded for continuous
monitoring of oxygen concentrations in the bacterial
chamber (Figure 8§G).

The authors demonstrated the ability of the HuMIX
to recapitulate the iz vivo transcriptional, metabolic, and
immunological responses in human intestinal epithelial cells
following their co-culture with the commensal LGG grown
under anaerobic conditions (Figure 8H,1L 7). For instance,
they found more than 200 genes that were differentially
over- or under-expressed in the HuMIX LGG-Caco-2
cocultures versus HuMIX LGG-free Caco-2 cell cultures
(Figure 8H). Moreover, the transcriptomic results obtained
in HuMIX cocultures exhibited a high level of agreement
with a previously reported analysis of #z vivo transcriptomic
data from experiments in human volunteers administered
LGG. Remarkably, the authors also found that the set of
differentially expressed genes in the LGG-Caco-2 cultures
was significantly different if aerobic or anaerobic conditions
were established in the microbial chamber.

In addition, the authors demonstrated the stable co-
culture of LGG and with the obligate anaerobe Bacteroides
caccae in the microbial chamber under strict anaerobic
conditions. After several days of culture, the bacteria in
the microbial chamber reached equilibria in terms of both
dissolved oxygen concentration and population composition
(~30% B. caccae and ~70% L. rbamnosus, Figure 8K). Co-
culture of Caco-2 cells with B. caccae and LGG resulted in a
transcriptional response that was distinct from that of a co-
culture solely comprising LGG (Figure §L). Systems like
the HuMiX will facilitate fundamental research of host—
microbe molecular interactions and will provide insights
into a range of research questions linking the composition
of gastrointestinal microbiota to human health and disease.

This first set of contributions on microbiota-on-
chip systems has mainly consisted of proof-of-concept
studies. Nevertheless, these papers present clear and solid
evidence supporting the great potential of gut microbiota-
on-chip models for studying and understanding complex
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physiological processes (i.e., the role of peristalsis on the
intestinal dynamics or the competition between commensal
and pathogenic bacteria). Further expansion of the use of
microbiota-on-chips to other applications (i.e., modeling
of disease, evaluation of the effect of tensors on microbiota
balance, nutrition, and probiotic-on-chip applications) will
require that some important challenges first be overcome.
In our view, these challenges are mainly related to
limitations on the portfolio of microfabrication techniques
and biomaterials currently available, the need for more
complex bacterial-cell interaction models, and the need for
sensing and instrumentation platforms that are fully adapted
to organ-on-chip applications. Next, we briefly discuss
specific challenges, opportunities, and main enablers of the
next generation of gut microbiota-on-chip platforms.

Challenges, opportunities, and enabling
technologies for the next generation of gut-
microbiota-on-chip devices

The next generation of gut microbiota-on-chip systems will
be enabled by technologies such as 3D printing/bioprinting,
microfluidics, and microfabrication, as well as by stem cell
engineering. These innovative technologies are anticipated
to speed up and simplify the development of better
microbiota-on-chip models.

"Today, PDMS and poly(methyl methacrylate) (PMMA),
continue to be the most widely used materials for building
lab-on-chips. The design of most organ-on-chip devices
typically requires the assembly of multiple layers of these
two materials, which implies the need for laborious work
to eliminate hydraulic leaks. To this end, 3D printing
is an attractive alternative to the use of multi-layered
PDMS/PMMA devices. The cost-effective and convenient
use of 3D printing to fabricate microfluidic devices has
been widely documented in recent literature (102,103),
including a report relative to the fabrication of a gut-on-
chip microreactor (86). The ongoing parallel evolution
of microfluidics and novel materials with attractive
characteristics (transparency, temperature resistance,
reusability) will further expand the portfolio of materials
available for 3D printing (104). For example, the use of
high-resolution stereolithographic 3D printing techniques
can generate highly complex microfluidic devices at a
small fraction of the cost per device and greatly reduced
fabrication time when compared with silicon-based
counterparts (105). These printing techniques will greatly
expedite and simplify the process of fabricating gut-on-chip
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(and other organ-on-chip) systems.

Recent evidence suggests that not only the diverse
composition, but also the spatial distribution, of bacterial
communities in the intestine determines the functionality
of the human gut microbiome (94). New technologies for
bioprinting bacteria and bacterial communities (48,106,107),
will facilitate the predesigned deposition of specific strains,
allowing the development of specific architectures and
the control of the degree of interaction of “engineered”
microbiota communities. Bioprinting will also facilitate
the fabrication of cell-laden constructs that resemble the
architecture of the intestinal membrane (78). In this regard,
novel multi-material bioprinting techniques (108) offer
the possibility of bioprinting different bacterial strains
and human cells in close proximity and in predetermined
patterns.

The intestinal epithelium is the most rapidly self-
renewing tissue in adult mammals. New stem cell
technologies may also provide additional tools to develop
epithelial intestinal micro-tissues with self-renewal
capabilities for microbiota-on-chip applications (109).
For example, the use of human induced pluripotent
stem cells (iPSCs) to engineered intestinal membranes
with self-renewal capabilities appears to be feasible.
Spence et al. established an efficient process to direct the
differentiation of human iPSCs into intestinal tissue iz vitro
using a temporal series of growth factor manipulations
to mimic embryonic intestinal development (95).
Alternatively, Sato er al. recently demonstrated that single
sorted Lgr5” stem cells can form intestinal crypt villus
organoids (110). Patil ez 4/. demonstrated that bone marrow
stem cells can repopulate decellularized intestine (83).
Stem cell technologies will certainly improve the available
methodologies for fabricating physiologically meaningful
intestinal membranes.

