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Introduction

The intestinal epithelium is a multitasking tissue hosting mul-
tiple different cell types that ensure the digestion of aliments 
and protects the body from toxic microorganisms and carcino-
gens present in the luminal content. It is the fastest renewing 
epithelium in the body, with a complete renewal every 
4–5 days.1 The microenvironment of the intestinal epithelium 
is complex and dynamic. It is characterized by a specific 3D 
architecture, an ensemble of biochemical gradients and 
mechanical cues that together strongly affect cellular  
behavior.2,3 Over the years, cell lines derived from tumors and, 
more recently, primary intestinal cells have been used exten-
sively as in vitro models to study intestinal physiology and 
disease. However, most of these models do not faithfully reca-
pitulate key in vivo features. In this context, there is a growing 
interest in combining tissue engineering and microfabrication 
techniques in an interdisciplinary approach to create more rel-
evant tissue models. Compared to conventional 2D or 3D 
models, these so-called “microphysiological systems” provide 
more sophisticated and relevant systems allowing controlled 
and standardized production.4,5 We will focus here on bioengi-
neered systems developed to accurately recreate key features 
of the intestinal environment, such as the 3D architecture, 
mechanical stimulation or biochemical gradients.6,7 These 
models have the potential to increase our understanding of 

human intestinal physiology and disease, and may represent 
an interesting alternative to animal models for drug screening. 
After an introduction on intestinal physiology and pathology, 
we provide an overview of the current approaches to study the 
intestinal epithelium in vitro and of the recent advances in the 
development of bioengineered model systems.

Function, cell biology and 
physiopathology of the intestine

The intestine is the longest organ of the digestive tract that 
extends from the stomach to the rectum. The main function 
of the intestine is digestion, namely the degradation of 
food released from the stomach, and the absorption of 
nutrients and water from the intestinal lumen into the 
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blood circulation. The intestine is divided in two parts: the 
small intestine—itself subdivided into three segments, 
duodenum, jejunum and ileum—and the large intestine or 
colon.8 While the small intestine is the main site of nutrient 
and metabolite absorption, the essential function of the 
colon is the recovery of water and electrolytes. The intes-
tine is also an effective barrier against toxic or carcino-
genic microorganisms present in the lumen of the digestive 
tract.1,9 The intestinal epithelium is submitted to persistent 
aggression from the harsh luminal environment but also 
from mechanical abrasion and pH variations, leading to a 
high rate of cell deaths, with almost 1011 epithelial cells 
lost every day in the human intestine.10 To compensate for 
this loss and ensure barrier integrity, the epithelium is con-
tinuously renewed with a turnover rate of 4 to 5 days, mak-
ing the intestinal epithelium the tissue with the fastest 
renewal in the adult.1,9 Additionally, both small intestine 
and colon play a crucial role in immunity by hosting the 
microbiota. The gastrointestinal tract is the primary site of 
interaction between microorganisms and the immune sys-
tem.11 The gut houses approximately 1014 microbes, mainly 
bacteria but also viruses, archaea and eukarya in the lumen 
and the mucosa. The exact composition of the microbiota 
strongly affects intestinal homeostasis and is unique to 
every individual, depending on the luminal environment 
(pH, nutrients, and probiotics). These microbes interact 
with the lymphoid tissue (Peyer’s patches in the small 
intestine) and the host immune system.11,12

Histologically, the intestinal wall is composed of four 
layers: mucosa, submucosa, muscularis propria and serosa.8 
The serosa, or adventitia, is an external layer of loose con-
nective tissue containing blood vessels and nerves. The 
muscularis consists in two layers of smooth muscles: the 
inner circular layer and the outer longitudinal layer. 
Contraction of this muscle wall creates the peristaltism that 
allows mixing and propulsion of the alimentary bolus 
through the intestine. This motion is coordinated by the 
enteric nervous system, comprising neurons and glial cells.13 
Inner from the muscularis, the submucosa is a connective 
tissue composed of stromal cells and of a dense network of 
arteries and lymphatic vessels required for nutrients absorp-
tion. Finally, the mucosa, lining the lumen, ensures the 
absorption function. It is composed of an epithelium sup-
ported by a connective tissue, the lamina propria, and the 
muscularis mucosae, a thin layer of smooth muscle, respon-
sible of local movements and mucosa folding.8

The mucosa of each organ displays a specific organiza-
tion necessary for their function. To maximize the absorp-
tion surface in the small intestine, the epithelium is 
organized in crypt and villus structures. Villi are projec-
tions of the epithelium into the lumen of the digestive tract. 
The base of each villi is surrounded by at least six crypts, 
called Lieberkühn crypts, which are invaginations of the 
epithelium into the lamina propria.2 Villi are covered by a 
single layer of postmitotic differentiated epithelial cells, 

while proliferative intestinal stem cells (ISCs), named 
CBCs for crypt base columnar cells (identified by Lgr5), 
reside at the bottom of the crypts, where they are protected 
from aggression related to digestion. Inside the crypts, 
stem cells divide regularly to generate progenitors, the 
transit-amplifying cells that in turn divide four to five 
times, differentiating into mature epithelial cells while 
migrating to the base of villi.1,2 In the villi, cells are fully 
differentiated and no longer divide. The upward migration 
continues and after 3 to 5 days, cells reach the top of the 
villi, where they shed into the gut lumen and die by anoïkis 
(apoptosis induced by loss of anchorage to extracellular 
matrix). In the colon, the mucosa lacks villi and is arranged 
in crypts with a flat luminal epithelial surface. The intesti-
nal epithelium consists of at least six terminally differenti-
ated cell types that all originate from the same stem cells. 
They can be divided in two lineages and each of them has 
a specialized function.14 The absorptive lineage comprises 
enterocytes that represent up to 80% of intestinal epithelial 
cells and are responsible for nutrient uptake.15 Enterocytes 
are highly polarized cells characterized by an apical brush 
border carrying microvilli that increase the exchange sur-
face. The absorptive lineage also includes Microfold or 
“membranous” M cells, overlying the lymphoid tissues 
(Peyer’s patches), which sample the intestinal lumen and 
transport antigens to the lymphoid cells underneath.16 The 
secretory lineage comprises four cell types: Goblet cells 
are scattered throughout the epithelium and produce the 
protective mucus layer covering the intestinal surface.17 
Paneth cells are located at the bottom of the crypts and 
participate in the epithelial stem cell niche by secreting 
growth factors and presenting ligands to ISCs.2 They also 
regulate the microbiota by secreting antimicrobial pep-
tides.2 Enteroendocrine cells, representing approximately 
1% of epithelial cells, are chemosensory cells that regulate 
satiety, motility, immunity or inflammation by secreting a 
wide range of hormones in the bloodstream upon stimula-
tion.18 Finally, Tuft cells are rare cells (<0.4%) involved in 
antiparasitic type-2 immunity.19

