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1 | INTRODUCTION

The central nervous system organ, the brain, demonstrates remarkable
complexity in the formation of memory, learning, and other cognitive
capacities due to its inherent ability to self-organize hierarchical
designs at several spatial scales, from the molecular to the organismal

Abstract

The brain and gut are sensory organs responsible for sensing, transmitting, integrat-
ing, and responding to signals from the internal and external environment. In-depth
analysis of brain-gut axis interactions is important for human health and disease pre-
vention. Current research on the brain-gut axis primarily relies on animal models.
However, animal models make it difficult to study disease mechanisms due to inher-
ent species differences, and the reproducibility of experiments is poor because of
individual animal variations, which leads to a significant limitation of real-time sensory
responses. Organ-on-a-chip platforms provide an innovative approach for disease
treatment and personalized research by replicating brain and gut ecosystems in vitro.
This enables a precise understanding of their biological functions and physiological
responses. In this article, we examine the history and most current developments in
brain, gut, and gut-brain chips. The importance of these systems for understanding
pathophysiology and developing new drugs is emphasized throughout the review.
This article also addresses future directions and present issues with the advancement

and application of gut-brain-on-a-chip technologies.

level.2 The World Health Organization states that conditions relating
to the brain, such as different neurological and psychiatric disorders,
have the greatest social burden of all diseases, accounting for 28% of
the total, surpassing cardiovascular diseases and cancer.® Mental ill-
nesses are further exacerbated, especially under the influence of the
COVID-19 pandemic. The study of major brain illnesses is essential
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and difficult research in the field of brain science and technology for
the future since the brain is thought to be the most significant organ
in the human body and most likely the most complicated thing in the
universe. There is now growing evidence that the development of
neurological and psychiatric disorders is closely related to gut micro-
bial dysbiosis.*”” In individuals with neuropsychiatric disorders, the
microbial community composition, diversity, and distribution charac-
teristics are often dramatically altered. It follows that many neuropsy-
chiatric problems in humans are closely related to digestive problems,
suggesting that the gut-brain axis also plays an important role in the
cognitive functions of the brain.8-2

The brain-gut axis is a neuroendocrine-immune signalling net-
work system in which the brain is bidirectionally connected to the gut
via the hypothalamic-pituitary-adrenal axis, the enteric nervous sys-
tem (ENS), and the central nervous system (CNS).® The brain and gut
are sensory organs responsible for sensing, transmitting, integrating,
and responding to signals from the internal and external environment.

As a result of this function, immune cells in the brain and intes-
tines are constantly sensing environmental factors, which trigger
responses that reflect the body's physiological status.* For example,
increased intestinal permeability may cause systemic immune dysre-
gulation and lead to neuroinflammation.'® Moreover, while the intesti-
nal epithelium blocks harmful foreign compounds from entering the
circulation, the blood-brain barrier maintains chemical and physical
balance, protecting the brain from harmful molecules and pathogens
in the bloodstream.2* It has been demonstrated that certain secretions
from intestinal cells (such as exosomes or enterotoxins) can travel to
the blood-brain barrier via the bloodstream. They play a role in regu-
lating inflammatory insults, inflammatory responses, and the mainte-
nance of immune homeostasis through interactive signalling in the
gut-brain axis.2>"1” Thus, an in-depth analysis of the brain-gut axis
interactions is crucial for human health, and disease prevention, and
control.

Currently, studies of the brain-gut axis primarily rely on animal
models. However, due to inherent species differences, animal models
are challenging to use in studying disease mechanisms. Additionally,
experimental reproducibility is often poor due to individual variations
among animals, which can significantly limit real-time sensory
response.’® Notably, the species-specificity resulting from the
genome and epigenome can also contribute to clinical trial failures.
Therefore, there is an urgent requirement for a new in vitro model for
studying the modulations of brain-gut axis interaction in clinical
settings.

Organoids closely resemble the natural tissues or organs from
which they are derived in terms of genetic profile, organization, and
function. Therefore, they offer a promising research platform for
developmental biology, disease modelling, drug screening, and cell
therapy.'®~22 Currently, organoid culture techniques have successfully
cultured a variety of tissue-like organs (e.g., brain, prostate, pancreas,

kidney, etc.) with key physiological structures and functions.2*~3* For

example, Motallebnejad et al.®®

created a 3D hydrogel model of the
blood-brain barrier by embedding induced pluripotent stem cell-

derived brain microvascular endothelial cells and astrocytes in it. In

recent years, some researchers have developed multi-organ chips to
simulate the interactions between the brain and other organs.®¢~3?
These platforms stimulate the brain and gut ecosystems in vitro, offer-
ing an innovative approach for conducting personalized therapeutic
research on diseases. This enables a more accurate understanding of
their underlying biological functions and physiological responses.

The development of gut-on-a-chip, brain-on-a-chip, and gut-
brain-on-a-chip systems and recent advances are reviewed. The role
of these systems in the study of pathophysiology and in the develop-
ment of new drugs will be highlighted. Current challenges and future
perspectives in the development and exploitation of gut-brain-on-a-
chip platforms are also discussed.

2 | COMMUNICATION MECHANISMS
BETWEEN THE GUT AND THE BRAIN

2.1 | Neural pathways of the brain-gut axis

The complex interplay between the brain and gut relies on a well-
organized nervous system (Figure 1), divided into three main parts:
the central nervous system, the autonomic nervous system (ANS), and
the enteric nervous system.*® The autonomic nervous system trans-
mits signals from the gut to the brain via the enteric, spinal, and vagal
routes. Conversely, the central nervous system regulates the activity
of gastrointestinal cells through the autonomic nervous system. The
enteric nervous system, often referred to as the “second brain”, is
composed of a vast network of nerve cells scattered throughout the
intestinal wall, which autonomously govern the digestive tract's move-
ments and secretions.**

Extensive research has been conducted on the vagus nerve, a
component of the autonomic nervous system, due to its significant
role in regulating inflammation as well as hunger, satiety, and stress
responses.*>** The vagus nerves originate from the brain, travel
through the intestines, and reach the intestinal wall. Additionally,
some vagus nerves are connected to the enteric nervous system
through synapses, expanding the scope of information transmission.*®
In animal studies, disruption of the vagus nerve associated with the
gut has been found to affect neurological development in adulthood,
stress, anxiety and fear-related behaviours, and cognitive changes.*®
All of this evidence suggests that the gut can communicate with the
brain through neural interactions that influence cognition and

behaviour.

2.2 | Endocrine pathways of the brain-gut axis

The endocrine pathway of the brain-gut axis, known as the neuroen-
docrine pathway, regulates various activities through hormones or
neuropeptides.*’” The focus of this pathway is the hypothalamic-pitui-
tary-adrenal axis (HPA axis), which regulates a wide range of daily
activities, including digestive, sexual, and immune responses, as well

as stress responses.*®4?
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FIGURE 1 Schematic diagram of the three pathways of the brain-gut axis.

The hypothalamic-pituitary-adrenal (HPA) axis can influence
intestinal motility, permeability, and the inflammatory response,
thereby modulating intestinal function during digestion.>® CRH recep-
tors in this pathway are distributed in both the brain and the gut. It is
an important mediator of stress-related alterations in gut func-
tion.”%>2 Stress and tension significantly modulate the HPA axis, stim-
ulating the release of neurons and neuroendocrine signalling
molecules (e.g., catecholamines, 5-hydroxytryptophan, and cytokines),
which can lead to gastrointestinal dysfunction. At the same time, the
inflammatory response in the gut can also activate the HPA axis via
cytokines and other factors, which in turn affect the brain. This is one
mechanism that contributes to the low mood caused by inflammatory

diseases such as irritable bowel syndrome.

2.3 | Immune pathways of the brain-gut axis

The gastrointestinal tract has the highest number of immune cells in
the body, and the immune system plays a crucial role in the brain-gut
axis. The mucosal immune system provides the most direct specific
immunity to the intestinal site. T cells and B cells in the mucosa, along
with secretory immunoglobulin A (slgA) secreted into the intestinal
lumen after B cell activation, work together to provide localized
mucosal immunity in the intestinal tract.>®>>* The central nervous sys-
tem regulates the peripheral immune response through the HPA axis
and the sympathetic nervous system. Meanwhile, the gut-brain
axis involves various immune and non-immune cells that form a com-
plex network of interactions. This network modulates the inflamma-
tory response of the brain and gut to external stimuli and transmits
inflammatory signals.*>> The gut-brain axis regulates inflammation
through the delivery of immune factors known as the systemic-
humoral pathway. Exogenous stimuli such as local infections, dysbio-

sis, or dietary antigens can lead to the release of gut-derived

inflammatory factors including IFN-g, IL-6, and TNF-a, causing an
increase in intestinal permeability and disrupting the blood-brain bar-
rier, thereby activating local immune cells and triggering neuroinflam-
mation.'* Additionally, in the pathway, inflammation-induced
hypothalamic-pituitary-adrenal (HPA) axis activity triggers the release
of glucagon and corticosterone, which alter gut function.>® Further-
more, gut immune cells had the ability to directly impact neuroim-
mune homeostasis and brain responses to inflammation in the gut-
brain axis, known as the cellular immune pathway. The activating
inflammatory immune cells can then move to the CNS and exacerbate
neuroinflammation in certain diseases like multiple sclerosis (MS) or
Parkinson's disease (PD).>® Also, it has been determined that intestinal
antigens can activate immunoglobulin A (IgA)-secreting plasma cells
and control gut microbial composition, while IgA" plasma cells migrate
in large numbers to the CNS to attenuate neuroinflammation in auto-
immune diseases of the nervous system.>”>® Finally, Inflammatory sig-
nals transmitted by neuronal pathways in the gut-brain axis can
trigger a CNS response to restore homeostasis. It was reported that
the inflammation-mediated vagus nerves trigger CNS circuits and par-
ticipate in HPA activation.”® Neurons like the dorsal root ganglion
(DRG) neurons can signal inflammatory stimuli to the CNS to promote
inflammatory pain,®° and modulate M-cell function to prevent intesti-
nal pathogenic infections.®> Whereas, stress-induced output neurons
can signal immune cells to suppress intestinal inflammation by inhibit-
ing the release of inflammatory factors IL-1p, IL-6, IL-18, and TNF-«

from macrophages.®?

