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Abstract
The intestine is a key component of the barrier, absorption, and immune systems, contributing significantly to maintaining in‐
ternal homeostasis and influencing disease progression. Its distinctive physiological functions arise from a complex interplay 
between its structure and microenvironment. Recent advancements in bioengineering technologies now enable the construc‐
tion of in vitro intestinal models that faithfully recapitulate the organizational and functional characteristics of native tissue. 
This review examines the interface between in vitro models and native intestinal biology, offering insights into the replica‐
tion of organ functions from a manufacturing perspective. We explore bioengineering strategies that enable the mapping of 
cross-scale structures and the creation of biomimetic environments essential for physiological performance. Furthermore, we 
discuss pragmatic optimization strategies for applying these models to both physiological and pathological studies, thereby 
enhancing their translational potential for drug development, disease modeling, and personalized medicine. In contrast to pre‐
vious reviews, this work proposes an engineering-centered framework for linking structural fabrication strategies to func‐
tional performance across intestinal model types.
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1　Introduction

The human intestine is a critical component of the digestive 
system that is responsible for nutrient absorption, waste 
elimination, and overall health maintenance. It hosts a di‐
verse microbiome that significantly influences immune 
function, metabolism, and even mental health [1‒3]. Under‐
standing the intestine’s complex functions is essential for 
advancing knowledge of human health and disease [4‒6]. 
The complex intestinal hierarchical structure, spanning 
macro- to micro-scales, provides the physiological founda‐
tion for its functions [7, 8]. The triple-level structure of cir‐
cular folds, villi, and microvilli exponentially increases the 
intestinal surface area to optimize nutrient absorption [9]. 
Furthermore, crypts establish critical microenvironments by 
harboring intestinal stem cells (ISCs) while also functioning 
as the primary secretory glands for antimicrobial agents, 
hormones, and mucus [10, 11]. The epithelium itself en‐
sures barrier integrity through tight junctions and secretion 
of a stratified mucus layer and antimicrobial proteins, which 
collectively restrict microbial invasion and maintain intesti‐
nal homeostasis [12]. Historically, intestinal function stud‐
ies have relied on animal models [13, 14]. However, inher‐
ent anatomical and genetic differences limit the accuracy 

and translational relevance of such models [15, 16]. This 
has spurred the development of in vitro culture methods us‐
ing human cells, offering innovative avenues for mimicking 
intestinal physiology [17]. Researchers now employ bioen‐
gineering technologies to create both two-dimensional (2D) 
and three-dimensional (3D) models that integrate relevant 
cell types [18, 19], extracellular matrices, growth factors, 
and controlled external stimuli to better replicate the human 
intestinal environment [20].

Early intestinal models utilized intestinal epithelial cells 
cultured on simple substrates, such as plastic or porous 
membranes. Although these approaches provided funda‐
mental insights, they failed to simulate the complex interac‐
tions between cells and the surrounding matrix [21]. The in‐
troduction of Transwell systems significantly improved this 
approach by facilitating more physiologically relevant cell 
arrangements [22]. The subsequent emergence of organoid 
technology further advanced the field by harnessing the self-
organizing behavior of intestinal stem cells to reproduce na‐
tive tissue architecture [23]. In parallel, microfluidic chip 
technologies have refined these models by introducing dy‐
namic culture conditions and mechanical stimulation [24].

The more recently introduced biofabrication techniques 
offer a powerful strategy for constructing in vitro tissues 
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with precise spatial organization. Through computer-aided 
design, these techniques generate structures that closely 
mimic the anatomical topology of the intestine, enhancing 
the simulation of physiological processes [25]. Neverthe‐
less, replicating the full complexity of intestinal tissue re‐
mains challenging, as it requires proper cellular organiza‐
tion, material integration, dynamic 3D culture, niche devel‐
opment, and vascularization [26, 27]. Various bioengineer‐
ing approaches have been developed to address these chal‐
lenges, each offering unique strengths in reproducing spe‐
cific physiological features (Fig. 1).

This review comprehensively examines the bioengineer‐
ing technologies used to construct in vitro intestinal models 
and their applications in studying intestinal development, 
microenvironment homeostasis, and disease mechanisms. 
Unlike previous reviews, which often treated fabrication 
and biological applications separately, this review synthe‐
sizes these aspects to demonstrate the direct impact of struc‐
tural decisions on functional fidelity at the manufacturing 
level. It highlights the transition from constructing physi‐
ologically relevant anatomical structures to restoring intesti‐
nal functions. From an engineering standpoint, this frame‐
work guides the development of appropriate in vitro models 
tailored to various intestinal biological applications. Further‐
more, this review discusses optimization strategies for 

bridging the gap between structural mimicry and functional 
performance. Finally, by synthesizing advancements in tis‐
sue engineering, advanced manufacturing, and microfluid‐
ics, we outline future directions that will enhance the trans‐
lational relevance and practical utility of in vitro intestinal 
models.

2　Strategies for constructing in vitro 
intestinal tissue models

Bioengineering technologies aim to replicate both macro- 
and micro-intestinal structures while mimicking the 
biomimetic intestinal physiological environment. These 
approaches encompass a wide range of scales, from 
micrometer-level cellular and extracellular matrix (ECM) 
structures to millimeter-scale tissue models (Fig. 2). Here, 
we summarize the characteristics, advantages, and limita‐
tions of various models, including 2D static, organ-on-chip, 
organoid, and 3D scaffold-based models.

2.1　2D static model

2D static models simulate specific cellular functions in a 
static culture environment by seeding cells onto a surface 
where they can migrate, proliferate, and mature [28]. These 

Fig. 1  Schematic of the bioengineering technology characteristics required to replicate intestinal organizational and functional characteristics in 
biomedical applications. Guided by intestinal physiological characteristics, various bioengineering technologies have been used to construct in 
vitro models with different dimensional and structural features. The resulting distinctive organizational characteristics and physiological envi‐
ronments constructed through these models enable in vitro studies on various physiological and pathological processes
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surfaces, such as culture dishes or porous membranes, are 
typically established in the centimeter scale, limiting cellu‐
lar growth in the vertical direction. This approach offers a 
simplified model focusing on the basic functional replica‐
tion of the interactions between intestinal epithelial cells 
and their environment [29]. For instance, cocultured CACO-
2, HT-29, and Raji B models have demonstrated more bio‐
mimetic permeability for peptide drugs than CACO-2 
monoculture models [30]. To investigate cell–microbe inter‐
actions, an oxygen gradient environment can be established 
using the Transwell system. The well and insert are sepa‐
rated by a porous membrane, which also serves as the sub‐
strate for cell seeding. The upper and lower chambers are 
typically filled with distinct culture media to establish dif‐
ferent microenvironments. Furthermore, the insert can be 
sealed to create an anaerobic environment, while the well 
remains open to the atmosphere, thereby maintaining aero‐
bic conditions. Therefore, this customizable configuration 
facilitates the simultaneous growth of intestinal epithelial 
cells and anaerobic bacteria, each within physiologically ap‐
propriate environments [31].

Although the 2D static model provides a supportive envi‐
ronment for the growth and proliferation of epithelial cells, 
it has limited ability to accurately recapitulate the unique 
structural characteristics and spatial organization of intesti‐
nal cells. For instance, it is unable to reproduce the native 
villus–crypt architecture, which is critical for establishing 
the appropriate epithelial niche. Furthermore, the uniform 
culture conditions of the 2D static model inherently restrict 
the possibility of dynamic culture, making it unsuitable for 

biomimetic fluidic stimulation and hindering its capacity for 
long-term culture.

2.2　Organ-on-chip

Compared with the 2D static models, organ-on-chip tech‐
nology offers multiple notable advancements, such as the 
use of microfluidic techniques to introduce shear stress, cy‐
clic mechanical forces, and complex spatial microenviron‐
ments [32]. By integrating these mechanical and dynamic 
environmental factors, organ-on-chip models overcome the 
absence of dynamic stimulation and restricted structural 
complexity, among other limitations, thereby facilitating a 
more accurate recapitulation of intestinal physiology [33].