Intestinal homeostasis and tissue integrity largely 
depend on ISC maintenance. ISCs are finely regulated by 
the complex microenvironment of the intestinal epithe-
lium. This microenvironment results from the secretion of 
growth factors, cytokines and metabolites by surrounding 
mesenchymal and epithelial cells that constitute the 
niche.3,13 In addition to these biochemical cues, physical 
signals such as extracellular matrix (ECM) composition, 
substrate stiffness, topography and mechanical stimula-
tion also strongly influence stem cells. The microenviron-
ment changes along the crypt-villus axis, with abundant 
proliferative signals in the crypt and differentiation sig-
nals increasing along villi in inverse gradients.20 For 
example, growth factors that favor stemness, proliferation 
and self-renewal, such as Wnt,21 EGF22 and Notch,23 are 
present in decreasing gradients from crypt bottom to the 
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top of villi, while BMP activity, which promotes differen-
tiation, increases along villi.24 ECM composition also 
changes along the crypt-villus axis. The ECM of the intes-
tinal epithelium is mainly composed of fibronectin, 
laminin and collagen IV,3 and while collagen IV is uni-
formly distributed, different laminin subtypes are region-
ally expressed, with laminin α2 enriched in villi and 
laminin α5 and α3 in crypts.25 Fibronectin also displays a 
specific distribution and is preferentially expressed in 
crypts.26 These changes in matrix composition also sug-
gest variations of stiffness, however due to technical limi-
tations it has not been directly measured in vivo. 
Measurements on ex vivo samples showed that healthy 
intestinal ECM has a Young modulus around 2.9 kPa, 
whereas tissues obtained from Crohn’s disease patients 
exhibited an increased rigidity, with a Young modulus of 
16 kPa, suggesting significant ECM remodeling due to 
inflammation.27 Interestingly, increased fibronectin depo-
sition has been described in chronic inflammatory disease 
patients.28 In addition to stiffness, other mechanical cues 
can affect cellular behavior, notably muscular contrac-
tions that generate peristaltism (frequency of 3/s in post-
prandial with an amplitude of 20–24 mmHg) and shear 
stress due to flow rate (0.7–3.0 mL/min).29

The balance and competition between chemical or 
physical signals allows the coordination of intestinal epi-
thelial cell proliferation, localization, migration and dif-
ferentiation in order to maintain tissue homeostasis3 
(Figure 1). Disruption of this equilibrium can lead to an 
alteration of the epithelium and the development of several 
pathologies, including inflammatory bowel disease (IBD) 
or colorectal cancer. IBD is a heterogeneous set of inflam-
matory disorders of the gastrointestinal tract, including 
two main clinical pathologies: Crohn’s disease and ulcera-
tive colitis.30 Although, the etiology and pathogenesis of 
IBD is poorly understood, it is accepted that IBD results 
from an uncontrolled immune response against environ-
mental factors in genetically susceptible individuals.31,32 
IBD represents a major public health problem and an 
important financial burden, with over 6.8 million people 
affected worldwide.32,33 Current therapeutic strategies are 
based on the use of anti-inflammatory or immunosuppres-
sant molecules.34 However, despite a high rate of clinical 
remission, current drug treatment still fail in a significant 
number of patients and 33% of Crohn’s Disease patients 
and 11% of ulcerative colitis patients require surgical 
resection within 5 years of diagnosis.35,36 Moreover, as a 
consequence of chronic intestinal inflammation, patients 
with IBD are two to sixfold more likely to develop colo-
rectal cancer than the general population.37,38 Colorectal 
cancer is the third most common type of cancer and the 
fourth cancer-related cause of death worldwide, with over 
1.2 million new cases and 900,000 deaths per year, with a 
growing incidence in developing countries.39 The cell of 
origin for most colorectal cancers is thought to be a stem 

cell. Transformation of this cancer stem cell results from 
the accumulation of genetic mutations (primarily APC 
mutation followed by mutations in K-Ras, p53, PTEN and/
or SMAD4) leading to hyperproliferation and deregulation 
of the stem cell compartment.40 Conventional therapeutic 
strategies frequently fail due to tumor heterogeneity and 
resistance of cancer stem cells to treatments, causing 
relapse of the disease.41

Thus, there is a pressing need to improve our under-
standing of the mechanisms underlying theses pathologies 
and to identify new targets and therapeutic strategies. 
Furthermore, despite very promising results in pre-clinical 
studies in animals models, over 90% of clinical trials fail,42 
suggesting that these models do not faithfully recapitulate 
human physiology and disease. In addition, the use of ani-
mals in experimentation raises ethical issues, and current 
guidelines and legislation recommend to follow the “3R” 
principles: “Replace, Reduce, and Refine”.43 For all these 
reasons, in vitro models are already widely used for funda-
mental studies or drug testing and toxicology, as they pro-
vide a simpler context with better controlled and repeatable 
conditions to investigate cellular responses.44 Nevertheless, 
the limitations of current in vitro models based on cancer 
cell lines has motivated the use of adult primary cells or 
induced pluripotent stem cells (iPSCs) carrying specific 
mutations that better recapitulate human pathologies, nota-
bly with the development of organoids. However, these in 
vitro models also present some disadvantages (see below). 
Therefore, there is a real need to create better in vitro 
systems.