24 | Microbiota-gut-brain axis
The gut microbiota plays a crucial role in the gut-brain network. It
exerts significant influence on the brain-gut axis by regulating bidirec-

tional communication between the gut and the central nervous
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system, forming the microbiota-gut-brain axis.®® Its regulatory func-
tions are carried out through three highlighted major pathways: the
neural pathway, the endocrine pathway, and the immune pathway.®*

In the neural pathways, gut microbiota such as Lactobacillus johnso-
nii, Lactobacillus rhamnosus, and Lactobacillus (L.) reuteri, and their metab-
olites, have been shown to impact the neurons of ENS and engage with
the afferent pathways of the vagus nerve to control sleep.624>¢% Addi-
tionally, gut microbes influence neurodevelopment, cognition, and
behaviour. For example, high-fat or high-carb diets are thought to be
the main cause of obesity, and obesity also leads to the disruption of
the diversity and stability of the gut microbiota.®” Diet-induced gut flora,
in turn, affects hypothalamic function, particularly inflammation and glio-
sis, by influencing vagal afferent signalling. This stimulation leads to the
onset of obesity and subsequent obesity-related complications. Futher-
more, the gut microbiome has been reported to regulate the develop-
ment, maturation, and function of microglia located in the brain.%8

In the endocrine pathway, gut microbiota such as Bifidobacterium
adolescentis, Clostridiaceae, Turicibacteraceae, Morganella morganii, and
Lactobacillus vaginalis have the ability to directly or indirectly impact
the synthesis of neurotransmitters and metabolites, including Melato-
nin (MT), GABA, Serotonin (5-hydroxytryptamine, 5-HT), and Hista-
mine, which are involved in regulating the sleep-wake cycle through
the endocrine system.®”~7? Additionally, short-chain fatty acids
(SCFAs) produced by gut microbiota induce the secretion of gastroin-
testinal hormones like glucagon-like peptide 1 (GLP1) and peptide YY
(PYY) along the endocrine pathway, transmitting signals to the brain
through systemic circulation or the vagus nerve pathway, thus impact-
ing cognitive functions, memory, and emotional well-being.”®

In the immune pathway, immune factors originating from the gut
can affect sleep through the humoral system and neural pathways. For
example, intestinal microbiota-mediated Interleukin 6 (IL-6), lipopolysac-
charides (LPS), and short-chain fatty acids (SCFAs) can influence immune
cell responses, thereby regulating sleep.”*””” Additionally, the micro-
biota colonizing the gut directly influences the body's immunoregulatory
effects of the body by promoting antigen secretion and regulating the
production of various cytokines. In Alzheimer's disease, the integrity of
the blood-brain barrier (BBB) is significantly compromised due to bacte-
rial translocation and the release of pro-inflammatory cytokines, trigger-
ing a series of neuroinflammatory reactions.”®%° Conversely, the
immune system also exerts a regulatory and restrictive effect on the
intestinal flora, maintaining the balance of microbial populations in the
intestines by regulating and limiting their quantity and diversity.2* It can
recognize and eliminate harmful microbial populations while supporting
the growth and proliferation of beneficial microbial populations. More-
over, the immune system can establish a barrier in the intestines to pre-

vent harmful microbiota from invading the intestinal mucosa.t28°

3 | ORGAN ON A CHIP (GUT-BRAIN ON
A CHIP)

Studying the role of microbiota in neuropathy has been a challenge

due to the absence of an in vitro model of the microbiota-gut-brain

axis. This gap has prevented researchers from uncovering the poten-
tial mechanisms of change between microbiota and the nervous sys-
tem. To improve the reliability of in vitro tools, bioengineering
research is focusing on the use of advanced technical equipment and
3D engineering models. The “organ-on-a-chip” microfluidic system,
which combines lab-on-a-chip technology with 3D organ culture, is a
new frontier of in vitro models for bioengineering research.84-87
Organ-on-a-chip is a millimetre-scale micro-bioreactor that can be
continuously perfused with culture media for long-term in vitro cul-
ture. Organ-on-a-chip technology not only recapitulates the smallest
functional aspects of physiological and pathological states in tissues
and organs but also helps to assess the efficacy of therapeutic agents.
It reduces costs, increases vyield, and reduces ethical concerns com-
pared to animal models.

Organs-on-a-chip have been utilized to model various organs and
tissues in the body. These chips simulate the transportation of sub-
stances through microanatomical interfaces, such as the blood-brain
barrier (BBB), and can even be used to culture intestinal microbiota.
They are used to investigate the connection between microbiota and
other organs. For instance, the co-culture of Bifidobacterium bifidum
and intestinal epithelial cells was conducted using dual-channel intes-
tinal microarrays to investigate the role of Bifidobacterium bifidum in
inflammatory bowel disease.®® First, symptoms of the intestinal dis-
ease were induced on the microarrays by treatment with tumour
necrosis factor-alpha and lipopolysaccharide. Second, steep gradients
can be created in the intestinal epithelium by varying the size of the
microchannels. This can be done by blocking oxygen permeation
through the polydimethylsiloxane (PDMS) layer at specific sites and
by controlling the flow of hypoxic/aerobic media. This model con-
firmed that by preventing disruption and promoting the repair of dam-
aged intestinal epithelial cell monolayers, bifidobacteria help to
stabilize the intestinal epithelial barrier.

The main technical challenge is to connect individual organ-
on-chip devices to simulate the passage of microbiota-secreted neu-
rotoxins across different body systems and microanatomical barriers
to investigate the microbiota-brain axis hypothesis. Moving from a
microbiota-brain microarray approach to a more complex “multi-
organ microarray” strategy appears to be a promising alternative to
animal models. In the following paragraphs, we shall discuss the most

recent cell culture systems for microbiota, gut, and brain modelling.

4 | MICROBIOTA-GUT-BRAIN
MODELLING
41 | Gut-on-a-chip

Gut microarray systems provide a new and powerful in vitro platform
for the study of the physiology, pathology, and pharmacology of the
human gut. The understanding and treatment of intestinal diseases,
such as inflammatory bowel disease (IBD) and colorectal cancer, will
benefit from these gut microarray systems. The development of gut

microarrays will also help to advance personalized medicine and drug
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TABLE 1

Target disease

Inflammatory
bowel disease
(IBD)

Shigella
infection in the
gut

/

SARS-CoV-2
induced
intestinal
responses

/

Necrotizing
enterocolitis

Inflammatory
bowel disease

Colorectal
cancer

Ulcerative
colitis, Crohn's
disease,
colorectal
cancer or normal
donors

Inflammatory
bowel disease

Inflammatory
bowel disease

screening technologies. In the following section, the role of these sys-
tems in the study of pathophysiology and drug development is
highlighted, with an overview of the development and recent
advances in gut-on-a-chip technology (Table 1). The role of these sys-

tems in the study of pathophysiology and drug discovery will be

Gut-microbe-on-a-chip.

Chip material Micro-organisms

OrganoPlate

PDMS S. flexneri

PDMS Bacteroides fragilis; a
fresh gut microbiome

PDMS Cryptosporidium
parvum

PDMS SARS-CoV-2

PDMS Lactobacillus
rhamnosus,
Bifidobacterium
longum

PDMS Intestinal bacteria
isolated from a
patient with severe

PDMS Bifidobacterium
bifidum

PDMS Bacillus bacteria or
lipopolysaccharide
(LPS)

PDMS Green fluorescence
protein (GFP)-
expressing Escherichia
coli

PDMS Bifidobacterium
bifidum

Special plate

(TL6)

PDMS, Intestinal commensal

Gelatine microbiota

porous (Lactobacillus

rhamnosus and
Bifidobacterium
longum)

microscaffolds

Cell type

Caco-2 cells

Caco-2/TC7 cells

Caco? intestinal epithelial cells
and human intestinal
microvascular endothelial cells
(HIMECs)

Mouse intestinal crypts

Caco-2, HUVECs, Human
peripheral blood mononuclear
cells

Caco-2 cells, hISEMFs (human
intestinal subepithelial
myofibroblasts)

Human neonatal enteroids
from infants undergoing
surgical resection

Caco-2 cells

A human colorectal carcinoma
cell line (HCT116)

Caco-2 cells or intestinal
organoid epithelial cells

Caco-2 cells

Caco-2 and HT29 cells;
Human hepatocytes (lot: RAS)

Caco-2 cells, Human intestinal
subepithelial myofibroblasts
(hISEMFs), Peripheral blood
mononuclear cells (PBMCs)

Application

High throughput disease modelling and
drug discovery

Biomedical research of host pathogens
interactions in a more physiological
environment.