The presence of the mucus layer has been neglected
in most gut-on-chip devices reported so far. Caco-2 cells,
the most frequently used epithelial cell model for gut-on-
chip systems, do not secrete mucus under static conditions
but produce mucus (not fully characterized) under flow
and peristaltic stimulation (68). The proper mimicry of
the mucus layer and its properties will add realism to the
emulation of chemical and physical interactions between
the bacterial biofilm and the monolayer of epithelial cells in
the human intestine. After all, under normal circumstances,
bacteria and human cells do not interact directly, but
only through the mucus layer. Mucus is composed of ~50
mucins, with Muc2 being the most abundant among them
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(76,111). Muc2 (NCBD; gene ID: 4583) is a high-molecular
weight and highly glycosylated protein. Its structural
complexity and size have made recombinant production of
Muc? a challenge (112). Although some mucin and mucin-
like proteins are commercially available, the engineering
of protein-based hydrogels (75,89) is a clear niche of
future research. We foresee that hydrogels or mucin-like
formulations will be frequently used in near-future versions
of gut-on-chip systems. Hydrogel-based materials (113,114)
with enhanced functionalities (i.e., spatial-temporal control
of characteristics) can be tailored to match some of the
relevant properties and functions of intestinal mucin for
specific applications (115); these novel materials will enrich
the arsenal of options available to fine-tune the properties
of the mucus layer in gut-on-chips.

Final remarks

Understanding the complex functioning of gut microbiota
and its ad hoc modification has tremendous potential to
improve health and prevent some of the diseases that are
of the most concern today in public health. For instance,
diabetes, hypertension, and cancer are probably the three
most concerning “epidemics” of modern society. These
three complex health problems have been, at least in part,
associated with microbiota dysbiosis (7,10,12,25,27).
Microbiota-gut-on-chip systems will be key players
in developing and testing therapies for all these life-
threatening disorders.

The continuous culture of parasites that are difficult to
expand by conventional culture techniques is another field
in which gut-on-chips have tremendous potential (116).
For example, the development of effective drugs against
Cryptosporidium infection has been hindered by the lack of
culture systems capable of recapitulating most of the stages
of the complex life cycle of the parasite. The expansion
of Cryptosporidium sp. (and other parasites) requires the
presence of mammalian cells to recreate the processes of
cellular infection and the occurrence of the intracellular
stages of its reproductive cycle (117). Although some
in vitro models of intestine organoids have been used to
study Cryptosporidium infection (117,118), no gut-on-chip
model has yet been used for the continuous culture of this
host-dependent parasite.

The recreation and extended control of anaerobic
and/or microaerophilic conditions is another challenge
in the engineering of microbiota gut-on-chip systems
(38,71,117,119) for these applications. In general, by
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perfecting the control of the microenvironment in a
microfluidic system, gut-microbiota-on-chips will become
a valuable tool for a more comprehensive study and
treatment of long-term affections such as parasite infection,
Helicobacter pylori chronic infection (120), chronic ulcerative
processes, or celiac disease (121-123). The culture of
“unculturable” (recalcitrant) bacteria (47,50) is another
obvious topic of application of gut-on-chips. These systems
have a full potential to enable the proper recreation of the
different chemical, physical, and ecological environments
that prevail in different sections of the human intestine and
will certainly change the definition of “difficult to culture”
microbial species.

In addition, the development of better gut-microbiota-
on-chip models capable of reproducing the mechanical,
structural, absorptive, transport, and pathophysiological
properties of the human gut, in synchrony with its crucial
microbial symbionts, could accelerate pharmaceutical
development, and potentially replace or certainly minimize
and optimize animal testing (72,124). Microbiota-on-
chip assays will also make important contributions to our
understanding of the effects of the food we consume (37,55),
the balance of our microbiota, and our overall health.

However, microbiota-on-chip technologies face
important challenges to fulfill all these high goals. An
effective use of gut-on-chip systems to evaluate the
absorption rate for pharma compounds and nutrients from
food will demand a more precise reproduction of important
parameters of the intestine, such as effective permeability
(124,125) to specific compounds and surface area (124,126).
The precise estimation of these parameters already presents
experimental challenges. An additional complication is that
the values of these parameters differ significantly among
different individuals and throughout different regions of the
intestinal tract (124-126). On top of this, a more rigorous
identification of key factors influencing the delicate balance
in microbiota composition is required. For example, a
recent study showed that different variables, such as local
pH values, water flow, and the intestinal microenvironment
determine the composition of human microbiota (45).
Flow conditions in the intestine are particular and dynamic
(73,91,127), and intestinal contractive activity, including the
occurrence of peristaltic waves, plays an important role in
defining these flow conditions and contributing to enhanced
mixing, material transport, and even host-cell morphology
and differentiation (68,91). Indeed, mixing in the intestinal
system is a multi-scale process. At the level of the mucosa,
small villi effectively contribute to mixing of materials in a
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laminar layer (73) and enhance mass transfer of nutrients,
enzymes, and other active players in the absorption
process in the neighborhood of the endothelial cell layer.
Computational fluid dynamic (CFD) simulations have been
used to understand and model flow condition in the human
intestine and in a few gut-on-chip systems (86,101). In the
years to come CFD will certainly become a key player on
the design on microbiota-on-chip systems.

The sophistication and robustness of the next generation
of gut-on-chips should enable a much better understanding
of the interplay between the human microbiota and human
physiology. In the years to come, gut-on-chip systems will
play a key role in solving important questions related to the
overall health in humans, including the nutritional effects
of food, the influences of food additives and specific pharma
compounds, and the etiology, diagnostics, and treatment
of specific diseases, among others. New microfabrication
techniques, novel biomaterials, improved sensing and
instrumentation strategies [i.e., mini-microscopes (128,129)
and on-line sensors (130)], and more complex bacterial-cell
systems should be incorporated to accomplish these high
aims.
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