Current approaches to study the 
intestinal epithelium in vitro

The epithelial cells most frequently used for in vitro studies 
are cell lines derived from colorectal cancers. These cell 
lines are highly proliferative and relatively easy and cheap to 
use, making them very useful for mechanistic studies, toxi-
cology assays or high throughput screening approaches. A 
large number of colorectal cancer cell lines are now availa-
ble, such as HT-29, Caco-2, T84, SW480 and many others, 
but most of them exhibit high variations in term of differen-
tiation state, metabolism and proliferation, possibly due to 
the diversity of tumors from which they originate and the 
different set of mutations they carry.45 Among them, Caco-2 
cells represent the most widely used model for drug perme-
ability and absorption experiments, as well as for differentia-
tion. Caco-2 cells spontaneously differentiate in a polarized 
epithelium upon reaching confluence, starting around 7 days 
after seeding and completing at 21 days of culture. These 
cells then exhibit characteristics similar to enterocytes, such 
as apical brush borders, tight junctions and expression of 
several enterocyte-specific enzymes and transporters.46,47 
However, Caco-2 cell monolayers do not reproduce the 
diversity of cell types present in the primary tissue. To 
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address this, they have been co-cultured with the mucus pro-
ducing HT29-MTX cell line, thus mimicking both entero-
cytes and goblet cells.48,49 Nevertheless, these established 
intestinal cell lines are not always relevant since they are 
mostly similar to enterocytes, and therefore are not repre-
sentative of the heterogeneity of the entire intestinal epithe-
lium. Another drawback of these cell lines is their difference 
to normal epithelial tissue. Indeed, due to their cancerous 
origin they harbor multiple gene mutations, for instance, 
Caco-2 cells are aneuploid and carry a mutated p53 gene.50

A major breakthrough occurred in 2009 with the 
development of the intestinal organoid model and the 
identification of culture conditions and growth factors 
required to sustain ISC proliferation and differentia-
tion.40 Organoids are defined as an in vitro 3D organo-
typic culture obtained from primary tissue, embryonic 
stem cells or induced pluripotent stem cells, capable of 
self-renewal and self-organization, and exhibiting simi-
lar organ functionality as the tissue of origin.4,51 

Intestinal organoids may be obtained from isolated 
Lgr5+ ISCs or dissociated crypts embedded in Matrigel 
(an ECM rich in laminin and collagen) and overlaid 
with a minimum culture medium. This medium is sup-
plemented with key niche signals, R-Spondin (a Wnt 
agonist that maintains stem cell population), Noggin (a 
BMP inhibitor that limits differentiation) and EGF (epi-
dermal growth factor, to promote cell proliferation) that 
allow reproducing the proliferation and differentiation 
program that generates the intestinal epithelium. Once 
in Matrigel, stem cells proliferate, differentiate and 
self-organize, forming 3D spherical structures with 
crypt-like domains containing stem cells and Paneth 
cells fueling villi-like regions containing all mature cell 
types found in the intestinal epithelium. These crypt/
villi-like domains form a central lumen containing dead 
cells extruded from the constantly renewed epithelial 
layer.40,52 Organoids represent a relevant system reca-
pitulating the heterogeneity and renewal of the 
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Figure 1.  The intestinal epithelium. The intestinal epithelium is organized in crypts and villi. Proliferative stem cells are located 
at the bottom of the crypts, where they divide and give rise to progenitors or transit-amplifying cells, which rapidly divide and 
differentiate into mature epithelial cells. During differentiation, cells migrate upward towards the top of villi, where they are 
extruded in the gut lumen and die by anoïkis. Homeostasis is supported by the microenvironment, which changes along the crypt-
villus axis, with proliferative signals at the bottom of crypts and differentiation signals increasing in villi. The microenvironment 
results from all the components supplied by epithelial cells but also intestinal mucosa and lumen. The components of the mucosa 
include the extracellular matrix and the underlying stromal cells. Conversely, the lumen of the digestive tract is populated with the 
microbiota, which can also have a strong impact on the epithelium, and is exposed to many pathogens.
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intestinal epithelium, with great potential for a wide 
range of applications, from basic research to transla-
tional applications, such as disease modeling, drug test-
ing or host-microbe interactions53,54 (Figure 2(a)). 
Organoids can also be generated from iPSCs, and then 
called iHIO (induced Human Intestinal Organoids).55 
For this, human pluripotent stem cells are first differen-
tiated into definitive endoderm in 2D by Activin-A and 
then intestinal lineage specification is induced with 
Wnt3a and FGF-4 treatment, leading to the formation of 
primitive gut tubes.55 Finally, gut tubes are transposed 
in Matrigel and cultivated in minimum culture medium. 
In comparison to organoids obtained from adult stem 
cells, iHIOs develop crypts and villus-like structure and 
present the advantages of possessing a mesenchyme 
surrounding the epithelial layer.56 Furthermore, during 
their generation, iHIOs recapitulate the developmental 
program of the intestine, making this system a model of 
choice to study human gastrointestinal development.56 
However, iHIOs exhibit immature features, with a more 
fetal phenotype and require further maturation in vitro57 
or by transplantation in vivo.58 Overall, we dispose of 
various cellular models to study the gastrointestinal 
tract, and the choice of the source of cells will depends 
on the question and application (Table 1).

Despite many advantages, the organoid model has lim-
itations, including the lack of native environment and the 
inability to reproduce biochemical gradients and biophys-
ical cues (matrix stiffness), and the difficulty to apply 
mechanical stimulation such as peristaltism or shear stress 
in the Matrigel matrix. Furthermore, organoids in the 
same culture are very heterogeneous in terms of size, 
shape and viability, making phenotypic studies difficult.4,5 
In addition, their spherical architecture is a major limita-
tion since the apical lumen is inaccessible, and studies 
based on host-pathogen interaction require using microin-
jection, which is technically challenging.59 To overcome 
this issue, 2D self-renewing monolayers derived from 3D 
organoids have been developed (Figure 2(b)). The main 

difficulty is the selection of a suitable substrate promoting 
cell adhesion and stem cell maintenance, while preventing 
organoid formation. Various system have been used such 
as thin layers of gelatin,60 thick layers of collagen I hydro-
gel (>1 mm)61 or thin coating of Matrigel on solid sur-
face62 or porous Transwell scaffold.63 The monolayers 
exhibit a polarized morphology and express markers of all 
differentiated cell types.61–63 Interestingly, similar to 3D 
organoids, cells in monolayer self-organize in stem/prolif-
erative zones and differentiated cells areas.61–63 When cul-
tivated on porous insert supports, these systems provide 
access to both luminal and basal sides allowing the moni-
toring of absorption of drugs, nutrients or microorgan-
isms, as well as the effect of host-pathogen interactions 
on epithelium integrity or the incorporation of other cell 
types such as immune cells. Thus, epithelial monolayers 
represent a simple and relevant model to study these 
complex interactions. However, these systems lack the 
3D architecture, biochemical gradients or dynamic 
mechanical forces of the native microenvironment in the 
primary tissue.