Study host—microbiome interactions

Construction of open-accessible
epithelial cells with in vivo anatomical
resemblance from primary stem and
progenitor cells

Accelerate COVID-19 research

Develop an immune-responsive
Microbiota-human Intestine axis model

Facilitates comprehensive analysis of
the pathophysiology of NEC using
precious clinical samples

Mimic key physiological and
pathological aspects of IBD, and screen
large-scale of probiotics for specific
treatment of IBD.

Simulating the Effect of Gut
Microbiome on Cancer Cell Growth

Re-creating the 3D epithelial structure
to building in vitro intestine models

A host-microorganism co-cultured Gut
Chip model with controlled oxygen
gradients

The quantitative in vitro
pharmacokinetic study of
mycophenolate mofetil

The recapitulation of the mucosal-
associated microbiota-cell interactions
into the complex microenvironment in
both physiological and pathological
conditions.

" WILEY- L5
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highlighted with an overview of the development and recent advances

To date, gut microarrays have been developed primarily for the
study of basic gut functions and how they are affected by environ-

mental conditions, drugs, and other factors. For example, Shin et al.®”
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TABLE 2 Brain-on-a-chip.
Culture
Chip material  Cell Matrix time Application Ref
PDMS Human PSC-derived cerebral organoids Decellularized 75 days  Invitro model and drug development of 72
human brain human brain diseases
extracellular
matrix (BEM)
PDMS Human neural stem cells (NSCs), brain BEM-mimetic 5 days Cryptococcus neoformans brain infection £z
endothelial cells (ECs) and pericytes (PCs) hydrogel model
PDMS Human primary astrocytes, Transformed Basement 18 days  Evaluation of the restorative potential of 71
human microglial cell line (HMC3, ATCC, CRL- membrane stem cell therapies for ischaemic stroke
3304), Human primary BMECs, Human brain extract (BME)
vascular pericytes, hEPCs, hBMSCs, hAMSCs hydrogel
PDMS Commercial human iPSC-derived dopaminergic - 8 days Enable research into the dynamics of cell- EO
neurons, Primary human astrocytes, Brain cell interactions in human synucleinopathies
microvascular endothelial cell and serve as a testing platform for target
identification and validation of novel
therapeutics
PDMS hBMECs, human neural progenitor cells Collagen type | - Investigate the function and molecular 121
changes of the brain endothelium and
neuronal cells upon hyperglycemic or in
glucose-recovery condition even in the
inflammatory condition.
PDMS HCMEC, human cerebral microvascular Extracellular 10 days Investigate neuroinflammation 122
endothelial cells matrix (ECM)
PDMS ReN VM human neural (ReN) cells Collagen type |, 8 days Assess Aggravated Neurodegeneration via 123
Matrigel, laminin Brain Endothelial Cells upon Exposure to
Diesel Exhaust Particles
Poly (methyl Organotypic entorhinal hippocampal tissue - 18 days Investigate brain stimulation mechanistic 228
methacrylate)  cultures prepared from mouse pups at 3 to
(PMMA), 5 days post-birth (P3 P5) from different mouse
PDMS lines
PDMS TNBC MDA-MB-231, the BR-derived line - 9days Investigate brain metastases 125
MDA-MB-231-BR-GFP, Her2p breast cancer
JIMT-1, and the BR-derived line JIMT-1-BR
cells
PDMS hiPSCs - 60 days Recapitulate inter-regional and intercellular 228

have developed an in vitro intestinal model using a combination of
microfluidic microarrays and transwell for robust induction of intesti-
nal morphogenesis. This study provides detailed methods for the fab-
rication of a gut-on-a-chip microfluidic device and a hybrid chip with a
transwell insert for the in vitro culture of intestinal epithelial cells on
either a porous PDMS membrane or the polyester membrane of a
transwell insert and the induction of 3D morphogenesis. Physiologi-
cally relevant shear stresses and mechanical movements, which do
not require complex cell engineering or manipulation, are used in this
in vitro morphogenetic approach. In another study, a controlled oxy-
gen gradient on a two-channel chip was developed in an intestinal
organ chip. This study aimed to investigate the therapeutic effects of

).84 To cre-

bifidobacterium bifidum on inflammatory bowel disease (IBD
ate an oxygen concentration gradient across the entire intestinal epi-
thelium, the researchers modified the size of the microchannel,
blocked oxygen permeation through the PDMS layer at certain points

and regulated the flow of hypoxic/aerobic media. Tumour necrosis

interactions in human brain in vitro

factor-alpha and lipopolysaccharide were used to induce IBD symp-
toms on the chip. The oxygen requirements of aerobic human intesti-
nal epithelial cells (Caco-2) and anaerobic intestinal bifidobacteria
(B. bifidum bifidum) were successfully met by the stable oxygen con-
centration gradient in the study. By colonizing the intestinal microar-
ray with Bifidobacterium, it was shown that Bifidobacterium can
improve the stability of the intestinal epithelial barrier (IEB). This sim-
ple yet robust design approach of the microfluidic device represents
the first step toward the creation of a multifactorial IBD platform. It
could be used for disease modelling, high-throughput drug screening,
and personalized medicine.

In addition, the gut-on-a-chip model can be a tool for the study of
gut-immune interactions. Recently, an immunoreactive human
microbiota-gut axis chip platform was developed.®® By simulating the
intestinal microenvironment, the platform replicated the structure and
vertical morphology of the intestinal microflora. It mimics the

anaerobic conditions of the human intestinal microenvironment by
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FIGURE 2 Brain-on-a-chip and its applications. (A) A human Brain-Chip representative of the substantia nigra area of the brain. Adapted with
permission from Reference [90]. (i) Schematic representation of the Substantia Nigra Brain Chip showing a two-channel micro-engineered chip
with iPSC-derived brain endothelial cells cultured on all surfaces of the lower vascular channel. In addition, the top surface of the central
horizontal membrane in the upper brain channel contains iPSC-derived dopaminergic neurons, primary human brain astrocytes, microglia, and
pericytes. (ii) 3D reconstruction of the confocal z-stack, showing the organization of all five cell types in the SN chip. (B) A microfluidic chip
representative of the blood-brain barrier. Adapted with permission from Reference [91]. (i) Chip design schematic. (ii) Brain microvascular
endothelial cells (BMECs) are among the vascular cells. Spatial distribution of NVU constituent cells in the chip. (iii) Microglia (stained green by
IBA-1) showed upregulated expression of CD68 (red), a pro-inflammatory microglial marker, and appeared yellow in the sample without

endothelium (white arrows indicate the hydrogel border).

establishing a physiological oxygen gradient across the thickness of
the human small intestine from the serosal membrane to the side of
the intestinal cavity. This environment includes a reactive extracellular
matrix (ECM) and a variety of immunomodulating mediators released
by different cell populations. Highlighting the role of this probiotic in
(LPS)-induced
inflammation was found to alter the microbiome and induce Bifido-

the anti-inflammatory process, lipopolysaccharide
bacterium longum proliferation using this intestinal organoid chip. This
study demonstrated for the first time the indirect role of microbiota in
immune-responsive Mihl-oC matrix remodelling, focusing on collagen
fibre orientation and ECM remodelling. Meanwhile, the study demon-
strated the role of microbiota in enhancing gastrointestinal immunity
and fighting infectious diseases by analysing the release of key
immune mediators (reactive oxygen species (ROS), pro- and anti-
inflammatory cytokines) after inflammatory stimulation.

In addition, integrating other organs to build multi-organ models
is an important prerequisite for developing in vitro systems that can
accurately replicate biological responses. For example, to study intes-
tinal permeability, metabolism (intestinal and liver), and the potential
interplay between these processes, a gut-liver organ-no-a-chip system
was used using CaCo, cells in co-culture with HT29 cells in the intes-
tinal compartment and single donor primary hepatocytes in the liver
compartment.®> Since both the gut and the liver contribute to the

metabolism of the prodrug mycophenolate mofetil, it was tested for

quantitative evaluation in the gut-liver organ-on-a-chip (OoC) model.
In the apical, basolateral, and liver compartments of the gut, the con-
version of mycophenolate mofetil to the active drug mycophenolic
acid and its subsequent metabolism to a glucuronide metabolite were
evaluated over time. Clearance and permeability parameters for the
prodrug, active drug, and glucuronide metabolite were estimated
using mechanistic modelling of experimental data. The integration of
gut-liver OoC data within silico modelling allowed the investigation
of the intricate interplay between intestinal and hepatic processes, a
feat not possible with conventional single-tissue in vitro systems.
Robust experimental design and estimation of in vitro pharmacoki-
netic parameters were facilitated by a comprehensive evaluation of
the mechanistic model, including structural model and parameter iden-
tifiability, and global sensitivity analysis. This study suggests that simi-
lar methodologies could be applied to other multi-organ
microphysiological systems used to study drug metabolism, or wher-
ever quantitative knowledge of the changing drug concentration over

time allows a better understanding of biological effects.