Fabrication techniques are crucial in organ-on-chip devel‐
opment. Photolithography and etching are commonly used 
to create rigid glass- or silicon-based microfluidic devices, 
which offer excellent chemical resistance and structural sta‐
bility [34]. However, these materials are unable to replicate 
the elasticity of native tissues, preventing the generation of 
relevant mechanical cues during cell culture. Soft lithogra‐
phy employs polydimethylsiloxane (PDMS) as a flexible 
mold for fabricating microfluidic channels through pattern 
transfer, offering high precision, optical transparency, and 
gas permeability [35]. However, PDMS tends to absorb hy‐
drophobic drugs or signaling molecules, potentially altering 
drug absorption and interfering with intercellular interac‐
tions. Another widely adopted approach is 3D printing, 
which enables design customization and high-resolution 
rapid prototyping of complex geometries [36]. Despite 

Fig. 2  Comparison of the feature size of bioengineered intestinal models with the multiscale hierarchy of native intestinal tissue
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these advantages, the resolution and material constraints of 
3D printing techniques may compromise channel smooth‐
ness, thereby affecting flow patterns and shear forces ex‐
perienced by cells. The fabricated channels are typi‐
cally >10 μm, which can sufficiently accommodate cells 
and provide an environment conducive to advanced cell 
culture systems [24, 37].

In intestine-on-chip models, microfluidic systems gener‐
ate laminar flow within channels by mimicking the fluid dy‐
namics of the intestinal lumen [38, 39]. The shear stress 
generated by fluid flow (range: 0.002–0.080 dyne/cm2) 
promotes the self-assembly of villi-like microstructures, 
with epithelial cells forming projections up to 300 μm in 
height [40], which are still shorter than natural human intes‐
tinal villi but are significantly better than those in static 
models [41]. Furthermore, micromilling can fabricate 3D 
pores in chip designs, enabling gradient dynamic environ‐
ments that guide epithelial cell morphogenesis and facilitate 
villi–crypt axis reconstruction [33]. Flow parameters, such 
as the Reynolds number (range: 0.11–0.34), also contribute 
critically to the replication of intestinal functions, including 
nutrient digestion and absorption [42, 43] (Fig. 3a). Cyclic 
mechanical forces applied through vacuum chambers adja‐
cent to microfluidic devices mimic the natural peristaltic 
motion of the intestinal wall, further enhancing villi and 
crypt formation and influencing cellular behavior, such as 
bacterial invasion resistance [44].

Organ-on-chip systems also facilitate cocultures and in‐
teractions between multiple cell types and microbes [45]. 
Multilayer or parallel-flow channels enable communication 

between epithelial cells and other intestinal components. 
For example, multilayer channels simulate epithelial–
endothelial interactions to promote vascularization and 
form cellular barriers [46‒48]; these barriers exhibit more 
pronounced physiological characteristics under oxygen gra‐
dient conditions. Epithelial cells and enteric neurons were 
cultured separately in two compartments of a parallel-flow 
microfluidic device, which were interconnected through mi‐
crogrooves (150 µm long, 2.5 µm high) [49, 50] (Fig. 3b). 
Over time, neuronal projections extend through the micro‐
grooves to establish contact with the epithelial cells. Com‐
pared with monocultures, enteric neurons in the coculture 
system exhibited a higher rate of outgrowth and an in‐
creased density of neuronal projections. Chips incorporat‐
ing immune cells, such as primary monocytes, alongside 
epithelial cells create an immune-active environment 
that mimics in vivo conditions during inflammatory re‐
sponses [17, 51, 52] (Fig. 3c). The coculture of epithelial 
cells with anaerobic microbes was performed using a mul‐
tilayer perfusion chamber containing different culture me‐
dia and separated by a porous membrane [53, 54] (Fig. 3d). 
The basal side of the epithelial cells was exposed to cell 
culture medium under aerobic conditions, whereas the 
apical side was exposed to anaerobic conditions, thereby 
establishing an oxygen gradient [55]. Following the for‐
mation of a confluent epithelial monolayer, microbes 
were introduced for coculture, to reconstruct host– microbe 
interactions within a biomimetic environment.

The organ-on-chip system also enables real-time monitor‐
ing of environmental parameters and cellular states during 

Fig. 3  Intestine-on-chip for physiological environment reconstruction and biological interaction. (a) Epithelial cells are subjected to fluid flow 
and exhibit self-assembly of villi-like microstructures in organ-on-chip. Reproduced from [42] (Copyright 2018, with permission from the authors, 
licensed under CC BY-NC-ND) and [43] (Copyright 2020, with permission from the authors, licensed under CC BY 4.0). (b) Coculture of epithe‐
lial cells and intestinal neurons in microfluidic organ-on-chip. Reproduced from [49], Copyright 2023, with permission from the authors, licensed 
under CC BY 4.0. (c) Cocultured epithelial cells and immune cells demonstrating immune tolerance to microbes. Reproduced from [52], Copy‐
right 2019, with permission from Elsevier Ltd. (d) A modular microfluidics-based human–microbial coculture model featuring oxygen sensors 
and detection electrodes. Reproduced from [53], Copyright 2016, with permission from the authors, licensed under CC BY 4.0

244



Bio-Design and Manufacturing (2026) 9:240–265

culture [56]. The culture environment, including neutral pH, 
oxygen concentration, and temperature, can be continuously 
monitored using various sensors, such as non-contact opti‐
cal pH, oxygen, and temperature sensors [57]. Miniaturized 
microscopes are used to assess cellular growth and for real-
time imaging of cell morphology. Commercially available 
chopstick-style electrodes can be applied to measure tran‐
sepithelial electrical resistance to further characterize cell 
growth and differentiation. Electrodes functionalized with 
specific antibodies can detect cell-secreted proteins, provid‐
ing insights into functional protein expression [58]. The in‐
tegration of these sensing modalities with organ-on-chip 
platforms markedly enhances their capabilities for detection 
and quantitative analysis.

Despite providing a more biomimetic culture environ‐
ment, organ-on-chip systems confine cellular growth to a 
2D plane, which imposes inherent limitations on achieving 
efficient multicellular interactions. First, confining different 
cell types to separate microchannels dilutes their paracrine 
signals in the culture medium, thereby limiting intercellular 
influence. Second, these platforms cannot replicate the na‐
tive microarchitecture of intestinal villi within organ-on-
chip platforms. In human intestinal tissue, the finger-like 
projections and invaginations created by villi and crypt 
structures are critical in regulating epithelial differentiation 
and spatial distribution. Although fluidic shear stress in 
organ-on-chip systems can induce epithelial cells to form 
rudimentary protrusions, these structures cannot fully reca‐
pitulate authentic villus–crypt topography, which compro‐
mises the fidelity of functional restoration.

Organ-on-chip platforms expand the capabilities of tradi‐
tional 2D models. By integrating dynamic flow, mechanical 
stimulation, and multicell coculture, these platforms pro‐
duce more physiologically relevant simulations of intestinal 
processes. Their modular design facilitates controlled-
gradient studies of nutrient absorption, immune responses, 
and host–microbe interactions. Future integration with bio‐
printed architectures could provide the 3D complexity 
needed for villus–crypt organization and spatial microbial 
distribution. Furthermore, embedding real-time biosensing 
within chips will facilitate the continuous monitoring of me‐
tabolites, oxygen levels, and barrier integrity, while AI-
driven analytics will enhance predictive modeling and adap‐
tive control of the microenvironment. These innovations po‐
sition organ-on-chip technology as a cornerstone for next-
generation intestinal models.

2.3　Organoid

Organoids are a transformative advancement for in vitro 
modeling, offering stem cell-derived 3D structures that 
self-organize and differentiate into various intestinal cell 
types while mimicking the complexity of human intestinal 

tissue [59]. Compared with the 2D static model, organoids 
exhibit a higher degree of physiological relevance [60], rep‐
licating the villus–crypt microarchitecture and hosting vari‐
ous epithelial cell types, including enterocytes, goblet cells, 
Paneth cells, and enteroendocrine cells [61‒64]. Unlike 
organ-on-chip models, which rely on microfluidic channels 
to simulate flow dynamics, organoids can closely capture the 
cellular heterogeneity of the intestinal epithelium [65, 66].

Currently, organoids are primarily derived from tissues 
or induced pluripotent stem cells (iPSCs). Tissue-derived or‐
ganoids are generated by isolating and purifying stem cells 
or progenitor cells from tissues via optimized dissociation 
and purification methods [67]. In contrast, iPSC-derived or‐
ganoids are constructed from well-established and compre‐
hensively characterized iPSC lines that serve as the starting 
cells [68‒70]. The isolated cells are seeded into biologically 
derived matrices, such as Matrigel or natural ECM. Subse‐
quently, soluble factors are delivered to the cells in a spatio‐
temporally controlled manner to guide their differentiation 
toward specific tissue lineages and promote the formation 
of an epithelial monolayer around a central lumen. With ex‐
tended culture, intestinal organoids spontaneously develop 
villus- and crypt-like structures, harboring ISCs and various 
epithelial cell types that collectively recapitulate the niche 
microenvironment.

