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Abstract: Drugs may undergo costly preclinical studies but still fail to demonstrate their efficacy in
clinical trials, which makes it challenging to discover new drugs. Both in vitro and in vivo models
are essential for disease research and therapeutic development. However, these models cannot
simulate the physiological and pathological environment in the human body, resulting in limited
drug detection and inaccurate disease modelling, failing to provide valid guidance for clinical
application. Organs-on-chips (OCs) are devices that serve as a micro-physiological system or a tissue-
on-a-chip; they provide accurate insights into certain functions and the pathophysiology of organs to
precisely predict the safety and efficiency of drugs in the body. OCs are faster, more economical, and
more precise. Thus, they are projected to become a crucial addition to, and a long-term replacement
for, traditional preclinical cell cultures, animal studies, and even human clinical trials. This paper
first outlines the nature of OCs and their significance, and then details their manufacturing-related
materials and methodology. It also discusses applications of OCs in drug screening and disease
modelling and treatment, and presents the future perspective of OCs.

Keywords: organs-on-chips; drug screening; ADME (absorption, distribution, metabolism, and
excretion); maternal–foetal interface; personalised treatment; bone marrow-on-a-chip; AngioChip

1. Introduction

Time and economic challenges limit the use of disease modelling for better treatment.
Current animal models allow us to understand pathophysiology and drug screening; how-
ever, inconsistencies in findings between animal models and human trials are constantly
observed. Many drugs have been screened in vitro and then by using animals; however,
when drugs enter the clinical trial stage, they are often suspended due to inadequate
efficacy and unexpected side effects [1,2]. Therefore, ideal models and test platforms for
better prediction of human responses are urgently required. Current platforms for drug
efficacy and toxicity evaluation and disease modelling generally fall into the categories of
cell lines, tissue/organ cultures in vitro, organoids, and organs-on-chips (OCs), as shown
in Figure 1A. Cell lines are quick and convenient to culture, but cannot mimic numerous
phenotypes of cells and tissues in the human body and lack host immunity and tissue- and
organ-level responses [3,4]. Although culture methods of in vitro human tissues/organs
could produce a highly relevant model for our body system, which is a reasonable approach
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for various tests, tissue/organs cultured in vitro do not survive well and are expensive;
there is also a short supply of their sources. Our body is a combination of complex sys-
tems, but human tissues and organs cultured in vitro are independent of those in living
organisms. Thus, they cannot be used to study coherent host reaction mechanisms. In
addition, large individual differences and poor reproducibility in experimental results limit
their in-depth study. Organoids have advanced significantly in recent years. They imitate
the growth and interaction of tissues and organs by coculturing various types of cells to
form functional tissues with a certain structure, eventually resulting in cellular diversity [5].
Organoids are generalised by the free or well-ordered organisation of cells, and the final
formation of the structured tissue is highly correlated to some functions of human organs
and tissues [6], but they always neglect the microenvironment, including oxygen gradients
and pressure differences, and have insufficient dynamic signals such as those of air flow
and blood flow. These signals are crucial for simulating human physiology [7–9].
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Figure 1. Brief introduction to OCs. (A) Drug screening cell models: (a) Cells cultured in 2D. (b,c)
Several types of cells cultured separately and then assembled together. (d) Cells cultured in a 3D
matrix. (e,f) Cells cultured in a microfluid system and distributed by design. (B) Primary composition
of OCs, including a microfluidic system and cell culture chambers.

OCs, also known as micro physiological systems or tissue chips (Figure 1B), are used to
model tissues and organs by simulating physiological and pathological tissue components
and arrangement, structural composition, and dynamic components (gas, blood, force,
etc.) [2,10]. They employ advanced technologies such as microfabrication, microfluidics,
and bioprinting to establish the corresponding structure and dynamic microenvironments
on a tiny chip. In addition, OCs can be integrated with a sensor system to achieve continu-
ous and automatic detection of biochemical and physical parameters [2,11,12].

In contrast to the various abovementioned detection and test platforms, OCs have
unique properties in terms of tissue arrangement, biomechanical clues, and engineering
design. Tissues on an OC platform can be orderly arranged in three dimensions (3D),
allowing many types of cells to work together to reflect the physiological balance of
cells as well as cells and tissues within a controlled design integration [11]. Specifically,
OCs can also include biomechanical clues, such as the tensile and compressive forces
of a lung tissue or the haemodynamic shear stress of a vascular tissue. Differences in
the simulation of biomechanical forces can cause variations in tissue inflammation and
drug absorption [2,13–15]. Creating OCs involves the reverse deduction to human cell
system engineering, and the reverse engineering of body tissues and physiological systems
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is very complex. Consequently, OCs tend to simplify organ complexity by avoiding a
comprehensive model. OCs present the main characteristics of human tissues by designing
ideal structures; however, these designs can still provide relevant and helpful cues in the
formation and development of certain diseases and, thereby, help to treat them [16–19].