4.2 | Brain-on-a-chip

The brain, a complex organ of the human body, can be artificially

constructed in vitro to construct bionic brain organoids, offering
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a promising platform for personalized medicine (Table 2).87 Espe-
cially in recent decades, due to the significant increase in the
incidence of neurodegenerative diseases (NDD), the development

of new biological platforms to study disease progression and
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in vivo

brain-gut axis

FIGURE 4

on chip

Flow

Schematic diagram of brain-gut-on-a-chip.

TABLE 3 Gut-brain-on-a-chip.

Organ
Gut-brain

Microbiota-
gut-brain

Gut-brain

Gut-brain

Microbiota-
gut-brain

Gut-brain

Gut-brain
liver

Classification

Microfluidic

Microfluidic

Microfluidic

Microfluidic

Microfluidic

Microporous
cell culture
membrane

Pumping
platform with
integrated
fluid channels

Material

Poly (ethylene glycol)
(PEG) gel

Polyester membranes,
PMDS

PDMS

COLL-PEG2000 gels,
COLL-PEG3350 gels

Carbon nanotube (CNT),
a porous polyethylene
track-etched (PETE)
membrane PDMS

Cell

Adult rat hippocampal progenitor cell
(AHPC) neurosteroids

Microbiota, macrophages, lymphocytes,
neurons, astrocytes, and microglia

Caco-2 human gut epithelial cell line,
bEnd.3 murine brain endothelial cell line,
and hBMECs primary human brain
microvascular endothelial cells

Caco-2 cells, Lactobacillus casei,
Lactobacillus plantarum, the human iPSC
WTC cells

Neuroglioma H4 cells

RIN14B rat islet cell line

Colon organoids HC176, human
monocyte-derived dendritic cells,
macrophages, human primary hepatocytes,
Kupffer cells, neurons, astrocytes, and
microglia, T and T helper 17 cells

/ -

Drug
a d Iscovery

. Disease
7 modeling

Drug
toxicity

Application

Investigate the interactions
between microbiota and brain

Evaluate the impact of intestinal
microflora on neurodegeneration in
AD and/or PD and other
neurodegenerative disorders

Assessed the transport of
exosomes

Evaluate the impact of microbial-
derived metabolites and exosomes
on neurodevelopment and
neurodegenerative diseases

Advanced engineered models
representing brain features in
Alzheimer's disease

Detection of 5-HT at physiological
concentrations

Study gut-liver-cerebral
interactions in the context of
Parkinson's disease (PD)

Ref
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FIGURE 3 Gut on a chip and its applications. (A) Presentation of the Physio Mimix micro-physiological systems (MPS) for the gut and liver.

Adapted with permission from Reference [85]. (i) The system consists of a control machine with a set of pumps and a touch screen for user

interaction. (ii)The main components of the system include a gut compartment with a transwell separating the apical and basolateral sides of the
gut and a liver compartment seeded with hepatocytes. Three independent flow systems: Gut basolateral circulation, liver circulation, and
interconnection flow. (iii) Graphs of borehole, media flow, and sampling points for all three test facilities. (B) Characterization of the 3D
morphogenesis of epithelial cells in a transwell insertable hybrid chip. Adapted with permission from Reference [87]. (i) Hybrid chip workflow for
3D intestinal morphogenesis using Caco-2 cells and organoids. Epithelial cells are seeded in a Transwell insert, cultured, then incorporated into a
hybrid chip to create 3D layer. Micrographs show organoid epithelial cells from normal donor. (i) The 3D morphogenesis of organoid epithelial

cells can be facilitated by the hybrid chip. Confocal views at different Z-positions show distinct morphological features. F-actin (cyan), nuclei

(grey). (iii) Fluorescence confocal images show 3D oblique views of the organoid-derived epithelial cells cultured in a static transwell well (TW;
inset within a white dashed box) compared to a hybrid chip (largest full image), showing the 2D and 3D morphology, respectively.
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Recently, a human brain chip representing the substantia nigra
region of the brain has been developed using organ-on-a-chip tech-
nology to study the mechanism of blood-brain barrier disruption in
Parkinson's disease caused by the accumulation of alpha-synuclein
(aSyn).”® This organ-on-chip (Figure 2) replicates the vascular-
neuronal interface and will be colonized with human iPSC-derived

(A)

brain endothelial cells, pericytes, astrocytes, microglia, and dopamine
neurons. The ability of the nigrostriatal brain chip to respond to
abnormal alpha-synuclein (aSyn) aggregation will be confirmed by
mimicking the exposure state of abnormal alpha-synuclein (aSyn)
aggregation (Figure 2A). This model will serve as a platform for the
identification and validation of drug targets and the evaluation of
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therapeutic efficacy in Parkinson's disease and other synucleinopa-
thies. Another study reported developing and applying a functional
neurovascular unit on a microfluidic chip as a microphysical model of
ischaemic stroke (Figure 2B).”* This model helped to understand how
the blood-brain barrier works and how therapeutic stem cells interact
with host cells, including human brain microvascular endothelial cells,
pericytes, astrocytes, microglia, and neurons. The infiltration of differ-
ent candidate stem cells and the expression levels of genes associated
with post-stroke pathology were monitored using this model. It was
found that each type of stem cell was involved in neural repair by
facilitating endogenous repair rather than direct cell replacement. Fur-
thermore, the restoration of synaptic activity did not involve neuronal
regeneration, but rather the restoration of structural and functional
integrity of the neurovascular unit. To systematically analyse the neu-
rorestorative behaviour of different stem cell types currently being
tested in clinical stroke treatment, this model serves as a reliable
screening test platform. It can be readily applied to a wide range of
other vascular disease studies.

As brain models, including the newer brain organoids, become
larger, brain-on-a-chip designs also appear to be evolving into macro-
scale devices. Neutrospheres grown in flow produced more robust
and elaborate neuronal networks than neutrospheres grown in static
conditions. This suggests that the interstitial level of slow, diffusion-
dominant flow influences the continuous supply of nutrients and oxy-
gen, the transit of cytokines, and the removal of metabolic waste. For
example, a microphysiological stroke system has been developed to
test the neural repair capacity of stem cell therapy.”! This stroke
model used human cells and provided a 3-D environment like the one
found in vivo, which mimics the natural interplay between therapeutic
stem cells and the neurovascular units (NVUs). This model could serve
as a reliable screening test bed for the systematic analysis of the neu-
ral repair behaviour of different types of stem cells that are currently
being tested in the clinical treatment of stroke. Another study by Cho
et al?? demonstrated that the functional and structural maturation of
human brain organoids can be promoted and enhanced using a brain
extracellular matrix microfluidic device for brain organoid culture.

In addition, researchers have been developing 3D-printed in vitro
brain models to address the lengthy prototyping time and the absence
of standardized experimental procedures in organ-on-a-chip fabrica-
tion (Figure 3).2°°%> 3D printing enables the creation of in vitro

models of the central nervous system (CNS) using various materials,

" WILEY [

including living cells, to develop biologically active 3D structures along
the z-axis of the CNS (Figure 3A).7697 3D-printed in vitro models can
be custom-designed to accurately replicate in vivo neural tissue,
ensuring consistency during clinical research and drug screening. Uti-
lizing the advantages of 3D printing and microfluidic organ chips, it is
expected that bionic brain chips can be constructed in vitro to repli-
cate physiological and pathological processes observed in vivo, facili-
tating translational research.

To better understand the underlying pathology of traumatic brain
injury, degenerative diseases, brain tumours, inflammation, infection,
and other brain disorders, the development of in vitro brain models is
an important strategy (Figure 3B).”8"1%° Although researchers are con-
stantly updating and improving organoid technology, the gap between
human brain organoids and the real human brain still exists and is rec-
ognized as an important scientific challenge in the field. Currently,
human brain-like organs are far less complex than real brain tissues in
terms of structure and function. This is evident in the difference
in size between the two, the absence of functional blood vessels, and
the lack of neuroimmune cells in human brain-like organs cultured
in vitro.8? All these problems still need to be explored by researchers.
We believe that shortly, with the efforts of scientists worldwide, a
solution to the problem will enable the creation of a human brain

organ that closely resembles the real human brain.

4.3 | Gut-brain-on-a-chip
It has been known for decades that the brain and gut need to commu-
nicate with each other to function. Gut-brain signals control basic
functions and are linked to the development of complex neurological
disorders, scientific studies have shown.°%1°? |n addition, scientists
have been investigating how this axis affects human health using
in vitro model systems (Figure 4 and Table 3).

The gut-brain axis (GBA) microfluidic system is a valuable model
for in vitro simulation of the gut-brain axis, with several advantages

103194 (Figure 5). It simulates

such as modularity and high throughpu
the bidirectional communication network between the gut and the
central nervous system. This system is crucial for researching diseases
and pathological mechanisms associated with the gut-brain axis.?°® In
2017, the European Research Council (ERC) funded the first project

on a bionic platform named MINERVA.20>1%¢ Thjs platform, designed

FIGURE 5

Structural design and application of gut-brain chip platform based on microfluidic technology. (A) MINERVA is a microfluidic

Microbiota-Gut-Brain-on-a-chip platform to study the Microbiota-Gut-Brain Axis in neurodegeneration. Adapted with permission from
Reference [105]. MINERVA combines five miniature sensing, optically accessible organ-on-a-chip devices, continuously connected by microfluidic
tubing, and divided into three compartment modules. Gut microbiota compartment (green): Features a miniaturized microfluidic device hosting
microbial cultures and soluble molecules of the microbiota, collectively referred to as the “secretome.” Intestinal compartment (yellow): Features
two sets of organoids, a two-dimensional culture system for intestinal epithelium and a culture system for immune system cells such as
macrophages and lymphocytes, which are coupled to mimic parts of the immune system. Brain compartment (purple): The presence of two sets of
organoids, a 2D culture system that mimics the BBB, and 3D conditions to cultivate major brain cells associated with neurodegenerative diseases,
such as neurons, astrocytes and microglia. (B) Design of a microfluidic Gut-Brain-on-a-chip. Adapted with permission from Reference [104].