Development of bioengineered 
systems

Due to the limitations of current in vitro models to study 
the intestine, there is growing interest for tissue engineer-
ing and the use of microfabrication techniques to develop 
more relevant culture systems in a more controlled and 
standardized manner. Microphysiological systems (MPSs) 
are defined as in vitro models recapitulating key features 
of in vivo organ function by using specialized microenvi-
ronment systems, such as 3D matrices, multicellular 
architecture and/or microperfusion.64,65 In the case of the 
intestine, key characteristics of the native environment 
that should be reproduced include the specific ECM com-
position, 3D architecture, gradients present along the 
crypt-villus axis, and mechanical stimulation of the tissue 
(shear stress and peristaltic contractions).

Lumen

Crypt-like
domain

Villi-like
domain

(a) (b)
Organoids 2D monolayer system

Solid surface Porous Transwell

Proliferative zone

Differentiated cells Absorption

Figure 2.  Current in vitro models to study the intestinal epithelium. Several in vitro models have been developed to study the 
intestinal epithelium. (a) Organoids are 3D organotypic cultures obtained from dissociated intestinal crypts, in which cells self-
organize, with an enrichment of stem cells in crypt-like domains and of differentiated cells in villi-like regions along the central 
lumen. (b) 2D self-renewing monolayers have been obtained from 3D organoids, allowing easy access to both basal and luminal 
compartments.
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Selecting a material to reproduce ECM

The role of the biomaterial is to provide the biochemical, 
topological and mechanical cues allowing adhesion and 
supporting proliferation and differentiation of epithelial 
cells. So far, ISC cultures have mostly relied on materials of 
natural origin such as Matrigel40 or collagen I.61,66,67 Despite 
many advantages and notably their ability to support the 
growth of many cell types, natural matrices are heterogene-
ous and their variability from batch to batch can signifi-
cantly affect experimental reproducibility. Additionally, the 
gelation kinetics and stiffness of these matrices are difficult 
to control.68 An interesting alternative is the use of synthetic 
materials as ECM replacements, and the most widely used 
are synthetic hydrogels, particularly those based on cova-
lently cross-linked polymers, such as polyethylene glycol 
(PEG).69 Synthetic hydrogels offer well-defined structures 
and compositions that allow reproducible elaboration of cell 
culture models.68,70 They also provide more flexibility in 
terms of chemical and mechanical properties as the compo-
sition of the material (molecular weight, stoichiometry. . .) 
can be easily tuned.70 However, these polymers are often 
inert, offer poor adhesive properties and are non-degrada-
ble, which severely limits cellular colonization and their use 
in regenerative medicine. Polymers can be modified to gen-
erate semi-synthetic or biohybrid hydrogels that aim to 
combine the advantages of both natural and synthetic hydro-
gels.68,69 Semi-synthetic materials are mostly made of adhe-
sion peptides (e.g. RGD peptides) or ECM molecules 
(fibronectin, laminin, collagen) grafted on a synthetic poly-
mer backbone.71,72 They also can be produced by co-polym-
erization between the polymer and the biological conjugate.73 
In addition, these materials can be modified to integrate 
matrix metalloproteinase (MMP) target sites to make them 
susceptible to cell-mediated degradation with tunable sensi-
tivity.69,72 In addition, growth factors such as VEGF72 or 
EGF74 can be incorporated or cross-linked in hydrogels to 

promote cell colonization, proliferation, migration or differ-
entiation. The flexibility of these biomaterials is a major 
advantage to decompose the complexity of the ECM and to 
uncouple mechanical cues from biochemical aspects to 
understand cellular behavior.

Several recent studies devoted to the intestinal epithe-
lium have focused on the use of biosynthetic materials to 
generate organoids and replace Matrigel to improve repro-
ducibility and control over physical properties.69 Studies 
reported the generation of organoids from adult ISCs 
embedded in customized PEG-based hydrogel.75,76 By var-
ying mechanical properties and adhesion molecule compo-
sition, it was demonstrated that high matrix stiffness 
(1.3 kPa) promotes ISC expansion through activation of 
the YAP/Hippo signaling pathway, while soft and degrada-
ble matrices and the presence of laminin α1β1γ1 were 
needed for cell differentiation and organoid formation.75,76 
Similarly, human intestinal organoids have been generated 
from iPSCs or human embryonic stem cells embedded in 
PEG-4-MAL (four arm PEG-maleimide) hydrogels.77,78 
Importantly, the presence of MMP-degradable sites and 
RGD adhesion ligands were required for organoid sur-
vival. The proportions of the different components were 
tuned to obtain optimal conditions for ISC expansion simi-
lar to those obtained in Matrigel. For instance, a 2 mM 
concentration of RGD peptides, a Young modulus of 100 
Pa and the presence of degradable sites were identified as 
key conditions required for intestinal organoid culture.77,78 
The modular structure of the hydrogel was established to 
obtain an injectable delivery system that could transfer 
encapsulated organoids to mucosal wounds in mouse 
intestine, facilitating engraftment onto injured tissues.77,78

These pioneering studies have demonstrated the bene-
fits of synthetic materials to easily modulate ECM for 
organoid generation and shown their potential for generat-
ing more controlled organoid cultures. Furthermore, the 
synthetic composition of these hydrogels facilitates in vivo 

Table 1.  Sources of cells to study intestinal physiology.

Cell source Culture model Advantages Disadvantages Applications

Adult stem cells
  Dissociated fresh crypt
  Dissociated organoids

Organoids
3D scaffolds
Gut-on-chip
2D monolayer

Human or murine origin
Heterogeneity

Adult stem cells
Only epithelial cells

Genetic disease
Drug screening
Host/pathogen interaction
Adult epithelial function
Adult intestinal stem cell biology
Tissue engineering

Pluripotent stem cells (iPS) Organoids
Gut-on-chip

Human origin
Presence of mesenchyme
Recapitulate the 
development

Immature features 
require maturation 
in vivo or in vitro

Genetic disease
Drug screening
Host/pathogen interaction
Organ development
Tissue interaction
Tissue engineering

Cancer cell lines
  Caco-2
  Caco-2/HT29
  SW480

2D monolayer 
transwell
3D scaffolds
Gut-on-chip

Human origin
Easy and more affordable

Lack of 
heterogeneity
Cancer origine

Cellular and molecular biology
Absorption and toxicology assays
Host/pathogen interaction
Tissue engineering
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delivery of intestinal organoids or ISCs, thus showing 
potential for regenerative therapy in intestinal disease. 
However, these 3D cultures still lack biochemical gradi-
ents, dynamic forces and a defined 3D architecture. To 
overcome this gap, multiple bioengineered systems have 
been developed recently to study the intestinal epithelium 
using various biofabrication techniques.