This paper first outlines the nature of OCs and their significance. It then discusses
their manufacturing-related materials and methodology, and highlights the applications of
OCs in drug screening, disease modelling, and treatment. Finally, the future perspective of
OCs is presented.

2. Manufacture of OCs

The manufacture of OCs involves a complex process that requires materials that are
suitable for microfabrication with essential biocompatibility. When selecting materials
for OCs, a confined long-term cell culture microenvironment should be considered, with
multiple assays in sequence or synchronisation. Agreeable materials should simulate
components to provide a safe and stable framework beneficial to cell growth and migration;
they should also enable material exchange and signal communication between cells. These
materials are referred to as ‘organ materials’ or ‘chip materials’ (Table 1). After the general
structure of OCs is created with agreeable materials and advanced technology, the chips
are subjected to specific environmental parameters, such as electromechanical stimuli and
dynamic microenvironments. This process also can involve biosensing installation. The
detecting elements are placed in the OCs, and the transduction components and signal-
processing devices are connected to the outside.

2.1. Materials

The materials used in manufacturing and simulating biological components in OCs
are referred to as ‘organ materials’. They are used mainly in the form of hydrogels and
simulate the extracellular matrix of living cells and tissues.

Hydrogels can be of natural, synthetic, or hybrid origin. Natural hydrogels exhibit sat-
isfactory biocompatibility with functional sites for cell adhesion and communication [20,21].
For example, collagen [22] and gelatin exhibit low immunogenicity and extensive struc-
tural domains for cell adhesion. They can create a cellular microenvironment similar to
tissues [21,23]. As an example, by integrating collagen I hydrogel on polydimethylsiloxane
(PDMS) gear, stem cell-derived endothelial cells grow on collagen membrane, and then,
with collagenase, morphological changes in membranes and cells with progressive degrada-
tion of collagen can be studied [24]. Collagen–elastin (CE) membranes can also be cast onto
the surface of PDMS moulds for better culturing of cells, as they have mechanical properties
similar to those of in vivo biofilms [25]. Polysaccharides, chitosan, alginate, and hyaluronic
acid can be modified in response to light, pH, temperature, and ion concentration. They
are commonly used to encapsulate cells and for bioactive factor-controlled releasing [26].
In another study, chitosan was prepared as microspheres loaded with anticancer drugs,
and drug release was controlled by two types of cross-linking: tripolyphosphate (TPP) and
glutaraldehyde (GTA). Cumulative drug release was greater at lower pH values, demon-
strating the pH-responsive nature of chitosan [27]. Alginate is considered an ideal substrate
for the in vitro construction of muscle models, which can successfully induce ventricular
myocytes and vascular smooth muscle cells to form striated and smooth muscle tissues
by specific cues [28]. Natural polymers usually show weak mechanical properties, poorly
controlled chemical and physical properties, and fast degradation rates [21,29]. Natural
hydrogels can be chemically modified to cross-linkable methacrylate(MA), such as alginate
(MAA) [30] and methacryloyl gelatine (GelMA) [31,32]. Synthetic polymers have high
reproducibility in synthesis and biological experiments [20,33], such as cell cultures, with
stable results [21]. These synthetic hydrogels can be prepared from polyethylene glycol
(PEG), polylactic acid (PLA), poly (lactic-co-glycolic acid) (PLGA), polyvinyl alcohol (PVA),
polyacrylamide (PAAM), poly (hydroxyethyl methacrylate) (PHEMA), and polyurethane
(PU). As a material that mimics natural ECM, researchers have explored the effects of
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PAAM’s modifiable physical properties on the morphology, skeletal structure, and cell
expression of kidney podocytes and have demonstrated them to be suitable for use in
building kidney microarray models [34]. However, a significant disadvantage of synthetic
polymers is that they lack cell-adhesion ligands and cytocompatibility [20]. Both natural
and synthetic materials can be combined and integrated to take advantage of their comple-
mentary properties to form a rational design for on-demand physicochemical attributes,
such as the combination of poly (ethylene glycol) diacrylate (PEGDA) with GelMA [35] and
PEG with fibrinogen [36] for 3D printed scaffolds for cell seeding. Hydrogels can be coated
on the surface of a chip channel. PDMS microfluidics have a gel as a cellular adhesive layer
material to simulate the tissue environment in channel walls [37–39].