(i) The assembled chip consisting of two barriers: Gut barrier (upper part) and BBB (bottom part). (ii) Schematics of two module which are gut
barrier module (upper part) and BBB module (bottom part). (i) Image of the assembled chip.
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to explore the microbiota's role in neurodegenerative diseases like
Alzheimer's, features a microbiata-gut-brain multi-organ microfluidic
microchip (Figure 5A). It was divided into three modules: microbiota,
gut, and brain compartments. The microbiota module cultivates gut

Cerebral
MPS

irculation

Treg/ Tu17 -
cells

FIGURE 6 Legend on next page.

microbiota that release soluble molecules. These are then transported
through microfluidic tubing to the gut compartment, which accommo-
dates epithelial cells and immune system cells, including macrophages
and lymphocytes. The brain compartment fosters the primary brain
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cells linked to neurodegeneration, such as neurons, astrocytes, and
microglia. And its multi-module layout allows for scalability in future
research endeavours.®® Additionally, Min-Hyeok Kim et al.*®* devel-
oped a modular microfluidic chip for the GBA by co-culturing intesti-
nal epithelial cells and brain endothelial cells (Figure 5B). This chip
includes microfluidic channels to simulate the formation of the intesti-
nal epithelial barrier and the blood-brain barrier (BBB). The authors
observed similar responses on this chip to the known microbial
byproduct-mediated interactions between the gut epithelium and the
BBB, and explored inter-organ communication between the gut and
the brain with labelled exosomes.*®* Hence, the GBA microfluidic chip
can serves as a valuable platform for exploring the distribution and
tropism of extracellular vesicles as drug carriers in vivo. It offers sub-
stantial technical support for in vitro investigations into the potential
role of extracellular vesicles in the GBA and associated mecha-
nisms.*®” A study highlighted the impacts of gut microbe-derived
metabolites and extracellular vesicles on neurodevelopment and neu-
rodegenerative conditions by developing a gut-brain axis microfluidic
chip system containing neurons from human induced pluripotent stem
cells (iPSCs). In vitro experimentation revealed that microbiota-
derived metabolites and exosomes travelling through the gut-brain
axis could potentially trigger neural differentiation and enhance the
expression of synapse-associated proteins in neurons.*°®

In addition to the microfluidic, researchers designed an experi-
mental gut-brain system in a petri dish integrating with microporous
cell culture membrane to identify molecules and signalling pathways
that the gut and brain rely on to communicate®® (Figure 6). This sys-
tem has a separate compartment for the ‘mini gut’ made up of endo-
thelial cells and a separate compartment for the “mini-brain” made up
of crayfish nerves. The fluid connection between the two chambers
facilitates the movement and monitoring of signalling molecules
(Figure 6A). The system has identified the neurotransmitter serotonin
as one of the keys signalling molecules that play a key role in gut-
brain signalling. Furthermore, the system's sensors indicate that the
neurotransmitter (5-hydroxytryptamine) is effectively transferred
from the endothelial surface to the underlying endothelial layer. Using
the crayfish model, this system mimics the natural electrophysiological
responses observed in animal studies. Without the need for invasive

manipulation of humans or animals, it allows, for the first time,
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simultaneous real-time in vitro monitoring of signals between two tis-
sues of the gut-brain axis. Recently, researchers have developed a
human gut-liver-brain physiological simulation system using a micro-
physiological system (MPS) (Figure 6B).*%° This in vitro platform con-
nects brain cells to tissue models of the colon and liver, enabling the
flow of immune cells and nutrients (including short-chain fatty acids
(SCFA)) through the channels between them. This well-established
conceptual and experimental model of immunometabolic cross-talk
for sustained and long-term interorgan system interactions is an
important advance in the simulation of the human gut-brain axis in
the context of in vitro neurodegeneration.

Hence, the GBA chips hold significant potential for learning the
influence of the gut-brain axis on associated diseases. Additionally, it
offers a robust platform for testing therapies. However, there are
many technical challenges in the developing multi-organ microarrays,
leading to the fact that few studies have been reported. The GBA
chips, as a multi-organ chips, must meet specific physical constraints,
considering organ size, flow rates for each module, and overall
medium volume to achieve physiological relevance. It imposes higher
demands on chip design and fabrication.''* Meanwhile, it is a chal-
lenging technical problem to precisely replicate the physical and
chemical microenvironment of in vivo tissues and organ dynamics in
the GBA chips.**? Moreover, the GBA chips, being more complex than
single-organ chips, often present greater difficulties and higher costs
in fabrication.'*?

5 | CONCLUSION

The gut-brain axis has become a significant research focus in the field
of intestinal science. The development of relevant models is crucial
for studying the communication mechanisms between the gut and the
brain. The development of dynamic cell culture systems and in vitro
models that mimic human organs has been enabled by advances in
microfluidics and micromachining. Nowadays, preliminary results of
in vitro construction of brain-gut axis models are available. These
microarray systems are useful tools for the prediction of drug toxicity
and for the in vitro modelling of different disease states in the brain.

They are expected to improve healthcare by making drugs more

FIGURE 6 Experimental studies based on brain-gut-on-a-chip. (A) Characterization of a gut-brain-on-a-chip platform with integrated
electrodes. Adapted with permission from References [109]. (i) Diagram of the physiology of GBA (left). Diagram of the luminal stimulation of the
enterochromaffin cells in the intestinal epithelium and the subsequent basolateral secretion of 5-HT for the activation of the enteric nerves
(right). (ii) Schematic illustrating how the platform detects 5-HT from cultured intestinal cells. 3D-printed transwell system with the top chamber,
bottom chamber, porous PETE membrane, integrated electrodes, external contacts, and fluid inlet channel. Cyclic voltammetry (CV) electrodes are
positioned under the porous membrane to separate the cells from electronics. (iii) Conceptual CAD diagram showing the 3D arrangement of the
chambers that sandwich the membrane integrated with the electrodes. (iv) The image shows a 3D-printed platform with pogo-pin connections at
the contact pads. These pads were used for testing in this article. (v) CAD image of the porous membrane manufactured using the CV three-
electrode system. (B) A human gut-liver-brain-chip representative for studies of neurodegenerative diseases. Adapted with permission from
Reference [110]. (i) Acrylic airfoils (top left), monolithic polysulphone airfoils (top right) and 3x Gut-Liver-Brain (3x GLB) platform (bottom).

(i) The 3xGLB platform consists of pneumatic and fluid plates with an interposed polyurethane elastomer membrane forming a pump manifold
with integrated fluid passages. The platform allows for a three-way interaction in three replicates, where the central liver-specific MPS can be
fluidically connected to two additional MPS based on Transwell technology. (iii) Plan view, showing fluid and pump characteristics and operating
conditions.
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accessible and less problematic, reducing the incidence of unpredict-
able drug side effects, and lowering drug development costs.

A promising platform for studying complex organ interactions and
disease mechanisms are multi-organ chips, including GBA chips. While
these chips have shown the potential to provide a more physiologically
relevant model for drug testing and disease modelling, there are still sev-
eral technical challenges that need to be addressed for their further
development. The incorporation of advanced microfluidic systems to
better mimic the complex physiological environment of the gut and brain
will be a key aspect of the technical analysis for the future development
of gut-brain axis chips. In addition, for real-time analysis of cellular and
molecular responses within the gut-brain axis chips, the integration of
advanced sensing and monitoring technologies will be critical. Further-
more, physiological relevance and predictive capabilities can be improved
by incorporating organoids and stem cell-derived tissues into the GBA
chips. These advances will not only make it easier to study the interac-
tions between the gut and the brain, but will also provide insights into
complex diseases such as inflammatory bowel disease and neurodegen-
erative diseases. Overall, the future development of GBA chips will need
to be multidisciplinary, combining microfluidic, tissue engineering, biosen-
sor and manufacturing expertise to overcome technical barriers and real-

ize the full potential of these innovative platforms.

AUTHOR CONTRIBUTIONS

Li-Guo Liang & Yu Zhang designed the study; Yu Zhang, Si-Ming Lu
and lJian-Jian Zhuang writing-original draft preparation and revised;
Supervision, Li-Guo Liang, Yu Zhang; Funding acquisition, Li-Guo
Liang, Si-Ming Lu. All authors reviewed the manuscript and all authors

have read and agreed to the published version of the manuscript.

FUNDING INFORMATION

This study was supported by the Zhejiang Provincial Natural Science
Foundation of China (LTGY23H160001), Zhejiang Provincial Health
Major Science and Technology Program (WKJ-ZJ-2434) and Key Lab-
oratory of Biomarkers and In Vitro Diagnosis Translation of Zhejiang
province (KFJJ2023012).

CONFLICT OF INTEREST STATEMENT
The authors have no conflicts of interest to declare that are relevant
to the content of this article.