Technical approaches to reproduce 3D 
architectures

Tissue engineering and MPS often rely on the reproduc-
tion of tissue architecture to allow guided cell organiza-
tion. Indeed, it appears that the 3D architecture strongly 
influences cell proliferation, differentiation and tissue 
homeostasis.79 Microfabrication describes the process of 
fabricating structures down to the micrometer scale. 
Initially developed for integrated circuit fabrication, it is 
now used in many applications, including the fabrication 
of MPSs. Microfabrication techniques commonly used for 
MPSs include photolithography, soft-lithography, 3D 
printing or microfluidics80 (Figure 3). Photolithography 
and soft-lithography (by molding) have been used in sev-
eral studies to create 3D intestinal scaffolds, proving the 
advantages and utility of microfabrication techniques in 
the development of in vitro culture models.81,82

Photolithography is a micropatterning technique used 
to transfer a pattern to a photosensitive resist by expo-
sure to UV light through a photomask.83 Briefly, a pho-
tosensitive polymer (photoresist) is spin coated to form 
a uniform thin film on a substrate (usually a silicon 
wafer), and aligned with a photomask that consists of 
opaque features (typically chrome) on a transparent sub-
strate. The ensemble is then exposed to UV light through 
the photomask which protects opaque regions while 
exposing other areas according to the design of the pho-
tomask. In the case of negative photoresists, polymeriza-
tion occurs in exposed areas. Non-polymerized regions 
become soluble in a developer solution and dissolve 
away during the development step, thus leaving the 
desired pattern made of resist on the substrate (Figure 
3(a) and (b)). Photolithography is a powerful technique 
to create patterns with a submicron resolution. This tech-
nique has been widely used to create micropatterned 
substrates to study the impact of topology on cell prolif-
eration and fate. However, creating complex 3D struc-
tures with high aspect ratios and curvatures on hydrogels 
using this approach remains challenging.83,84

As an alternative to photolithography, soft-lithography is 
a set of techniques relying on the fabrication of a soft elasto-
meric “master,” generally a PDMS (PolyDimethylSiloxane) 
stamp, typically fabricated by replica molding on a patterned 
substrate obtained by photolithography. In this case, a pre-
polymer solution is deposited on the photoresist mold, cured, 
and then separated by peeling them apart. This method 

allows replicating the structures initially present on the sub-
strate in a PDMS stamp. This stamp can be used to transfer 
2D patterns of biomolecules onto a surface (microcontact 
printing). Similarly, microtransfer molding combines the 
advantages of microcontact printing and replica molding to 
produce simultaneously functionalized microstructures on 
the surface of the substrate.84,85 Soft lithography techniques 
are widely used, inexpensive, and allow fast production 
(Figure 3(c) and (d)). However, due to the replication by 
molding, architectures are mainly restricted to 2D or 2.5D 
geometry, and the numerous fabrication steps needed to 
obtain the PDMS master are limiting the expansion of this 
technology.

A promising alternative to generate 3D scaffolds is 3D 
printing. 3D printing is an additive manufacturing tech-
nique in which a three-dimensional object is built by suc-
cessively adding thin layers of material. The object is 
designed digitally with a computer aided-design (CAD) 
program, and then converted to an STL (Standard 
Tesselation Language) file. This file is then processed by 
the 3D printer software, which divides the object in a 
sequence of thin 2D horizontal slices (5–100 µm thick 
depending on the 3D printing technique), which are then 
successively printed to create the object86 (Figure 3(e) and 
(f)). Several 3D printing techniques are available and used 
for bioengineering, including stereolithography, laser 
assisted printing, inkjet printing or microextrusion print-
ing.87 The progressive adaptation of 3D printing toward 
biomaterials has promoted the development of bioprinting 
technologies that allow the fabrication of 3D architectures 
from bioinks incorporating living cells. Despite their price 
and some limitations in the material libraries,88 these meth-
ods offer the opportunity to build tissue constructs by con-
trolling the spatial distribution of matrices, biomolecules 
or cells. In that case, living cells embedded into a biomate-
rial (then called bioink) is printed in 3D. Once printed, 
cells proliferate, spread and migrate, and eventually 
remodel the printed structures. This mechanism has been 
introduced in the concept of 4D printing where the fourth 
dimension represents the evolution of the biological object 
over time.87,89

It has been shown that 3D printing is well adapted for 
the creation of 3D scaffolds for cell cultures with high 
reproducibility, but only a few studies so far have reported 
the use of 3D printing to create intestinal models. Even 
though the resolution offered by these technologies per-
mits the fabrication of intestinal architecture, these tech-
niques are often not compatible with the printing of living 
cells. Conversely, in terms of resolution, current bioprint-
ing techniques do not offer the possibility to create scaf-
folds with dimensions and geometry mimicking intestinal 
topography. Nevertheless, bioprinting can be very useful 
to recreate the mesenchyme and study cell-cell interac-
tions. The approach and technique used depend therefore 
on the desired application.
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Reproduction of intestinal epithelium 
topography

As described earlier, the intestinal epithelium is a highly 
polarized tissue displaying a particular 3D architecture, 
with a crypt-villus organization. To study the impact of this 

particular architecture on cellular behavior, various micro-
fabrication processes and materials have been used to gen-
erate 3D scaffolds mimicking this topography.

One of the first study reported the generation of scaf-
folds reproducing intestinal villi in collagen I hydrogel 
using a combination of molding techniques.90 Caco-2 

UVs

photomask

photoresist

Photolithography

3D printing

Ink

(a)

(c)
Soft-lithography

Master

Molding

Polymer

(e)

PDMS stamp Scaffold molded

(b)

(d)

(f)