Organoids offer a platform for modeling the intestinal 
epithelium and its interactions with other cell types through 
coculture systems [23, 71]. The conventional approach in‐
volves mixing organoids, other cell types, and ECMs to al‐
low physical contact and interaction [72, 73]. However, the 
uncontrollable spatial distribution of these components low‐
ers the efficiency of contact between organoids and other 
cells. Alternatively, organoids and other cells are cultured 
on opposite sides of a porous membrane, thereby enabling 
intercellular interactions. Coculture systems have been es‐
tablished by separating monocyte-derived macrophages from 
organoids with a porous membrane to successfully stimu‐
late epithelial immune-related responses [74‒76] (Fig. 4a). 
To promote the formation of tighter cell aggregates, cell ad‐
hesion is suppressed by using ultra-low-attachment culture 
dishes coated with hydrophilic hydrogels. The cells are then 
centrifuged to facilitate aggregate formation and enhance 
cell–cell interactions. Low-speed centrifugation can me‐
chanically aggregate different cell types, such as organoid-
derived cells and vagal neural crest cells. Cell–cell interac‐
tions facilitate measurable neuronal activity and thus the ef‐
fective modeling of the enteric nervous system [77‒79] 
(Fig. 4b). Moreover, droplet microfluidics can be integrated 
to coencapsulate organoids and other cell types into micro‐
gel droplets, thereby ensuring close contact [80]. In contrast 
to cell–cell interactions, cell–microbe interactions require 
an oxygen gradient to coculture organoids and microbes [81]. 
The central lumen of organoids is avascular and fosters a 
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hypoxic microenvironment driven by oxygen consumption 
from cellular metabolism. Moreover, the densely packed 
cellular architecture of organoids further restricts oxygen 
diffusion, thereby reinforcing and maintaining hypoxia 
within the organoid interior. Using microinjection technolo‐
gies, symbiotic [82, 83] and pathogenic [84, 85] bacteria, in‐
testinal viruses [86, 87], and other microbes can be intro‐
duced into the organoid inner cavity to study them in an en‐
vironment that simulates the low-oxygen conditions of the 
intestinal lumen.

Epithelial tissues exhibit apical–basal polarity: The apical 
surface is specialized for absorption, secretion, and interac‐
tions with pathogens, whereas the basal surface mediates ad‐
hesion to the ECM and communication with underlying 
stromal and immune cells. In vivo, the apical membrane 
faces the intestinal lumen. However, in vitro, the apical do‐
main is enclosed within a central lumen, rendering it inac‐
cessible for studies requiring external induction of patho‐
gens or drugs without invasive manipulation [88]. To ad‐
dress this, “apical-out” organoid configurations can be in‐
duced through mechanical inversion, suspension culture, or 
removal from ECM scaffolds [89] (Fig. 4c) to directly 
expose the apical membrane to the culture medium, thereby 
facilitating accessibility. Apical-out epithelial cultures enable 

efficient evaluation of compound transport, such as in 
absorption assays requiring high-throughput screening. In 
contrast, investigations of infection mechanisms and host–
microbe interactions require apical-in epithelial culture sys‐
tems, which can be induced through advanced techniques, 
such as microinjection, to establish coculture environments. 
Despite being technically more demanding, apical-in organ‐
oids remain the preferred model due to their superior physi‐
ological relevance and ability to faithfully recapitulate the 
luminal environment. In contrast, dissociating organoids 
into monolayer cultures simplifies the system by making 
both apical and basal membranes accessible to the external 
environment, thereby removing the limitations imposed by 
cell polarity [90].

Nevertheless, organoids face several technical and opera‐
tional challenges. First, their reliance on self-organization 
introduces size and structure variabilities that limit repro‐
ducibility and scalability for high-throughput studies [91]. 
Conventional static culture conditions cannot replicate the 
dynamic mechanical forces present in the native intestine, 
thereby limiting their ability to fully recapitulate physiologi‐
cal functions. Currently, organoid technology can be inte‐
grated with microfluidic platforms. Specifically, organoids 
can be dissociated into single cells, seeded into microfluidic 

Fig. 4  Organoids for microstructure self-assembly and biological interaction. (a) Human intestinal epithelial monolayers cocultured with 
monocyte-derived macrophages to facilitate intercellular communication. Reproduced from [74], Copyright 2017, with permission from the au‐
thors, licensed under CC BY 4.0. (b) Mechanical aggregation of intestinal organoids and pluripotent stem cell-derived neural crest cells to form 
a coculture system with periodic neural activity. Reproduced from [78], Copyright 2016, with permission from Springer Nature America, Inc. 
(c) Suspension culture technique reversing the polarity of the intestinal organoids. Reproduced from [89], Copyright 2019, with permission 
from the authors, licensed under CC BY 4.0. (d) Laser ablation of the hydrogel scaffold to generate villus-like microchannels. Stem cells seeded 
on the channel surface proliferate and differentiate into a tubular mini-intestine within the flow environment. Reproduced from [94], Copyright 
2020, with permission from the authors, under exclusive licence to Springer Nature Limited
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chips, and subjected to fluid-induced stimulation, which 
facilitates an effective restoration of tissue-level func‐
tions [92‒94] (Fig. 4d). Moreover, most coculture ap‐
proaches simply mix the desired cell types, preventing the 
precise replication of the complex anatomical arrangements 
observed in vivo.

Organoids have significantly advanced the field of 
in vitro intestinal modeling, bridging some of the gaps over‐
looked by traditional 2D static models and organ-on-chip 
systems, such as insufficient recapitulation of villus mor‐
phology and inadequate cellular heterogeneity. The ability 
of organoids to replicate cellular heterogeneity and func‐
tional complexity makes them a valuable platform for study‐
ing intestinal biology [95]. However, their static culture con‐
ditions, reliance on self-assembly, and lack of integration 
with dynamic mechanical stimuli highlight their limitations. 
While organoids excel at modeling cellular differentiation 
and microarchitecture, innovations integrating dynamic me‐
chanical stimuli and precise anatomical replication are 
needed to enhance their physiological relevance. Combin‐
ing organoids with 3D bioprinting may overcome these con‐
straints to obtain patterned cellular arrangements and scaf‐
fold architectures that support nutrient exchange, microbial 
colonization, and extended culture stability.

2.4　3D scaffold-based model

3D scaffold-based models have gained significant attention 
as an advanced platform that offers enhanced replication of 
the complex architecture, biochemical microenvironment, 
and functional heterogeneity of the native intestine [96‒98]. 
Conceptually, a scaffold-based intestinal model is designed 
to simulate the ECM by offering structural and biochemical 
cues that regulate cellular attachment, polarity, prolifera‐
tion, and differentiation. This strategy generates an epithe‐
lium that recapitulates in vivo morphology and physiologi‐
cal functions. 3D bioprinting and conventional tissue engi‐
neering techniques, such as freeze-drying, solvent casting, 
electrospinning, and decellularization, can be used to fabri‐
cate 3D biomimetic intestinal scaffolds using intestinal ma‐
trices or synthetic and natural polymeric materials [99‒103].

3D bioprinting is an advanced additive manufacturing 
technology capable of creating customized architectures and 
replicating the inherent biological heterogeneity of intesti‐
nal tissues [104, 105]. Among the available approaches, 
extrusion-based printing and light-based printing are 
commonly used to construct in vitro intestinal models. 
Extrusion-based printing employs pressure-driven extru‐
sion of bioinks through a nozzle to generate continuous 
filament units, which are mechanically deposited to form 
3D structures. Standard extrusion printing protocols use 
filaments with diameters of 100–200 µm to construct 
scaffolds that closely approximate the dimensions of 

intestinal villi, thereby providing a niche for epithelial cell 
proliferation and differentiation [106, 107]. Advanced tech‐
niques, such as coaxial, embedded, and sacrificial printing, 
can facilitate a more accurate replication of epithelial func‐
tions. Coaxial printing fabricates core–shell structures that 
mimic multilayered tissue organization, such as epithelial 
and endothelial layers, to enhance epithelial absorption 
function [108] (Fig. 5a). Embedded printing employs a sup‐
porting medium to stabilize bioinks during deposition to 
fabricate 3D architectures from soft materials, such as 
vertically oriented microstructures resembling intestinal 
villi [109] (Fig. 5b). Sacrificial printing, in contrast, uses re‐
movable materials as extrudates with dimensions exceeding 
500 µm to generate hollow channel structures within bulk 
tissues. These channels can be perfused with anaerobic me‐
dium to establish physiological oxygen gradients, with 
lower oxygen levels inside the channel and higher ones in 
the surrounding tissue [110]. Recent advancements inte‐
grate human ISCs into bioinks to construct centimeter-scale 
tissues and spontaneously generate villi structures [111] 
(Fig. 5c). These bioprinted constructs achieve greater di‐
mensional similarity to the native intestine while main‐
taining greater functional complexity than organoids.