DATA AVAILABILITY STATEMENT
All relevant data are within the article.

ORCID
Yu Zhang "'~ https://orcid.org/0009-0004-7128-6509
Si-Ming Lu "= https://orcid.org/0000-0003-4041-1309

Jian-Jian Zhuang "> https://orcid.org/0000-0001-9946-7249

Li-Guo Liang "> https://orcid.org/0000-0002-4943-5166
REFERENCES

1. Kaplan L, Chow BW, Gu C. Neuronal regulation of the blood-brain bar-
rier and neurovascular coupling. Nat Rev Neurosci. 2020;21(8):416-432.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Sweeney MD, Zhao Z, Montagne A, Nelson AR, Zlokovic BV. Blood-
brain barrier: from physiology to disease and back. Physiol Rev. 2019;
99(1):21-78.

W.H. Organization. ATLAS country resources for neurological disor-
ders. 2017 https://www.who.int/publications/i/item/atlas-country-
resources-for-neurological-disorders

Agirman G, Yu KB, Hsiao EY. Signaling inflammation across the gut-
brain axis. Science. 2021;374(6571):1087-1092.
Goralczyk-Binkowska A, Szmajda-Krygier D, Kozlowska E. The
microbiota-gut-brain axis in psychiatric disorders. Int J Mol Sci. 2022;
23(19):11245.

Mayer EA, Nance K, Chen S. The gut-brain axis. Annu Rev Med.
2022;73:439-453.

Socala K, Doboszewska U, Szopa A, et al. The role of microbiota-
gut-brain axis in neuropsychiatric and neurological disorders. Phar-
macol Res. 2021;172:105840.

Boucau J, Marino C, Regan J, et al. Duration of shedding of cultur-
able virus in SARS-CoV-2 omicron (BA.1) infection. N Engl J Med.
2022;387(3):275-277.

Chang L, Wei Y, Hashimoto K. Brain-gut-microbiota axis in depres-
sion: a historical overview and future directions. Brain Res Bull. 2022;
182:44-56.

Claudino Dos Santos JC, Lima MPP, Brito GAC, Viana GSB. Role of
enteric glia and microbiota-gut-brain axis in parkinson disease path-
ogenesis. Ageing Res Rev. 2023;84:101812.

Deng Y, Zhou M, Wang J, et al. Involvement of the microbiota-
gut-brain axis in chronic restraint stress: disturbances of the kynure-
nine metabolic pathway in both the gut and brain. Gut Microbes.
2021;13(1):1-16.

Gong W, Guo P, Li Y, et al. Role of the gut-brain axis in the shared
genetic etiology between gastrointestinal tract diseases and psychi-
atric disorders: a genome-wide pleiotropic analysis. JAMA Psychiatry.
2023;80(4):360-370.

Fairbrass KM, Lovatt J, Barberio B, Yuan Y, Gracie DJ, Ford AC. Bidi-
rectional brain-gut axis effects influence mood and prognosis in
IBD: a systematic review and meta-analysis. Gut. 2022;71(9):1773-
1780.

Parker A, Fonseca S, Carding SR. Gut microbes and metabolites as
modulators of blood-brain barrier integrity and brain health. Gut
Microbes. 2020;11(2):135-157.

Agirman G, Hsiao EY. SnapShot: the microbiota-gut-brain axis. Cell.
2021;184(9):2524-2524 e1.

Chen C, Liao J, Xia Y, et al. Gut microbiota regulate Alzheimer's dis-
ease pathologies and cognitive disorders via PUFA-associated neu-
roinflammation. Gut. 2022;71(11):2233-2252.

Doroszkiewicz J, Groblewska M, Mroczko B. The role of gut micro-
biota and gut-brain interplay in selected diseases of the central ner-
vous system. Int J Mol Sci. 2021;22(18):10028.

van Norman GA. Limitations of animal studies for predicting toxicity
in clinical trials: is it time to rethink our current approach? JACC
Basic Transl Sci. 2019;4(7):845-854.

Corro C, Novellasdemunt L, Li VSW. A brief history of organoids.
Am J Physiol Cell Physiol. 2020;319(1):C151-C165.

Cowan CS, Renner M, De Gennaro M, et al. Cell types of the human
retina and its organoids at single-cell resolution. Cell. 2020;182(6):
1623-1640 e34.

LeSavage BL, Suhar RA, Broguiere N, Lutolf MP, Heilshorn SC. Next-
generation cancer organoids. Nat Mater. 2022;21(2):143-159.
Pleguezuelos-Manzano C, Puschhof J, van den Brink S, Geurts V,
Beumer J, Clevers H. Establishment and culture of human intestinal
organoids derived from adult stem cells. Curr Protoc Immunol. 2020;
130(1):e106.

Revah O, Gore F, Kelley KW, et al. Maturation and circuit integration
of transplanted human cortical organoids. Nature. 2022;610(7931):
319-326.


https://orcid.org/0009-0004-7128-6509
https://orcid.org/0009-0004-7128-6509
https://orcid.org/0000-0003-4041-1309
https://orcid.org/0000-0003-4041-1309
https://orcid.org/0000-0001-9946-7249
https://orcid.org/0000-0001-9946-7249
https://orcid.org/0000-0002-4943-5166
https://orcid.org/0000-0002-4943-5166
https://www.who.int/publications/i/item/atlas-country-resources-for-neurological-disorders
https://www.who.int/publications/i/item/atlas-country-resources-for-neurological-disorders

ZHANG ET AL

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Broutier L, Andersson-Rolf A, Hindley CJ, et al. Culture and estab-
lishment of self-renewing human and mouse adult liver and pancreas
3D organoids and their genetic manipulation. Nat Protoc. 2016;
11(9):1724-1743.

Drost J, Karthaus WR, Gao D, et al. Organoid culture systems for
prostate epithelial and cancer tissue. Nat Protoc. 2016;11(2):
347-358.

Gleave AM, Ci X, Lin D, Wang Y. A synopsis of prostate organoid
methodologies, applications, and limitations. Prostate. 2020;80(6):
518-526.

Grapin-Botton A, Kim YH. Pancreas organoid models of develop-
ment and regeneration. Development. 2022;149(20):dev201004.
Lancaster MA, Renner M, Martin CA, et al. Cerebral organoids model
human brain development and microcephaly. Nature. 2013;
501(7467):373-379.

Lawlor KT, Vanslambrouck JM, Higgins JW, et al. Cellular extrusion
bioprinting improves kidney organoid reproducibility and conforma-
tion. Nat Mater. 2021;20(2):260-271.

Mansour AA, Goncalves JT, Bloyd CW, et al. An in vivo model of
functional and vascularized human brain organoids. Nat Biotechnol.
2018;36(5):432-441.

Tran T, Song CJ, Nguyen T, et al. A scalable organoid model of
human autosomal dominant polycystic kidney disease for disease
mechanism and drug discovery. Cell Stem Cell. 2022;29(7):1083-
1101 e7.

Trujillo CA, Muotri AR. Brain organoids and the study of neurodeve-
lopment. Trends Mol Med. 2018;24(12):982-990.

Trush O, Takasato M. Kidney organoid research: current status and
applications. Curr Opin Genet Dev. 2022;75:101944.

Wu H, Uchimura K, Donnelly EL, Kirita Y, Morris SA,
Humphreys BD. Comparative analysis and refinement of human
PSC-derived kidney organoid differentiation with single-cell tran-
scriptomics. Cell Stem Cell. 2018;23(6):869-881 e8.

Motallebnejad P, Thomas A, Swisher SL, Azarin SM. An isogenic
hiPSC-derived BBB-on-a-chip. Biomicrofluidics. 2019;13(6):064119.
Delong LM, Ross AE. Open multi-organ communication device for
easy interrogation of tissue slices. Lab Chip. 2023;23(13):3034-3049.
Koenig L, Ramme AP, Faust D, et al. A human stem cell-derived
brain-liver chip for assessing blood-brain-barrier permeation of phar-
maceutical drugs. Cells. 2022;11(20):3295.

Li Z, Li D, Guo Y, Wang Y, Su W. Evaluation of hepatic drug-
metabolism for glioblastoma using liver-brain chip. Biotechnol Lett.
2021;43(2):383-392.

Xu Y, Shen B, Pan X, et al. Palmatine ameliorated
lipopolysaccharide-induced sepsis-associated encephalopathy mice
by regulating the microbiota-gut-brain axis. Phytomedicine. 2024;
124:155307.

Mayer EA, Tillisch K, Gupta A. Gut/brain axis and the microbiota.
J Clin Invest. 2015;125(3):926-938.

Wang Q, Yang Q, Liu X. The microbiota-gut-brain axis and neurode-
velopmental disorders. Protein Cell. 2023;14(10):762-775.

Yuan H, Silberstein SD. Vagus nerve and Vagus nerve stimulation, a
comprehensive review: part Il. Headache. 2016;56(2):259-266.

Yuan H, Silberstein SD. Vagus nerve and vagus nerve stimulation, a
comprehensive review: part lll. Headache. 2016;56(3):479-490.
Yuan H, Silberstein SD. Vagus nerve and Vagus nerve stimulation, a
comprehensive review: part |. Headache. 2016;56(1):71-78.