Figure 3.  Microfabrication techniques in bioengineered intestinal models. (a, b) Photolithography is a microfabrication process 
using UV light to transfer geometric patterns from a photomask to a photosensitive resist on a substrate. Photolithography has 
been used to generate scaffolds reproducing intestinal villi in PEG hydrogel (adapted from Castano et al.82). (c, d) Soft-lithography 
is a technique using an elastomeric stamp or master to fabricate or replicate 2D or 3D patterns. Soft-lithography has been used 
to replicate the intestinal architecture in a collagen scaffold molded using a PDMS stamp (adapted from Wang et al.81). (e, f) 3D 
printing is an additive manufacturing technique that can be used to create complex 3D structures containing or not living cells. 
Using a stereolithography printing technique, a 3D scaffold mimicking the topography of the intestinal epithelium was made in a 
PEG-DA/acrylic acid/ECM mix (adapted from Creff et al.101).
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cells were seeded and grown for up to 3 weeks on these 
scaffolds. Morphological similarities were observed 
between cells grown in 3D and human villi.90 These 
scaffolds were subsequently integrated in an insert sys-
tem, and it was shown that this system improves the cor-
relation between the Caco-2 cell model and human 
native small intestine in drug permeability experiments, 
with trans-epithelial electrical resistance (TEER) values 
closer to those physiologically observed in the tissue 
(Figure 4(b)).91 Additionally, growing Caco-2 cells on 
3D collagen scaffolds promotes the expression of dif-
ferentiation markers and the expression of mucins such 
as MUC17 was induced several fold compared to mon-
olayer culture.92 This system has been used to assess 
drug permeability91 and to study the role of MUC17 in 
antibacterial response,92 showing the relevance of these 
3D models for studying intestinal physiology. However, 
the cells progressively degrade and invade the collagen I 
structure and after 3 weeks, the observed dimensions of 
the villi were reduced to almost half of the original size 
and multiple cell layers were observed.90,91

To avoid this limitation, scaffolds in synthetic materials 
have been developed. Using the same molding techniques, 
PLGA (poly-lactic-glycolic acid) villi scaffolds have been 
created and integrated in porous insert.93 This platform sup-
ports the growth of Caco-2 cells co-cultured with mucus-
producing HT29-MTX cells. As previously described, the 
3D architecture promotes the expression of differentiation 
markers and this effect was enhanced in presence of an EGF 
gradient along the vertical axis.93 This system was adapted 
for the culture of primary intestinal cells obtained from 
murine dissociated crypts and the 3D topography promoted 
differentiation and spatial organization of intestinal cells, 
with more differentiation at the tip of villi than at their 
base.93 This platform was used to study host/microbe inter-
actions by co-culturing commensal or pathogenic bacteria 
with Caco-2 cells to evaluate the effects of probiotics, 
revealing that the 3D architecture induced preferential local-
ization and adhesion of specific types of bacteria at the tip or 
near the base of the scaffolds, confirming the relevance of 
3D model to mimic host/pathogen interaction.94 However, 
this fabrication method is relatively complex and requires 
multiple steps, limiting routine use of this approach.

Recently, 3D microstructures mimicking intestinal villi 
were produced in a single fabrication step and moldless 
approach using a photolithography process (Figure 3(b)).82,95 
Scaffolds made of PEG-DA co-polymerized with acrylic 
acid and functionalized with extracellular matrices proteins 
were generated and integrated into inserts. It was demon-
strated that these devices support adhesion and growth of 
Caco-2 cells and that 3D architecture greatly influences 
cells shape, polarization and differentiation.82,95 This system 
provides an easy and rapid method to obtain 3D scaffolds 
with high aspect ratio and curvature. However, thus far this 
technology is not adapted to the creation of crypts.

Taken together, models recapitulating some features of 
intestinal topography have highlighted the pro-differentia-
tive impact of villi-like architecture on cells. However, 
these scaffolds reproduced villi in absence of crypts, and 
therefore do not fully reproduce the in vivo topography. 
Several studies indicate that the presence of crypt struc-
tures strongly influences the differentiation of intestinal 
cells. The generation of crypt-like microwells on PDMS96 
or on collagen membranes97 using photolithography has 
shown that Caco-2 cells grown on these substrates exhibit 
reduced expression of differentiation markers, increased 
metabolic activity96 and lower TEER97 compared to classic 
2D cultures, suggesting that the crypt topography favors a 
stem cell-like phenotype.

In this context, 3D printing offers the possibility to pro-
duce complex microscale 3D structures with an architec-
ture matching that of the intestinal epithelium. With recent 
progress in bioprinting, it is now possible to print living 
cells and a recent study has reported the development of a 
3D model of intestinal tissue generated by bioprinting. 
This 3D tissue consists of two printed layers: a supporting 
layer of human intestinal fibroblasts and an epithelial layer 
containing human intestinal epithelial cells.98 This model 
recapitulates some key features of the native tissue, such 
as cell polarization, tight junctions, expression of differen-
tiation markers (villin, lysozyme or chromogranin A), and 
increased CYP450 activity, representing a promising 
model for toxicology studies in drug development.98 
However, in this model, the 3D architecture was not inte-
grated and other studies have explored the possibility of 
recreating villi structures by bioprinting.99,100 Using colla-
gen-based bioinks, the 3D geometry was reproduced by 
printing a mesh structure for the crypt compartment and 
vertical protrusions to mimic villi. These models have 
been developed either with one bioink containing Caco-2 
cells for the epithelium100 or with two bioinks to generate 
an external Caco-2 cells layer that overlays the core of villi 
containing Human Umbilical Vein Endothelial cells 
(HUVECs) to reproduce capillary structures.99 In both 
studies, either with one or two cell types, the cultures were 
more homogeneous and exhibited higher proliferation rate 
and expression of differentiation markers.

Scaffolds reproducing both crypts and villi have been 
generated using a photopolymerizable PEG-DA based 
hydrogel combined with high-resolution stereolithography 
3D printing (5 µm resolution) (Figure 3(f)).101 These scaf-
folds were seeded with Caco-2 cells, and it appears that 
both the hydrogel material and the 3D topology strongly 
influence cell behavior, as cells grown on hydrogel in 3D 
exhibited increased polarization and expression of entero-
cytes differentiation markers compared to 2D cultures.101 
This study highlighted the feasibility and benefits of 3D 
printing to fabricate complex 3D scaffolds.

A recent study described the generation of micropatterned 
collagen I scaffolds reproducing the crypt-villus architecture 
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by molding (Figure 4(c)). Collagen I was covalently cross-
linked to prevent its degradation by cells, and the system was 
integrated in porous insert to recreate the opposite growth fac-
tor gradients, with proliferative signals in the basal reservoir 
(Wnt, R-Spondin, Noggin) and differentiation signals (DAPT, 
a Notch inhibitor) in the upper compartment.81 This system 
allowed the growth and differentiation of primary human 
intestinal cells and revealed that in addition to 3D topography 
promoting cell organization, the presence of adequate chemi-
cal gradients was necessary for the segregation of cells in a 
stem/proliferative zone and to support unidirectional migra-
tion and differentiation along the crypt-villus axis.81 This 
study highlighted the importance of recapitulating both 

architecture and biochemical environment. Altogether, these 
findings emphasize the idea that 3D topography directly con-
tributes to cell differentiation and tissue function, and there-
fore that reproducing these features in vitro allows generating 
models more representative of the native tissue.