Extrusion-based bioprinting offers convenience and effi‐
ciency for multicellular printing, making it suitable for con‐
structing vascularized intestinal models. A common strat‐
egy involves incorporating endothelial cells into bioinks to 
form 3D structures, followed by the seeding of epithelial 
cells to establish a coculture microenvironment. This strat‐
egy facilitates the flexible reconstruction of native intestinal 
architectures, such as vascularized circular folds, with pre‐
cise control over the spatial distribution of endothelial and 
epithelial cells [103, 112]. However, the fabrication of 
large-scale tissue models remains challenging due to the in‐
herent trade-off between the mechanical strength and bio‐
logical performance of bioinks. Coaxial bioprinting, an opti‐
mized extrusion-based technique, facilitates the fabrication 
of vascularized intestinal models. Its concentric nozzles per‐
mit multilayered structures that contain distinct cell types 
and are tailored to replicate intestinal features. For example, 
filaments with endothelial cells in the core and epithelial 
cells in the shell can recreate both the structure and in vivo 
physiology of villi, enabling studies of vascularized nutrient 
absorption [108]. Alternatively, a hollow lumen can be cre‐
ated using epithelial cells with sacrificial materials in the 
core and endothelial cells in the shell. After sacrificial re‐
moval, epithelial cells are seeded along the tube to line the 
intestinal cavity [113]. Such tubular models can be inte‐
grated with organ-on-chip platforms for perfusion culture to 
closely simulate circulation and nutrient exchange [114]. 
Nonetheless, coaxial bioprinting mainly generates homoge‐
neous, linear features but not the heterogeneous macrostruc‐
tures of native intestines. Future studies should develop 
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bioprinting strategies that support endothelial–epithelial 
interactions while replicating both micro- and macro-
architecture of intestinal tissues.

Light-based printing, which includes techniques such as 
stereolithography (SLA) and digital light processing (DLP), 
utilizes light to crosslink photoactive materials with photo‐
polymerization properties, enabling the layer-by-layer fabri‐
cation of complex geometries. The high resolution of light-
based printing achieves precision to <100 µm, making it es‐
pecially suitable for printing intricate microstructures such 
as villi and crypts [115]. In SLA, a computer-controlled 
laser beam traces 2D patterns to induce localized, layer-by-
layer material curing. This approach has been used to fabri‐
cate 3D hydrogel scaffolds with villus–crypt arrays exhibit‐
ing a structural organization that is highly analogous to the 

intestinal epithelium, including growth factor and oxygen 
gradients [116] (Fig. 5d). In DLP, a digital micromirror de‐
vice projects 2D pixelated patterns onto a transparent sur‐
face, thereby simultaneously curing entire resin layers and ac‐
celerating 3D fabrication [117]. Through DLP printing, fi‐
broblasts can be incorporated within the bioink for villus 
fabrication, followed by epithelial cell seeding to establish 
uniform and precise spatial arrangements and recapitulate 
epithelial–stromal interactions [118] (Fig. 5e). These fea‐
tures facilitate biological factor exchange and ECM secre‐
tion to better enhance epithelial barrier integrity and perme‐
ability compared with 2D static models or organoid sys‐
tems, which often lack this level of structural control [119].

Conventional tissue engineering techniques, such as freeze-
drying, solvent casting, electrospinning, laser ablation, and 

Fig. 5  3D scaffold-based models for precise structure construction and cellular distribution. (a) Villus scaffolds containing epithelial and endo‐
thelial cells constructed by coaxial extrusion-based printing technology. Reproduced from [108], Copyright 2018, with permission from the 
American Chemical Society. (b) Villus structures manufactured by embedded extrusion-based printing technology. Reproduced from [109], 
Copyright 2021, with permission from Wiley-VCH GmbH. (c) Centimeter-scale tubular intestinal tissue manufactured by extrusion-based print‐
ing. By using stem cells, the tissue spontaneously generates crypts and villi closely resembling native structures. Reproduced from [111], Copy‐
right 2020, with permission from the authors, under exclusive licence to Springer Nature Limited. (d) The crypt and villus structures fabricated 
by stereolithography, providing a 5-μm resolution for 3D printing. Epithelial cells adhere and proliferate on the structure. Reproduced from 
[116], Copyright 2019, with permission from the authors, licensed under CC BY-NC-ND 4.0. (e) Hydrogels containing fibroblasts constructed 
into 3D villi-like and stromal structures by digital light processing. Epithelial cells are seeded to form a multicellular coculture system that im‐
proves barrier function and transporter activity. Reproduced from [115], Copyright 2023, with permission from the authors, licensed under CC 
BY-NC-ND
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decellularization, have also been used to fabricate 3D scaf‐
folds. Freeze-drying, solvent casting, and electrospinning 
are typically employed to construct highly porous scaffolds 
with tunable pore sizes; however, they are often limited by 
mechanical fragility and relatively simple morphological ar‐
chitectures. Currently, tubular 3D scaffolds can be fabri‐
cated using these approaches, while hollow lumens or multi‐
layered tubular assemblies can be achieved through mold 
design to partially recapitulate physiological environments 
[120, 121]. In contrast, laser ablation and photolithography 
rely on light exposure and chemical reactions to process 
substrate materials, such as photoresists, to generate high-
precision molds [122‒124]. These molds can then be used 
for pattern transfer in fabricating tissue models using matrix 
materials, such as collagen and ECM. Furthermore, 
photopolymerization-based microfabrication techniques can 
directly crosslink photosensitive materials to fabricate mi‐
crostructures with high aspect ratios and effectively estab‐
lish 3D cell culture environments that overcome the inher‐
ent limitations of 2D static models [125]. Despite these ad‐
vances, the fabrication of tissue models still requires com‐
plex manual procedures, which create difficulties in main‐
taining structural precision and generating microenviron‐
ment gradients [126, 127]. Decellularization offers a bio‐
logically driven approach to scaffold fabrication, in which 
native intestinal tissues are subjected to chemical, enzy‐
matic, or mechanical processing to remove cellular compo‐
nents while retaining the structural, mechanical, and bio‐
chemical integrity of the ECM [128, 129]. Although decel‐
lularized intestinal scaffolds inherently provide a highly bio‐
mimetic environment, this technique is frequently associ‐
ated with batch-to-batch variability, incomplete removal of 
cellular material, and the risk of eliciting immune responses, 
all of which constrain its broader application.

Although 3D scaffold-based models offer numerous ad‐
vantages, they are still significantly limited from faithfully 
replicating the multiscale intestinal structural characteristics, 

such as the macroscopic tissue organization and the micro‐
scopic villus–crypt architecture [130]. Future investigations 
must focus on fully reconstructing native tissue architecture 
to achieve a biomimetic spatial distribution of biological 
cues, including cells, ECM, and cytokines. Another critical 
challenge is to strike a balance between bioink biocompat‐
ibility and structural integrity in 3D bioprinting, particularly 
for large-scale constructs [131]. Furthermore, the lack of 
standardized approaches for creating and maintaining 
physiological oxygen gradients—which influence cellular 
activities—in these models [132, 133] must be addressed 
in future research. Integrating microfluidic elements from 
organ-on-chip systems into 3D structures is a potential strat‐
egy for addressing this issue [114].

3D scaffold-based models offer unmatched precision in 
replicating villus–crypt architecture and spatial cellular or‐
ganization, which directly impacts absorptive efficiency, mi‐
crobial niche localization, and epithelial renewal, among 
other physiological functions [115, 134]. These models also 
enable the creation of oxygen and nutrient gradients, which 
support long-term microbial and epithelial coculture [135]. 
The repeatability and design flexibility of 3D scaffold-based 
models make them highly adaptable compared with other 
platforms. Ultimately, overcoming bioink limitations and in‐
tegrating bioprinting with dynamic systems, such as organ-
on-chip fluidics and real-time monitoring, will be vital to 
achieving physiologically robust and clinically relevant in‐
testinal models.