Amirifar L, Shamloo A, Nasiri R, et al. Brain-on-a-chip: recent
advances in design and techniques for microfluidic models of the
brain in health and disease. Biomaterials. 2022;285:121531.

Keute M, Gharabaghi A. Brain plasticity and vagus nerve stimulation.
Auton Neurosci. 2021;236:102876.

Dinan TG, Cryan JF. Regulation of the stress response by the gut
microbiota: implications for psychoneuroendocrinology. Psychoneur-
oendocrinology. 2012;37(9):1369-1378.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

—Wl LEY_|15ov

Bercik P, Collins SM, Verdu EF. Microbes and the gut-brain axis.
Neurogastroenterol Motil. 2012;24(5):405-413.

Foster JA, McVey Neufeld KA. Gut-brain axis: how the microbiome
influences anxiety and depression. Trends Neurosci. 2013;36(5):
305-312.

Frankiensztajn LM, Elliott E, Koren O. The microbiota and the
hypothalamus-pituitary-adrenocortical (HPA) axis, implications for
anxiety and stress disorders. Curr Opin Neurobiol. 2020;62:76-82.
Vodicka M, Ergang P, Hrncir T, et al. Microbiota affects the expres-
sion of genes involved in HPA axis regulation and local metabolism
of glucocorticoids in chronic psychosocial stress. Brain Behav Immun.
2018;73:615-624.

Zhou JN, Fang H. Transcriptional regulation of corticotropin-
releasing hormone gene in stress response. IBRO Rep. 2018;5:
137-146.

D'Amelio P, Sassi F. Gut microbiota, immune system, and bone. Cal-
cif Tissue Int. 2018;102(4):415-425.

Sittipo P, Lobionda S, Lee YK, Maynard CL. Intestinal microbiota and
the immune system in metabolic diseases. J Microbiol. 2018;56(3):
154-162.

Cryan JF, O'Riordan KJ, Cowan CSM, et al. The microbiota-gut-brain
axis. Physiol Rev. 2019;99(4):1877-2013.

Dickson D. Doctored report revives debate on 1957 mishap. Science.
1988;239(4840):556-557.

Rojas OL, Probstel AK, Porfilio EA, et al. Recirculating intestinal IgA-
producing cells regulate neuroinflammation via IL-10. Cell. 2019;
176(3):610-624 e18.

Fitzpatrick Z, Frazer G, Ferro A, et al. Gut-educated IgA plasma cells
defend the meningeal venous sinuses. Nature. 2020;587(7834):
472-476.

Bluthe RM, Michaud B, Kelley KW, Dantzer R. Vagotomy blocks
behavioural effects of interleukin-1 injected via the intraperitoneal
route but not via other systemic routes. Neuroreport. 1996;7(15-
17):2823-2827.

Yam MF, Loh YC, Tan CS, Khadijah Adam S, Abdul Manan N, Basir R.
General pathways of pain sensation and the major neurotransmitters
involved in pain regulation. Int J Mol Sci. 2018;19(8):2164.

Lai NY, Musser MA, Pinho-Ribeiro FA, et al. Gut-innervating noci-
ceptor neurons regulate Peyer's patch microfold cells and SFB levels
to mediate salmonella host defense. Cell. 2020;180(1):33-49 e22.
Bonaz B, Bazin T, Pellissier S. The vagus nerve at the interface of the
microbiota-gut-brain axis. Front Neurosci. 2018;12:49.

Margolis KG, Cryan JF, Mayer EA. The microbiota-gut-brain axis:
from motility to mood. Gastroenterology. 2021;160(5):1486-1501.
Fung TC, Olson CA, Hsiao EY. Interactions between the microbiota,
immune and nervous systems in health and disease. Nat Neurosci.
2017;20(2):145-155.

Bravo JA, Forsythe P, Chew MV, et al. Ingestion of lactobacillus
strain regulates emotional behavior and central GABA receptor
expression in a mouse via the vagus nerve. Proc Natl Acad Sci U S A.
2011;108(38):16050-16055.

Sgritta M, Dooling SW, Buffington SA, et al. Mechanisms underlying
microbial-mediated changes in social behavior in mouse models of
autism Spectrum disorder. Neuron. 2019;101(2):246-259 e6.
Aron-Wisnewsky J, Warmbrunn MV, Nieuwdorp M, Clement K.
Metabolism and metabolic disorders and the microbiome: the intes-
tinal microbiota associated with obesity, Lipid Metabolism, and Met-
abolic  Health-Pathophysiology and Therapeutic  Strategies.
Gastroenterology. 2021;160(2):573-599.

Abdel-Haqg R, Schlachetzki JCM, Glass CK, Mazmanian SK. Micro-
biome-microglia connections via the gut-brain axis. J Exp Med. 2019;
216(1):41-59.

Barcik W, Pugin B, Westermann P, et al. Histamine-secreting
microbes are increased in the gut of adult asthma patients. J Allergy
Clin Immunol. 2016;138(5):1491-1494 e7.



16 of 17 WILEY_ 2

70.
71

72.

73.
74.
75.
76.
77.
78.
79.
80.
81.

82.

83.

84.
85.

86.
87.

88.

89.

ZHANG ET AL.

Paulose JK, Cassone VM. The melatonin-sensitive circadian clock of
the enteric bacterium Enterobacter aerogenes. Gut Microbes. 2016;
7(5):424-427.

Duranti S, Ruiz L, Lugli GA, et al. Bifidobacterium adolescentis as a
key member of the human gut microbiota in the production of
GABA. Sci Rep. 2020;10(1):14112.

Liu X, Huang L, Shi Y, et al. Ganoderma lingzhi culture enhance
growth performance via improvement of antioxidant activity and gut
probiotic proliferation in Sanhuang broilers. Front Vet Sci. 2023;10:
1143649.

Dalile B, Van Oudenhove L, Vervliet B, Verbeke K. The role of short-
chain fatty acids in microbiota-gut-brain communication. Nat Rev
Gastroenterol Hepatol. 2019;16(8):461-478.

Cummings JH, Pomare EW, Branch WJ, Naylor CP, Macfarlane GT.
Short chain fatty acids in human large intestine, portal, hepatic and
venous blood. Gut. 1987;28(10):1221-1227.

Morrow JD, Opp MR. Diurnal variation of lipopolysaccharide-
induced alterations in sleep and body temperature of interleukin-
6-deficient mice. Brain Behav Immun. 2005;19(1):40-51.

Wu BG, Sulaiman |, Wang J, et al. Severe obstructive sleep apnea is
associated with alterations in the nasal microbiome and an increase
in inflammation. Am J Respir Crit Care Med. 2019;199(1):99-109.

Gao T, Wang Z, Dong Y, Cao J, Chen Y. Butyrate ameliorates insuffi-
cient sleep-induced intestinal mucosal damage in humans and mice.
Microbiol Spectr. 2023;11(1):e0200022.

Sampson TR, Mazmanian SK. Control of brain development, func-
tion, and behavior by the microbiome. Cell Host Microbe. 2015;17(5):
565-576.

Grabrucker S, Marizzoni M, Silajdzic E, et al. Microbiota from Alzhei-
mer's patients induce deficits in cognition and hippocampal neuro-
genesis. Brain. 2023;146(12):4916-4934.

Qu L, Li Y, Liu F, et al. Microbiota-gut-brain Axis dysregulation in
Alzheimer's disease: multi-pathway effects and therapeutic poten-
tial. Aging Dis. 2024;15(3):1108-1131.

Jandhyala SM, Talukdar R, Subramanyam C, Vuyyuru H, Sasikala M,
Nageshwar Reddy D. Role of the normal gut microbiota. World J
Gastroenterol. 2015;21(29):8787-8803.

Wiertsema SP, van Bergenhenegouwen J, Garssen J, Knippels LMJ.
The interplay between the gut microbiome and the immune system
in the context of infectious diseases throughout life and the role of
nutrition in optimizing treatment strategies. Nutrients. 2021;
13(3):886.

Wu HJ, Wu E. The role of gut microbiota in immune homeostasis
and autoimmunity. Gut Microbes. 2012;3(1):4-14.

Liu J, Lu R, Zheng X, et al. Establishment of a gut-on-a-chip device
with controllable oxygen gradients to study the contribution of Bifi-
dobacterium bifidum to inflammatory bowel disease. Biomater Sci.
2023;11(7):2504-2517.

Milani N, Parrott N, Ortiz Franyuti D, et al. Application of a gut-liver-
on-a-chip device and mechanistic modelling to the quantitative
in vitro pharmacokinetic study of mycophenolate mofetil. Lab Chip.
2022;22(15):2853-2868.

Mittal E, Cupp G, Kang YA. Simulating the effect of gut microbiome
on cancer cell growth using a microfluidic device. Sensors (Basel).
2023;23(3):1265.

Shin W, Kim HJ. 3D in vitro morphogenesis of human intestinal epi-
thelium in a gut-on-a-chip or a hybrid chip with a cell culture insert.
Nat Protoc. 2022;17(3):910-939.

De Gregorio V, Sgambato C, Urciuolo F, Vecchione R, Netti PA,
Imparato G. Immunoresponsive microbiota-gut-on-chip reproduces
barrier dysfunction, stromal reshaping and probiotics translocation
under inflammation. Biomaterials. 2022;286:121573.