An interesting approach recently combined 3D micropat-
terning with the self-organization properties of cells.102 This 
“mini-intestine” consists in a tubular scaffold in collagen I/
Matrigel mix with an accessible lumen surrounded by micro-
cavities that mimic the geometry of crypts. (Figure 4(d)). The 
structures were generated by laser ablation. The hydrogel 
scaffold was integrated in a microsystem that consists of a 
central chamber, for hydrogel loading and organoids culture, 

Figure 4.  Reproduction of intestinal epithelium topography. Studying the impact of 3D architecture on cellular behavior requires 
the generation of 3D scaffolds reproducing tissue topography and allowing guided cell organization. (a) Schematic of 3D scaffolds 
used in bioengineered systems. (b) Fluorescence images (3D reconstruction and XY section) of Caco-2 cells grown on a 3D 
collagen I scaffold (adapted from Yu et al.91). (c) Schematic of the model reproducing the inverse growth factor gradients (N: 
Noggin; R: R-Spondin 3; W: Wnt3a) and fluorescence images of cross-sections showing intestinal epithelium with immature cells 
in crypts (Olfm4) and differentiated cells in villi (Krt20) (adapted from Wang et al.81). (d) Development of mini-intestine on chip, 
upper panel: schematic of microdevice developed for culture. Middle and bottom panel: Fluorescence images showing progenitors 
(Sox9) and proliferative cells (EdU) generating differentiated cells (adapted from Nikolaev et al.102). (e) Macroscale intestinal tissue 
obtained by bioprinting of intestinal organoids. Upper panel: Bright-field images of intestinal tube with formation of lumen and 
budding structure 6 days after printing. Middle panel: Fluorescence images of intestinal tubes showing progenitors cells (Sox9) and 
histological staining of alcian blue and Nuclear Fast Red showing mucus production and Goblet cells. Bottom panel: macroscopic 
images and intestinal tubes (adapted from Brassard et al.103).
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flanked by reservoirs for cell loading and luminal perfusion. 
Dissociated intestinal organoids were seeded in the microchip 
and cells self-organized, with proliferative and immature cells 
exclusively in crypt-like regions while their progeny migrate 
and replenish the differentiated cells, like in the native tissue. 
Perfusion allows the continuous removal of dead cells, mak-
ing possible to maintain these cultures without passage for 
several weeks, and provides easy access to luminal content 
for modeling pathogen interaction.102 Even if this system only 
partially recapitulates the 3D architecture of the tissue and 
does not integrate mechanical stimulation, the use of guided 
cell organization allows the formation of a functional orga-
noid-chip and thus shows a great improvement compared to 
classical organoids cultures, notably allowing access to the 
lumen, which is one of the main limitation.

Finally, the same group achieved a new technological 
breakthrough by producing macroscopic intestinal tubes 
using bioprinting.103 This new bioprinting technology, 
named bioprinting-assisted tissue emergence (BATE) uses 
stem cells or organoids as building blocks. Thanks to a 
syringe-based extrusion method, the cells and organoids 
can be spatially arranged directly into an extracellular 
matrix composed of collagen I mixed with Matrigel 
(Figure 4(e)).103 Dissociated organoids are printed at high 
density in a cylinder shape, they first condense into a thick 
tubular, and within a few days, they expand and fuse into a 
polarized and lumenized intestinal tube. After 4 to 6 days, 
the epithelial cells start to bud and form crypt-like struc-
tures fueling the differentiated domains of the tissue. These 
intestinal tubes respond to chemical stimulation (swelling 
induced by Forskolin or release of Paneth cells’ granules in 
response to carbamylcholine), indicating that the tissue 
obtained recapitulates some functionalities of the organ in 
vivo. One of the major advantages of the BATE technology 
is the possibility to print multiple cell types. Stromal cells 
were printed next to epithelial cells, leading to an increased 
diameter of the lumen, allowing perfusing of the intestinal 
tube.103 However, this system relies on cellular self-organ-
ization and even if the macroscopic arrangement is repro-
duced, the microscale topography with high aspect ratio 
crypt/villi architecture is not reproduced in this model.103 
This model also uses natural ECM, which precludes its use 
in regenerative medicine.

Implementing mechanical stimulation 
in organ on chip systems

The term organ-on-chip was introduced by Donald Ingberg 
in 2010 and defined as “microfluidics devices for culturing 
cells in continuously perfused, micrometer sized chambers 
in order to model physiological function of tissues and 
organs”.104 Microfluidics refers to “the science and tech-
nology of systems that process or manipulate small 
amounts of fluid (10-8–10-9 L), using channels with dimen-
sions of tens to hundreds of micrometers”.105 Due to the 
geometrical confinement and the predominance of 

viscosity, fluid flow is laminar and no mixing occurs 
between adjacent streams, allowing the generation of gra-
dients solely by passive diffusion.83 The simplest system 
consists of a microfluidic chamber seeded with one cell 
line perfused uniformly. This type of system has been used 
to study various mechanisms, such as the impact of bio-
chemical gradients,106 stem cell differentiation107 or axon 
guidance.108 Since then, more sophisticated systems have 
been developed, composed of several channels intercon-
nected with porous membranes, and including several cell 
types to mimic the interface between tissues.83