We summarize the features and challenges of various bio‐
engineering technologies used to construct in vitro intestinal 
models (Fig. 6), evaluating them based on technical proper‐
ties and biological functions. Our framework assessed tech‐
nical properties such as reproducibility, expandability, cost-
effectiveness, ease-of-use, and throughput. The biological 
functions evaluated included environmental construction, 
structural fidelity, cell diversity, microbial compatibility, and 
biogeography. Biogeography describes the spatial distribution 

Fig. 6  Comparison of four major in vitro intestinal models based on technical properties and biological functions
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patterns of multiple cellular components within in vitro 
models. 2D static models are of very low technical diffi‐
culty and have a low operational threshold, offering the 
highest cost-effectiveness. However, their simple design 
limits their biological relevance. Organoid models exhibit 
high biological complexity and closely replicate physiologi‐
cal functions; however, they exhibit inadequate structural 
precision and require extensive manual intervention and 
higher cultivation costs. Organ-on-chip systems replicate the 
micro-physiological environment using advanced methods 
and system simulation capabilities and offer good reproduc‐
ibility. However, their fabrication requires specialized 
equipment for manufacturing, increasing associated costs. 
3D scaffold-based models leverage structural precision to 
enhance biological functions, providing scalability and cus‐
tomization while demonstrating significant translational po‐
tential. Although these models are also constrained by mate‐
rials and equipment, they offer relatively lower costs than 
organ-on-chip or organoid models.

Among the currently available options, the U. S. Food 
and Drug Administration (FDA)-endorsed CACO-2 Tran‐
swell model remains the gold standard for evaluating intesti‐
nal permeability in drug development [136, 137]. Patient-
derived organoids (PDOs) are also gaining traction for drug 
screening and personalized medicine applications, offering 
more precise replication of native intestinal tissues [138]. 
Similarly, organ-on-chip models integrate microfluidic tech‐
nology to simulate key physiological parameters, such as 
flow, mechanical stimulation, and oxygen gradients [139]. 
Although these systems effectively recreate dynamic micro‐
environments and controlled coculture conditions, they are 
limited by their complexity and small-scale design [140]. 
Each bioengineering method has unique strengths and limi‐
tations; however, 3D scaffold-based models stand out as the 
most promising approach, effectively addressing the struc‐
tural and functional challenges that limit other methods. By 
enabling the precise spatial arrangement of multiple cell 
types and replication of the complex intestinal macro- and 
microarchitectures, 3D scaffold-based models could pro‐
vide a comprehensive platform for modeling intestinal struc‐
ture, function, and microbial interactions.

3　Applications of in vitro intestinal models

3.1　Intestinal homeostasis model

The intestine contains one of the most complex ecosystems 
in the human body, which undergoes dynamic environmen‐
tal changes. Disruption of its delicate balance can lead to in‐
testinal inflammation, such as inflammatory bowel disease 
(IBD) [141], which is driven by genetic predisposition, 
environmental influences, microbiota imbalances, altered 

intestinal permeability, and immune dysregulation, among 
other factors [142]. These mechanisms and their impact on 
intestinal homeostasis are explored through in vitro models, 
which are designed to replicate key features of the intestinal 
environment.

The protective mucus layer on epithelial cells serves as 
the primary intestinal barrier for maintaining homeostasis. It 
is composed of mucins secreted by the cells, primarily 
MUC2, MUC5AC, and MUC17. This layer fosters a symbi‐
otic relationship between the intestine and its microbial 
community [143, 144]. To simulate this barrier in vitro, 
Transwell systems are widely used to establish monolayer 
polarized epithelial cells, which exhibit partial barrier func‐
tions but lack the mucin specificity characteristic of goblet 
cells. A coculture system of CACO-2, HT29-MTX, and 
Raji B cells has been developed to address this limitation. 
This model exhibits goblet cell characteristics [30], generat‐
ing mucus layers that are 40–80 μm thick, depending on the 
cell types and ratios used [145] (Fig. 7a). Intestinal organ‐
oids with various epithelial cell types can be designed to se‐
crete mucin within the central cavity. Recent innovations, 
such as reverse-polarity organoids, enhance mucus layer 
characterization by reorienting the apical surfaces of epithe‐
lial cells in space, thereby enhancing accessibility for mu‐
cus characterization [89, 146, 147]. Monolayer organoids 
are generated by seeding dissociated organoid-derived cells 
onto a specific substrate to form a 2D epithelial cell layer, 
which achieves similar outcomes. Compared with static 
models, organ-on-chip models introduce mechanical defor‐
mation and fluid shear, creating dynamic culture environ‐
ments that promote villus differentiation and mucin secre‐
tion by epithelial cells [92] (Fig. 7b). Cytokines secreted by 
cells can diffuse into the circulating medium and subse‐
quently act on the receptors of neighboring cells to mediate 
intercellular interactions. Moreover, systems constructed 
from patient-derived epithelial cells provide disease-specific 
mucus layer characteristics, enabling advanced studies into 
intestinal pathologies [148].

Beyond barrier function, the immune system contributes 
significantly to intestinal homeostasis by mediating interac‐
tions between epithelial and immune cells. Organ-on-chips, 
organoids, and 3D scaffold-based models can all be used to 
establish coculture environments of immune cells (such as 
macrophages and T cells derived from human THP-1 cells) 
and epithelial cells [149]. Such interactions enable epithelial 
cells to form tight junctions and regulate permeability, 
which more accurately reflects physiological conditions dur‐
ing cellular development and maturation [74, 150, 151]. Vari‐
ous soluble factors, such as interleukin (IL)-22, IL-2, and 
IL-6 [75, 76], are introduced to induce the immune 
response in inflammatory environments, thereby inducing 
multiple cell types to exhibit collective immune re‐
sponses [17, 51, 52] (Fig. 7c). In organ-on-chip, cytokines 
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secreted by cells can diffuse into the circulating medium 
and subsequently act on the receptors of neighboring cells, 
thereby mediating intercellular interactions during the in‐
flammatory response.

Intestinal organoids, particularly those derived from pri‐
mary biopsy tissues, hold immense potential in personalized 
medicine. Their principal advantage lies in their ability to 
create patient-specific models that reflect an individual’s 
genetic background, microbiota composition, and other fac‐
tors influencing drug metabolism and disease susceptibility. 
This facilitates the development of highly accurate models 
for diseases such as cystic fibrosis, IBD, colorectal cancer, 

and celiac disease [152‒154] (Fig. 7d). By recapitulating key 
processes, such as cell death, host–microbe interactions, and 
inflammation, PDOs provide significant advantages in eluci‐
dating the pathogenesis of diseases. Therefore, organoids 
can also serve as robust platforms for evaluating therapeutic 
efficacy, such as drug testing and screening. For example, 
CRISPR/Cas9-mediated gene editing can be applied to rec‐
tify patient-specific genetic defects [155]. However, the ad‐
vancement of autologous organoid systems is hindered by 
insufficient recapitulation of the native microenvironment 
and limited cellular complexity. Integration with organ-on-
chip technology and 3D bioprinting offers promising results 

Fig. 7  Characteristics of intestinal homeostasis models. (a) Immunofluorescence images of intestinal coculture models. Reproduced from [145], 
Copyright 2022, with permission from the authors, under exclusive licence to Biomedical Engineering Society. (b) Morphology and mucus se‐
cretion of epithelial cells in the organ-on-chip. Reproduced from [92], Copyright 2018, with permission from the authors, licensed under CC 
BY 4.0. (c) Immunofluorescence of proliferative, epithelial, and mature intestinal markers in organoid models treated with IL-2. Reproduced 
from [76], Copyright 2018, with permission from the authors, licensed under CC BY 4.0. (d) Schematic diagram of the experimental workflow 
for inducing tumorigenesis in the colon. Reproduced from [153], Copyright 2024, with permission from the authors, licensed under CC BY 4.0. 
(e) Flow diagram demonstrating the construction of tumor models using patient-derived tumor cells through 3D printing technology. Repro‐
duced from [134], Copyright 2023, with permission from the authors, licensed under CC BY 4.0. (f) Morphological changes in intestinal epithe‐
lial cells after exposure to radiation, resulting in the loss of cellular continuity. Reproduced from [46], Copyright 2018, with permission from 
the authors, licensed under CC BY 4.0
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for reconstructing biomimetic micro-physiological systems, 
thereby enhancing the accuracy and reproducibility of exist‐
ing models [134, 156] (Fig. 7e). In 3D scaffold models, cy‐
tokines secreted by cells can diffuse through the pores of 
the material, interact with other cells, and promote intercel‐
lular communication.