Zhang S, Xu G, Wu J, et al. Microphysiological constructs and sys-
tems: biofabrication tactics, biomimetic evaluation approaches, and
biomedical applications. Small Methods. 2024;8(1):e2300685.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Pediaditakis |, Kodella KR, Manatakis DV, et al. Modeling alpha-
synuclein pathology in a human brain-chip to assess blood-brain bar-
rier disruption. Nat Commun. 2021;12(1):5907.

Lyu Z, Park J, Kim KM, et al. A neurovascular-unit-on-a-chip for the
evaluation of the restorative potential of stem cell therapies for
ischaemic stroke. Nat Biomed Eng. 2021;5(8):847-863.

Cho AN, Jin Y, AnY, et al. Microfluidic device with brain extracellular
matrix promotes structural and functional maturation of human
brain organoids. Nat Commun. 2021;12(1):4730.

Mahumane GD, Kumar P, du Toit LC, Choonara YE, Pillay V. 3D
scaffolds for brain tissue regeneration: architectural challenges. Bio-
mater Sci. 2018;6(11):2812-2837.

Rao Z, Lin T, Qiu S, et al. Decellularized nerve matrix hydrogel scaf-
folds with longitudinally oriented and size-tunable microchannels for
peripheral nerve regeneration. Mater Sci Eng C Mater Biol Appl.
2021;120:111791.

Xu J, Wu Z, Zhang M, et al. The role of the gastrointestinal system in
neuroinvasion by SARS-CoV-2. Front Neurosci. 2021;15:694446.
Cadena M, Ning L, King A, et al. 3D bioprinting of neural tissues. Adv
Healthc Mater. 2021;10(15):e2001600.

Liu X, Hao M, Chen Z, et al. 3D bioprinted neural tissue constructs
for spinal cord injury repair. Biomaterials. 2021;272:120771.

Parker KE, Lee J, Kim JR, et al. Customizable, wireless and implant-
able neural probe design and fabrication via 3D printing. Nat Protoc.
2023;18(1):3-21.

Sullivan MA, Lane S, Volkerling A, Engel M, Werry EL, Kassiou M.
Three-dimensional bioprinting of stem cell-derived central nervous
system cells enables astrocyte growth, vasculogenesis, and enhances
neural differentiation/function. Biotechnol Bioeng. 2023;120(10):
3079-3091.

Tang M, Rich JN, Chen S. Biomaterials and 3D bioprinting strategies
to model glioblastoma and the blood-brain barrier. Adv Mater. 2021;
33(5):e2004776.

Mao S, Fonder C, Rubby MF, Phillips GJ, Sakaguchi DS, Que L. An
integrated microfluidic chip for studying the effects of neurotrans-
mitters on neurospheroids. Lab Chip. 2023;23(6):1649-1663.

Tunesi M, Izzo L, Raimondi I, Albani D, Giordano C. A miniaturized
hydrogel-based in vitro model for dynamic culturing of human cells
overexpressing beta-amyloid precursor protein. J Tissue Eng. 2020;
11:2041731420945633.

Chen YP, Ding ZY, Yu YS, et al. Recent advances in investigating
odor-taste interactions: psychophysics, neuroscience, and microflui-
dic techniques. Trends Food Sci Tech. 2023;138:500-510.

Kim MH, Kim D, Sung JH. A gut-brain Axis-on-a-Chip for studying
transport across epithelial and endothelial barriers. J Ind Eng Chem.
2021;101:126-134.

Raimondi MT, Albani D, Giordano C. An organ-on-A-Chip engi-
neered platform to study the microbiota-gut-brain Axis in neurode-
generation. Trends Mol Med. 2019;25(9):737-740.

Loh JS, Mak WQ, Tan LKS, et al. Microbiota-gut-brain axis and its
therapeutic applications in neurodegenerative diseases. Signal Trans-
duct Target Ther. 2024,;9(1):37.

Kim MH, van Noort D, Sung JH, Park S. Organ-on-a-Chip for study-
ing gut-brain interaction mediated by extracellular vesicles in the gut
microenvironment. Int J Mol Sci. 2021;22(24):13513.

Kim NY, Lee HY, Choi YY, et al. Effect of gut microbiota-derived
metabolites and extracellular vesicles on neurodegenerative disease
in a gut-brain axis chip. Nano Converg. 2024;11(1):7.

Chapin AA, Rajasekaran PR, Quan DN, et al. Electrochemical mea-
surement of serotonin by Au-CNT electrodes fabricated on micro-
porous cell culture membranes. Microsyst Nanoeng. 2020;6:90.
Trapecar M, Wogram E, Svoboda D, et al. Human physiomimetic
model integrating microphysiological systems of the gut, liver, and
brain for studies of neurodegenerative diseases. Sci Adv. 2021;7(5):
eabd1707.



ZHANG ET AL

111

112.

113.

114.

115.

116.

117.

118.

119.

Picollet-D'hahan N, Zuchowska A, Lemeunier |, Le Gac S. Multi-
organ-on-a-chip: A systemic approach to model and decipher
inter-organ  communication.  Trends  Biotechnol. 2021;39(8):
788-810.

Park D, Lee J, Chung JJ, Jung Y, Kim SH. Integrating organs-on-
chips: multiplexing, scaling, vascularization, and innervation. Trends
Biotechnol. 2020;38(1):99-112.

Wagner KT, Nash TR, Liu B, Vunjak-Novakovic G, Radisic M.
Extracellular vesicles in cardiac regeneration: potential applica-
tions for tissues-on-a-Chip. Trends Biotechnol. 2021;39(8):
755-773.

Beaurivage C, Naumovska E, Chang YX, et al. Development of a gut-
on-A-chip model for high throughput disease modeling and drug dis-
covery. Int J Mol Sci. 2019;20(22):5661.

Grassart A, Malarde V, Gobaa S, et al. Bioengineered human organ-
on-Chip reveals intestinal microenvironment and mechanical forces
impacting shigella infection. Cell Host Microbe. 2019;26(3):435-
444 e4.

Jalili-Firoozinezhad S, Gazzaniga FS, Calamari EL, et al. A complex
human gut microbiome cultured in an anaerobic intestine-on-a-chip.
Nat Biomed Eng. 2019;3(7):520-531.

Nikolaev M, Mitrofanova O, Broguiere N, et al. Homeostatic mini-
intestines through scaffold-guided organoid morphogenesis. Nature.
2020;585(7826):574-578.

Guo VY, Luo R, Wang Y, et al. SARS-CoV-2 induced intestinal
responses with a biomimetic human gut-on-chip. Sci Bull (Beijing).
2021;66(8):783-793.

Lanik WE, Luke CJ, Nolan LS, et al. Microfluidic device facilitates
in vitro modeling of human neonatal necrotizing enterocolitis-on-a-
chip. JCI Insight. 2023;8(8):e146496.

120.

121.

122.

123.

124.

125.

126.

: !—Wl LEY_|7ov

Kim J, Lee KT, Lee JS, et al. Fungal brain infection modelled in a
human-neurovascular-unit-on-a-chip with a functional blood-brain
barrier. Nat Biomed Eng. 2021;5(8):830-846.

Jang M, Choi N, Kim HN. Hyperglycemic Neurovasculature-on-A-
Chip to study the effect of SIRT1-targeted therapy for the type
3 diabetes "Alzheimer's disease". Adv Sci (Weinh). 2022;9(34):
€2201882.

Choi JH, Choi HK, Lee KB. In situ detection of neuroinflammation
using multicellular 3D neurovascular-unit-on-a-Chip. Adv Funct
Mater. 2023;33(46):2304382.

Seo S, Jang M, Kim H, et al. Neuro-glia-vascular-on-a-chip system to
assess aggravated neurodegeneration via brain endothelial cells
upon exposure to diesel exhaust particles. Adv Funct Mater. 2023;
33(12):2370074.

Shaner S, Lu H, Lenz M, Garg S, Vlachos A, Asplund M. Brain
stimulation-on-a-chip: a neuromodulation platform for brain slices.
Lab Chip. 2023;23(23):4967-4985.

Westerhof TM, Yang BA, Merill NM, et al. Blood-brain barrier remo-
deling in an organ-on-a-chip device shows Dkk1 to be a regulator of
early metastasis. Adv Nanobiomed Res. 2023;3(4):2200036.

Zhu Y, Zhang X, Sun L, Wang Y, Zhao Y. Engineering human brain
Assembloids by microfluidics. Adv Mater. 2023;35(14):e2210083.

How to cite this article: Zhang Y, Lu S-M, Zhuang J-J,
Liang L-G. Advances in gut-brain organ chips. Cell Prolif. 2024;
57(9):e13724. doi:10.1111/cpr.13724


info:doi/10.1111/cpr.13724

	Advances in gut-brain organ chips
	1  INTRODUCTION
	2  COMMUNICATION MECHANISMS BETWEEN THE GUT AND THE BRAIN
	2.1  Neural pathways of the brain-gut axis
	2.2  Endocrine pathways of the brain-gut axis
	2.3  Immune pathways of the brain-gut axis
	2.4  Microbiota-gut-brain axis

	3  ORGAN ON A CHIP (GUT-BRAIN ON A CHIP)
	4  MICROBIOTA-GUT-BRAIN MODELLING
	4.1  Gut-on-a-chip
	4.2  Brain-on-a-chip
	4.3  Gut-brain-on-a-chip

	5  CONCLUSION
	AUTHOR CONTRIBUTIONS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