Organ-on-chips have been used to reproduce the 
dynamic mechanical stimulation created by shear stress of 
the luminal content and peristaltism from the muscle wall, 
which are key features of the intestinal microenvironment. 
The “gut-on-chip” was developed initially with a cancer 
cell line in 2012 and is made of a central chamber subdi-
vided into two channels by a 30 µm ECM-coated porous 
PDMS membrane and surrounded by two lateral vacuum 
chambers, resulting in cyclic deformation of the flexible 
membrane (10% stretch, 0.15 Hz) to mimic peristaltic 
motions (Figure 5(a)).109 Caco-2 cells were seeded on the 
PDMS membrane and the chamber was perfused at a flow 
rate of 30 µL/h, mimicking shear stress. Under these 
dynamic conditions, Caco-2 cells spontaneously under-
went villus morphogenesis, adopting a specific organiza-
tion with proliferative cells localized near the membrane 
and cells expressing differentiation markers, such as villin 
or mucin, localized in the villi-liked structures (Figure 
5(b)).109,110 This system allows decoupling the effect of 
shear stress from that generated by cyclic stretching forces, 
and studying their influence separately or collectively on 
the epithelium. Interestingly, it was shown that fluid flow 
plays a critical role in the initiation of villi morphogene-
sis.109,110 Thanks to continuous fluid flow, it is possible to 
co-culture commensal microbes and pathogenic agents 
(the VSL#3 clinical probiotic formulation containing eight 
microbial strains) in direct contact with epithelial cells. 
Transcriptomic analyses revealed that Caco-2 cells in gut-
on-chip co-culture with normal microbes exhibit a gene 
expression profile that is more similar to normal ileum 
compared to static Transwell cultures.111 This system was 
then used to mimic complex microbiome-immune interac-
tion in chronic inflammatory diseases such as IBD (Figure 
5(c)). Isolated human peripheral blood mononuclear cells 
(PBMCs) were introduced in the lower channel to mimic 
the immune compartment. Addition of endotoxin to the 
luminal compartment induced the secretion of pro-inflam-
matory cytokines in the lower channel leading to injury of 
the epithelial tissue, thus mimicking inflammation-induced 
damage.111 More recently, the gut-on-chip system was 
adapted for the culture of human intestinal organoids 
obtained from iPSCs112 and for co-culture of human pri-
mary intestinal epithelial cells in the upper compartment 
with human primary intestinal vascular endothelial cells to 
recreate both an epithelial luminal compartment as well as 
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a basal vascular zone (Figure 5(d)).113 Similarly, dynamic 
culture conditions, and specifically the fluid flow, were 
sufficient to induce villi formation and self-organization in 
crypt/villi-like domains.112,113 The mechanism proposed to 
explain villi morphogenesis is the basal secretion of the 
Wnt antagonist, Dickkopf-1 (Dkk1) by epithelial cells. 
Under flow, Dkk1 is washed off, which allows Wnt signal-
ing and initiation of morphogenesis. In opposition, under 
static conditions, the secreted antagonist accumulates in 
the basal chamber and inhibits villi formation.114 In sum-
mary, these microfluidic chips highlight the importance of 
dynamic forces in intestinal development and homeostasis 
and appear as critical elements to incorporate in in vitro 
systems to reproduce the intestinal tissue more accurately. 
They also represent an ideal tool to study tissue interaction 
and nutrient or drug absorption.

Conclusion and future development

The advent of tissue engineering and the contribution of 
microfabrication processes to culture models has enabled 
the development of more physiological and relevant culture 
systems that reproduce key features of tissues. These 

bioengineered models have the potential to offer relatively 
simple, reproducible and easily manageable platforms 
allowing fine control of critical culture parameters, which is 
not the case with other in vitro systems or in vivo models.

A component that has not been fully addressed yet in 
intestinal epithelial models is the crucial role of the mesen-
chyme. Indeed, epithelial cells are surrounded and influ-
enced by the stroma, which is composed of numerous 
mesenchymal cells, including fibroblasts, pericytes, smooth 
muscle cells, immune cells or even nervous cells.115 The 
integrity of the epithelium is dependent on this mesen-
chyme, mainly via the secretion of various signaling mole-
cules, notably Wnt ligands.116,117 In addition to these 
biochemical signals, the mesenchyme also provides physi-
cal support by secreting ECM, such as laminin, collagen 
and fibronectin, whose composition changes along the 
crypt-villus axis.3

The rapid progression of this field, in term of fabrication, 
technology and cellular biology has opened new routes 
toward models recapitulating all the features of the tissue in 
one system. Such “all-in-one” systems may be constituted of 
3D scaffolds integrated into microphysiological systems that 
would allow controlling the flow in the basal and luminal 

Figure 5.  Development of the gut-on-chip system. (a) Schematic representing the gut-on-chip device. (b) Photograph of the gut-
on-chip and bright-field images illustrating the spontaneous formation of villi-like structures by Caco-2 cells in the presence of flow 
and cyclic strain. Bottom panel: fluorescence image of vertical cross section of the epithelium showing the 3D organization (adapted 
from Chung et al.107). (c) This system was used to mimic inflammatory disease. Left panel: morphological analysis of villi-like 
structures under different conditions; columns show from left to right, schematics, phase contrast and fluorescence images of villi. 
Right panel: quantification of villi injury (adapted from Kim et al.109). (d) A gut-on-chip was next developed with primary intestinal 
cells obtained from dissociated organoids. Upper panel shows fluorescence images (cross section and 3D reconstruction) of villi 
structures with proliferative cells (Ki67) close to the membrane and differentiated cells (Muc 5AC) in villi. Bottom panel: bright-field 
images of cell culture on chip under flow for up to 12 days, compared to 12 days in absence of flow (adapted from Kim et al.111).
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compartments and reproducing the dynamic peristaltic 
forces. To reproduce the heterogeneity and complexity of the 
intestinal epithelium, primary human intestinal stem cells, or 
human iPSCs could be used. This approach would provide a 
simultaneous control of the mechanical cues, flow distribu-
tion and biochemical gradients in a 3D engineered model 
populated with relevant cellular types.

Bioengineered systems are also very promising tools 
for personalized medicine approaches.118 Organoids can be 
used, but the lack of standardization and quality control of 
this model limits their use in biomedical applications. 
However, development of personalized intestine chip con-
taining epithelial, mesenchymal, immune cells and micro-
biome from the same patient will offer powerful models to 
predict patient-specific drug response. In the context of 
personalized and regenerative medicine, iPSCs appear as 
promising tools for the generation of patient-specific intes-
tinal tissue to study human disease and develop specific 
therapeutic strategies. Moreover, with the advent of the 
CRISPR-Cas9 mediated genome editing technology, it is 
now possible to genetically engineer iPSC or directly orga-
noids119 to mimic disease or cancer, but also to correct 
disease-causing mutations in patients’ tissues, opening 
new roads for regenerative and therapeutic medicine. 
Finally, the development of new bioprinting approaches, 
such as the BATE technology, allowing the generation of 
macroscale tissues could ultimately provide artificial 
organs for drug screening or even replacement organs for 
regenerative therapy.

In conclusion, bioengineered systems represent a 
promising tool in regenerative and personalized medi-
cine but also for the study of fundamental biological or 
biophysical mechanisms, as well as for the development 
and screening of new therapeutics molecules. This 
research field is still in its early stages and exponential 
developments in this type of technology will happen in 
the coming years.
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