Furthermore, intestinal ecosystem imbalance can disrupt 
intestinal homeostasis. The induction of pathogens, such as 
bacteria, viruses, and other harmful substances, into in vitro 
models replicates processes that lead to homeostasis failure. 
Bacteria, such as Salmonella typhimurium, Clostridium dif‐
ficile, Vibrio cholerae, and Helicobacter pylori [157‒160], 
produce toxins that affect epithelial cells by disrupting tight 
junctions, reducing mucin secretion, triggering inflamma‐
tory responses, and potentially causing the expulsion of in‐
fected epithelial cells from organoids. In organ-on-chip sys‐
tems, additional physical and chemical pathogenic factors, 
such as γ-radiation, lipopolysaccharide, and interferon-γ 
(IFN-γ), are administered to simulate cellular damage re‐
sponses [46, 51] (Fig. 7f). Compared with organoids, organ-
on-chip systems allow independent control of culture condi‐
tions, including substance gradients, oxygen levels, me‐
chanical forces, and cell types, offering greater flexibility 
for experimental designs.

Overall, the genetic specificity of organoids makes them 
suitable for recapitulating pathological features. Advanced 
additive manufacturing techniques, such as 3D printing, en‐
able more precise control over the distribution of epithelial 
and immune cells, facilitating the construction of a more ac‐
curate immune microenvironment. Therefore, the combina‐
tion of these two approaches is potentially useful for reca‐
pitulating intestinal homeostasis and associated pathological 
conditions.

3.2　Intestinal host–microbe interaction models

The human intestinal microbiome is crucial to maintaining 
health and inducing immune regulation, nutrient absorption, 
and protection against pathogens [161, 162]. Disruptions in 
host–microbe interactions have been identified as the cause 
of IBD, metabolic disorders, and neurodegenerative condi‐
tions, among other diseases. Understanding these complex 
interactions is critical in the development of targeted thera‐
pies and the advancement of precision medicine [163]. 
Studying these interactions in vivo is challenging due to 
ethical constraints, interspecies differences in intestinal 
physiology, and the difficulty of isolating specific microbial 
contributions in complex animal models. For instance, al‐
though germ-free or gnotobiotic mice have been instru‐
mental in elucidating host–microbe dynamics, they cannot 
replicate human-specific physiological and microbial char‐
acteristics, thereby limiting their translational relevance [164]. 
In vitro intestinal models can provide controlled environments 

for dissecting host – microbe interactions with greater rel‐
evance to human physiology.

The central challenge in modeling these interactions is in 
recreating environments that sustain both oxygen-sensitive 
microbes and aerobic intestinal epithelial cells. 2D static 
models, such as the Transwell system, fit a gas-impermeable 
plug into the insert to create an anaerobic internal compart‐
ment while the well remains aerobic, thereby establishing a 
controlled oxygen gradient across the membrane and cell 
monolayer [31, 165] (Fig. 8a) and achieving a coculture en‐
vironment for cells and microbes. While simple and repro‐
ducible, static models lack fluid flow, mechanical stimuli, 
and epithelial diversity, leading to metabolite accumulation 
over time and limited physiological relevance.

Organoids address some of these limitations by replicat‐
ing the intestinal crypt–villus architecture and epithelial de‐
velopment process. They can simulate cellular responses to 
different bacteria through invasive microinjection tech‐
niques. Symbiotic bacteria, such as Lactobacillus reuteri 
and non-pathogenic Escherichia coli, can interact with or‐
ganoids to enhance barrier function and antimicrobial de‐
fense [82, 83, 166]. In contrast, pathogenic bacteria, such as 
Clostridium difficile and Helicobacter pylori, typically in‐
duce epithelial damage, such as the disruption of tight junc‐
tions and loss of barrier integrity [85, 167, 168] (Fig. 8b). 
Despite these advantages, organoids are unsuitable for long-
term microbial coculture due to limited nutrient diffusion 
and waste accumulation. The closed luminal environment 
also complicates real-time observation and microbial ma‐
nipulation, restricting their scalability for high-throughput 
studies.

Organ-on-chip platforms introduce dynamic conditions to 
better mimic physiological microenvironments [169]. These 
systems typically feature dual fluidic channels separated by 
a porous membrane, with the upper channel simulating the 
intestinal lumen and the lower channel mimicking the vas‐
culature for oxygen and nutrient transport [40, 170, 171] 
(Fig. 8c). Mechanical cues, such as cyclic strain to mimic 
peristalsis, enhance bacterial invasiveness, as demon‐
strated in Shigella infection studies [44]. Moreover, spe‐
cialized devices, such as the HuMix and IOAC models, es‐
tablish controlled oxygen gradients to support the long-
term coculture of anaerobic bacteria [53]. However, their 
reliance on 2D cell layers limits the replication of complex 
tissue architecture and spatial microbial distributions found 
in vivo.

3D scaffold-based models offer a promising solution by 
enabling the construction of macro-scale tissues with intri‐
cate architectures [110]. Techniques such as sacrificial print‐
ing create hollow channels that support oxygen diffusion, 
while semi-tubular scaffolds enable the modulation of luminal 
oxygen by orientation relative to the air interface [113]. 
Distinct oxygen concentrations can be applied inside the 
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channels and to the surrounding tissue, thereby establishing 
an oxygen gradient. In contrast, semi-tubular structures gen‐
erated through casting techniques can be regulated by ori‐
enting the lumen toward or away from the air interface to 
control the luminal oxygen level between normoxic and hy‐
poxic conditions [172] (Fig. 8d). These approaches facili‐
tate studies of microbial spatial organization, a critical deter‐
minant of in vivo host–microbe interactions. However, stan‐
dard methods fail to maintain stable oxygen gradients, im‐
mune integration, and microbial diversity in extended cul‐
tures. Thus, combining bioprinted scaffolds with integrated 
flow networks helps achieve controlled oxygen microenvi‐
ronments and precise host–microbe positioning, thereby fos‐
tering complexity that more closely mimics that of the na‐
tive intestine ecosystem.

In conclusion, organ-on-chip systems can be used to cre‐
ate oxygen gradients due to their standardized and modular 
design, thereby facilitating the feasibility of host–microbe 
cocultures. Furthermore, the ability for real-time monitoring 
increases the reliability of assessing these interactions. 
Therefore, organ-on-chip platforms are especially suited for 
the fabrication of intestinal host–microbe interaction models.

3.3　Intestinal absorption models

The intestine is responsible for absorbing nutrients, water, 
and orally administered drugs [173]. However, animal in‐
testinal models often fail to predict human-specific out‐
comes due to species-specific differences in epithelial 
transporter expression, metabolic enzyme activity, and 
structural complexity [174, 175]. Therefore, in vitro mod‐
eling systems must capture the mechanisms of paracellular 
and transcellular transport, carrier-mediated active trans‐
port, and endocytosis. These models are essential for ad‐
vancing drug development, nutrition analysis, and toxico‐
logical assessments [176].

A Transwell model using immortalized epithelial cells is 
the gold standard for evaluating intestinal permeability and 
drug metabolism [177]. Its simplicity and high reproducibil‐
ity facilitate the reliable measurement of permeability for 
compounds such as nanoparticle-mediated peptides [30] and 
trace elements [178] (Fig. 9a). Moreover, these absorption 
models enhance toxicological testing by simulating toxin re‐
lease during digestion, epithelial absorption, and first-pass 
metabolism [179, 180]. However, the Transwell model 

Fig. 8  Characteristics of intestinal host–microbe interaction models. (a) Schematic diagram of the oxygen gradient culture system and the cocul‐
ture of cells and microbes. Reproduced from [165], Copyright 2022, with permission from the authors, licensed under CC BY 4.0. (b) Microin‐
jection of microbes into organoids to establish a coculture microenvironment. Reproduced from [168], Copyright 2018, with permission from 
the authors, licensed under CC-BY-NC-ND. (c) Schematic diagram of the organ-on-chip design illustrating a controlled oxygen gradient, where 
epithelial cells are exposed to microbes and inflammatory factors. Reproduced from [170], Copyright 2023, with permission from The Royal 
Society of Chemistry. (d) Epithelial cells and intestinal microbes isolated from feces are cocultured in the half-scaffold, a system that sustains 
an oxygen gradient culture through tissue engineering technology. Reproduced from [172], Copyright 2022, with permission from Wiley-VCH 
GmbH
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cannot duplicate the complex multicellular interactions, spa‐
tial organization, and mechanical stimulation that occur in vivo, 
limiting its predictive accuracy for absorption dynamics.

Organoids that better mimic the intestinal cellular hetero‐
geneity have been developed, overcoming these limitations. 
They express transport proteins and metabolic enzymes, in‐
cluding key markers, such as ATP-binding cassette subfam‐
ily B member 1 and cytochrome P450 3A4 (CYP3A4), to 
closely simulate native tissue function [181]. Monolayer or‐
ganoids derived from human PSCs exhibit enhanced absorp‐
tion and metabolism compared with traditional 2D static 
models, offering improved pharmacokinetic predictions [182] 
(Fig. 9b). However, organoids lack integrated fluid flow, 
limiting their utility in absorption studies for evaluating the 
influence of shear stress on enzyme activity. Despite these 
shortcomings, organoids provide a valuable intermediate 
between static models and more physiologically dynamic 
systems.

Organ-on-chip platforms incorporate dynamic flow and 
mechanical cues that critically regulate transport protein ex‐
pression and metabolic activity [183]. Dual-channel duode‐
num chips, which simulate the intestinal lumen and vascular 
interface, show enhanced CYP3A4 expression and barrier in‐
tegrity under flow conditions [50] (Fig. 9c). Furthermore, 
NutriChip systems have been developed to simulate post‐
prandial conditions. Thus, they can provide insights into nu‐
trient absorption and inflammatory responses, as well 

as a platform for functional screening and analysis of com‐
mon foods [184]. However, the planar geometry of these 
systems limits the replication of 3D villus structures, 
which would increase the absorptive surface area and sub‐
stance gradient. Furthermore, compared with Transwell sys‐
tems, the complexity of microfluidic setups hinders high-
throughput screening, limiting their use in large-scale drug 
development.

Organ-on-chip systems hold significant potential for drug 
pharmacokinetic screening, given their ability to recapitu‐
late the human intestinal microenvironment. Drugs are in‐
troduced into the perfusion medium to evaluate how these 
systems mimic the natural intestinal absorption process and 
characterize permeability-based absorption efficiency, facili‐
tating the early-stage evaluation of drug candidates [185]. 
Moreover, the real-time monitoring capacity and modular 
integration of organ-on-chip platforms confer distinct ad‐
vantages for investigating drug transport processes and com‐
prehensively assessing absorption, distribution, metabolism, 
and excretion. Nevertheless, most organ-on-chip devices 
are currently fabricated manually in research laboratories 
using PDMS-based soft lithography. This method offers 
low standardization and limited throughput, preventing 
large-scale commercialization. Combining organ-on-chip sys‐
tems with multiple bioengineering technologies could ad‐
dress these limitations. For example, integrating 3D printing 
into organ-on-chip fabrication can automate the production 

Fig. 9  Characteristics of intestinal absorption models. (a) Intestinal cells are seeded in a Transwell for Zn absorption. Zn ions in intestinal cells 
are stained with Zinpyr-1. Reproduced from [178], Copyright 2017, with permission from the authors, licensed under CC BY 4.0. (b) Human 
pluripotent stem cells differentiating into intestinal epithelial progenitor cells and forming functional monolayer intestinal epithelial organoids. 
Reproduced from [182], Copyright 2021, with permission from the authors, licensed under CC BY 4.0, with AAAS as the exclusive licensee. 
(c) Schematic diagram of duodenal organoids seeded on the organ-on-chip. Reproduced from [50], Copyright 2020, with permission from the 
authors, licensed under CC BY 4.0. (d) Multiple cell types constructed into 3D intestinal tissue through printing technology enable the evalua‐
tion of the absorption function. Reproduced from [107], Copyright 2018, with permission from Organovo Inc., licensed under CC-BY-NC-ND
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of complex devices through predesigned modeling and high-
fidelity printing [186]. In particular, two-photon printing 
has attracted increasing attention in precision manufactur‐
ing, owing to its higher resolution than that of DLP and 
SLA technologies. Furthermore, enhancing the standardiza‐
tion of user interfaces would facilitate multicomponent con‐
trol within organ-on-chip platforms, including culture, de‐
tection, and feedback systems, thereby enhancing broad 
compatibility for drug testing.

Advancements in 3D bioprinting have facilitated the con‐
struction of multicellular intestinal models that closely repli‐
cate native intestinal architecture and function. Light- and 
extrusion-based printing techniques enable these models 
to incorporate epithelial cells, fibroblasts, and endothelial 
cells into spatially organized constructs that support the ex‐
pression of CYP450 enzymes and functional transport pro‐
teins [107, 115] (Fig. 9d). However, the lack of integrated 
fluid dynamics in standalone bioprinted models requires the 
integration of hybrid systems that combine bioprinting with 
organ-on-chip fluidics. Bioink limitations further challenge 
the balance between structural integrity and biocompatibil‐
ity, particularly for materials requiring epithelial–stromal 
interactions.

In summary, organ-on-chip platforms enhance trans‐
porter function and barrier integrity by providing dynamic 
flow and mechanical stimuli but are limited by their planar 
nature in the replication of the 3D intestinal villus–crypt 
structure. In contrast, 3D scaffold-based models can create 
more precise constructions of biomimetic structural features 
that simulate the epithelial cell niches and substance gradi‐
ents observed in vivo. Combining both approaches en‐
hances the accuracy of drug bioavailability predictions and 
the effectiveness of personalized nutritional strategies.

3.4　Intestinal multiorgan axis models

The intestine communicates with various organs through 
systemic circulation, creating an “intestine–x axis” that is 
essential for maintaining whole-body homeostasis [187]. 
Microbial metabolites and neurotransmitters produced in 
the intestine, such as serotonin, dopamine, and γ-aminobu‐
tyric acid, can influence the functions of distant organs [4], 
including the brain, liver, kidneys, lungs, and skin. More‐
over, short-chain fatty acids (SCFAs) and other bioactive 
compounds not only exert anti-inflammatory effects but 
also sustain the integrity of the blood–brain and other bar‐
riers [188, 189]. Given the limitations of animal models in 
recapitulating human-specific organ interactions, in vitro 
multiorgan models are vital tools for studying these com‐
plex networks [190]. Currently, multiorgan models are con‐
structed by combining 3D scaffold-based models and organ-
on-chip platforms. The 3D scaffold enables inter-organ com‐
munication by precisely controlling the spatial distribution 

of multiple organ-specific cells, while the organ-on-chip 
replicates blood circulation through microfluidic channels 
that interconnect distinct organ compartments.

The significant research interest in the intestine–brain 
axis has facilitated the development of modular micro‐
fluidic chips for coculturing intestinal and brain endo‐
thelial cells to reproduce the intestinal and blood–brain 
barriers [191]. Furthermore, a 3D tubular scaffold com‐
posed of conductive polymers has been developed for the 
continuous monitoring of cell activity across these sys‐
tems [192] (Fig. 10a). While these models capture key as‐
pects of intestinal neural regulation, replicating the dynamic 
neuronal responses and precise neurotransmitter gradients 
observed in vivo remains challenging.

Intestine–liver axis models are designed to mimic the 
portal circulation that carries nutrients, microbial metabo‐
lites, and toxins from the intestine to the liver [11, 193]. 
Therefore, the establishment of in vitro models for the 
intestine–liver axis is crucial for understanding the progres‐
sion of liver diseases and the hepatic metabolism of com‐
pounds. An intestine–liver chip has been developed to in‐
vestigate hepatic drug pharmacokinetics. Diclofenac and hy‐
drocortisone were administered under various experimental 
conditions to evaluate intestine–liver communication during 
hepatic metabolism [194] (Fig. 10b). Moreover, incorporat‐
ing immune cells into a multiorgan-on-chip model can 
simulate acute T cell-mediated intestine–liver inflamma‐
tion, demonstrating that SCFAs from intestine microbes can 
enhance the production of inflammatory cytokines [195].

Intestine – kidney axis models investigate the role of the 
intestine in metabolite excretion [196] and the impact of 
dysbiosis on renal function [197]. In vitro chips have been 
developed to evaluate kidney damage induced by the secre‐
tion of toxins, such as Shiga toxin, in the intestine and to ex‐
plore therapeutic responses to antibiotics [198] (Fig. 10c). 
Although these models effectively simulate key aspects of 
intestine–kidney crosstalk, they require further refinement 
to accurately replicate the long-term effects of bacterial 
translocation and systemic inflammation.

Recent studies have also examined the influence of the 
intestinal microbiota on lung health, linking conditions like 
asthma and cystic fibrosis to intestinal dysbiosis [199, 200]. 
Intestine–lung models have been developed, some employ‐
ing intestine-on-chip platforms infected with pathogens 
like SARS-CoV-2, to recreate intestinal barrier disruption, 
villi damage, and reduced tight junction integrity [201] 
(Fig. 10d). These systems provide valuable insights into 
the contributions of intestine-derived signals to respiratory 
diseases, although they are limited in faithfully mimicking 
the complexity of air–liquid interfaces and dynamic lung 
mechanics.

The intestine–skin axis is another emerging area of study, 
as allergens and fatty acids absorbed in the intestine can 
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trigger dermatological reactions [202]. Intestine–skin chips 
have shown that compromised intestinal barriers exacerbate 
skin inflammation [203] (Fig. 10e). While these models of‐
fer a promising avenue for studying allergic sensitization 
and skin responses, the interplay between intestine-derived 
signals and skin pathology requires further mechanistic 
exploration.

A single multiorgan chip can simultaneously incorpo‐
rate more than two organs, such as systems that link the in‐
testine with the liver, kidney, brain, skeletal muscle, and 
skin [204, 205]. Such a platform enables simultaneous inves‐
tigations of systemic drug absorption, metabolism, and tox‐
icity that can be correlated with clinical outcomes to sup‐
port comprehensive toxicity testing that can be validated in 
vivo [206‒208]. However, integrated systems require a ro‐
bust fluidic circulation network to transport cytokines and 
metabolites between organ modules, a task that organoids 
and 2D models are unable to accomplish.

In conclusion, the channel design and standardized inter‐
faces of organ-on-chip systems make them suitable for plat‐
forms connecting different organ modules and facilitating 

interactions between the intestine and other organs. Thus, 
they are a key technology for constructing intestinal multior‐
gan axis models.

We summarize the applications of in vitro models and 
highlight the specific requirements of each (Fig. 11), as well 
as the advantages and limitations of the bioengineering tech‐
niques employed for different biomedical applications 
(Table 1). The distinct advantages of various bioengineer‐
ing techniques, ranging from structural fidelity and microen‐
vironmental characteristics to material assembly, determine 
their application in specific biological contexts. Enhancing 
the alignment between manufacturing methods and research 
requirements will facilitate the development of more tar‐
geted and functionally relevant in vitro models. Homeosta‐
sis models require high cellular diversity to accurately repre‐
sent the complexity of native conditions. Organoids, 
constructed through stem cell differentiation and induction, 
exhibit complex cellular compositions and integrate human-
relevant immune functions [153]. Therefore, organoids 
highly accurately recapitulate the pathogenesis of intestinal 
diseases, especially genetic and infectious diseases. 3D 

Fig. 10  Characteristics of intestinal multiorgan axis models. (a) Three-dimensional tubular scaffolds used to support cell growth or integrate 
monitoring and sensing functions for the intestine–brain axis. Reproduced from [192], Copyright 2021, with permission from the authors, li‐
censed under CC BY 4.0. (b) Schematic diagram of the micro-physiological system integrating the intestine and liver. The culture medium is 
circulated in the intestinal system, liver system, and mixing compartment. Reproduced from [194], Copyright 2017, with permission from the 
authors, licensed under CC BY 4.0. (c) Schematic diagram of intestine–kidney interaction and coculture in organ-on-chip. Reproduced 
from [198], Copyright 2021, with permission from the authors, licensed under CC BY 4.0. (d) Organ-on-chip for SARS-CoV-2 infection includ‐
ing epithelial, immune, and endothelial cells. Reproduced from [201], Copyright 2020, with permission from Science China Press. (e) A dual-
organ chip for evaluating the intestine and skin, which includes two cell culture chambers and a culture medium reservoir. Reproduced 
from [203], Copyright 2022, with permission from Wiley Periodicals LLC.
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Table 1  Advantages and limitations of bioengineering techniques employed for various biomedical applications
Biomedical application
Intestinal homeostasis 

model

Intestinal absorption 
model

Intestinal host–microbe 
interaction model

Intestinal multiorgan 
axis model

Bioengineering technology
Organoid

Organ-on-chip

3D scaffold-based model

2D static model
Organoid

Organ-on-chip
3D scaffold-based model

Organoid

Organ-on-chip

3D scaffold-based model

Organ-on-chip
3D scaffold-based model

Advantage
Multiple cell types; enhanced physiolog‐

ical fidelity
Multiple cell types; dynamic 

microenvironment
Multiple cell types; controlled cellular 

organization; biomimetic 3D structures
Reproducibility; operational simplicity
Enhanced physiological fidelity

Dynamic microenvironment
Vascularized tissue; substance gradient 

environment
Enhanced physiological fidelity; villus–

crypt structure
Dynamic microenvironment; real-time 

monitoring
Substance gradient environment

Modularized design and construction
Controlled cellular organization

Limitation
Lacks dynamic environment; insufficient 

reproducibility
Lacks biomimetic structures; inefficient cel‐

lular interactions
High technical complexity; material 

constraints
Lacks dynamic environment
Lacks dynamic environment; insufficient 

reproducibility
Lacks biomimetic structure
High technical complexity

Limitations in long-term culture

Lacks biomimetic structures; operational 
complexity

High technical complexity; lacks standard‐
ized culture systems

Lacks biomimetic structures
Lacks standardized dynamic culture systems

Fig. 11  Biomedical applications of in vitro intestinal models, highlighting specific application scenarios and the corresponding bioengineering 
technologies suitable for each
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scaffold-based models enable system customization using 
patient-derived cells for personalized medicine applications. 
They are increasingly being employed in constructing colon 
cancer models. The development of absorption models re‐
quires strict maintenance of the integrity of epithelial cell 
tight junctions. 2D static models are the gold standard for 
drug absorption studies because of their reproducibility and 
well-established epithelial barrier function. Organ-on-chip 
models, organoids, and 3D scaffold-based models can inte‐
grate diverse cell types and complex architectures to form 
confluent epithelial layers, enabling more physiologically 
relevant simulations of absorption processes [209]. A key 
prerequisite for developing intestinal host–microbe interac‐
tion models is the successful coculture of microbes and host 
cells. Organ-on-chips support long-term coculture by creat‐
ing dynamic microenvironments that physically separate mi‐
crobial and host compartments using semi-permeable mem‐
branes [193]. 3D scaffold-based models can simulate physi‐
ologically relevant oxygen gradients using precise macro-
structural designs to create essential conditions for cocultur‐
ing microbes and host tissues. The organ-on-chip exhibits 
strong expandability, integrating multiorgan systems, which 
promotes its widespread application in modeling intestine–x 
axis interactions [210].

4　Conclusions and future perspectives

This review emphasizes how bioengineering strategies en‐
able the development of in vitro intestinal models with 
structural and functional fidelity. By mapping structural pre‐
cision to physiological outcomes, we propose an engineering-
driven framework that connects manufacturing strategies 
with application-specific requirements, from absorption 
studies to host – microbe interactions. This framework pro‐
vides a foundation for model selection or design for tar‐
geted biological performance. Future directions for advanc‐
ing intestinal model systems include the following:

(1) Hybrid and modular platforms. Integrate 3D bioprint‐
ing with organ-on-chip technologies to combine structural 
complexity with dynamic microenvironments, enhancing 
feasibility for long-term studies and drug screening [211].

(2) Standardization and expandability. Develop auto‐
mated and scalable fabrication methods alongside in‐
teroperable control systems to ensure reproducibility, 
regulatory compliance, and adaptability to high-throughput 
settings [212].

(3) Personalized and immune-competent models. Incor‐
porate PDOs, immune components, and cocultured microbi‐
omes to create individualized and pathologically accurate 
platforms for precision medicine.

(4) Data-driven optimization. Couple real-time biosens‐
ing with AI-driven analytics to enable predictive modeling, 

continuous feedback control, and accelerated clinical 
translation.

The convergence of bioengineering, material science, and 
computational technologies, reinforced by supportive regu‐
lations, such as the FDA Modernization Act 3.0, signals a 
transition toward clinically relevant, ethically responsible, 
and highly adaptable intestinal models [213, 214]. These 
platforms promise to reshape preclinical testing and preci‐
sion healthcare by bridging structural fidelity with func‐
tional and microbial realism.
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