Cells can be of different types, including primary, immortalised, adult stem, embryonic
stem cells, and human induced pluripotent stem cells. Among them, primary cells have
a cellular phenotype most similar to that of human cells, but they have a limited lifespan
and are difficult to obtain and preserve. Phenotypic differences exist between batches
of primary cells [40]. Immortalised cells do not suffer from long-term preservation, and
phenotypic differences and can be obtained with better reproducibility; however, they
undergo genotypic and phenotypic drift modifications, exhibiting different functions from
those of the original tissue or organ [41,42]. Stem cells, however, can differentiate into adult
cells without phenotypic differences or concerns regarding long-term preservation. One
commonly used adult stem cell is the mesenchymal stem cell, which supports differentiation
into different types of cells; however, different methods of isolation and culture can likewise
lead to phenotypic differences [43]. Embryonic stem cells are suitable for OCs, allowing
for unlimited proliferation and differentiation, and are highly relevant to human cells;
however, their use is ethically controversial [44]. Currently, human induced pluripotent
stem cells are the most commonly used OCs because of their great relevance to humans,
and they can be differentiated into human cells without ethical problems [43,45].

Biopsies are also frequently assembled in the design of OCs, and their use brings
intercellular integration and overall function of the tissue within the OCs closer to that of
living tissue [46,47]. For example, researchers grew mouse colon crypt biopsies on the chip,
allowing and designing tissue blocks to proliferate and differentiate within the chip, with
the final chip model exhibiting better cellular integration and a specific appearance of the
structure [48]. Biopsied human skin tissue was used in a toxicity study in a multi-organs-
on-a-chip (MOC) model for drug screening [19]. In addition, in building personalised
disease models of patients, many microarray platforms are fitted with the disease site of
the patient’s biopsy, such as the airway component of a patient with chronic obstructive
pulmonary disease (COPD) [49].

However, the effect of cell sex on the results of experiments is often ignored when
choosing cell types. Researchers often prefer male cells or tissues because female models
are influenced by reproductive hormone levels, which makes results more unpredictable.
Moreover, it is usually believed that sex differences have little impact on systems other
than the reproductive system and are of little value to study [50]. Nevertheless, an in-
creasing number of studies have revealed sex differences in non-reproductive tissues. For
example, the brains of males and females show significant differences in anatomy and
physiology, leading to sex differences in neurophysiology and behavior [51]. Males are
more biased towards autism spectrum disorders [52], while females are biased towards
depression and anxiety disorders [53]. In addition, there are sex-specific differences in the
cardiovascular [54] and immune systems [55].

The materials used to create and simulate the non-biological components of OCs can
be referred to as “chip materials” or structural materials of the chip, such as microfluidic
devices and the barrier membranes between different types of cells. Elastomeric materi-
als, such as PDMS [56–58], poly (octamethylene maleate (anhydride) citrate) (POMaC),
thermoplastics, and inorganic materials are commonly used today.

PDMS is economical, low-cytotoxic, and easy to process. PDMS is transparent and,
when assembled into a frame structure of an OC, can be viewed directly outside the chip
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for imaging, which is a major highlight of PDMS materials [59]. However, PDMS also has
shortcomings while manufacturing OCs: PDMS is somewhat hydrophobic, preventing
some cells from adhering to growth, and adsorbs small hydrophobic molecules, such as
some of the drugs tested, which can affect the results of the experiment [60]. The uncross-
linked part of the cured PDMS can leach into the solution [61]. PDMS is prone to solution
evaporation, which significantly alters the volume, concentration, and equilibrium on a
micro-scale, or even forms bubbles that can block gas–liquid flow or damage cells [56,61,62].
In addition to PDMS, another elastomeric material, POMaC, is used in the construction of
vascular scaffolds, forming a network structure with many microchannels that mimic the
scaffold structure of a blood vessel [63].

Thermoplastics can retain the visibility, biocompatibility, and chemical stability of
PDMS materials while overcoming certain disadvantages of PDMS materials [64]. For
example, cyclo-olefin polymer (COP) is transparent in the visible and near-UV regions, has
low self-fluorescence for visibility, has no effect on hydrophobic drug distribution, and has
ultra-low water vapour permeability, which facilitates cell culture while limiting sample
evaporation [64,65]. Polymethyl methacrylate (PMMA) is rigid and transparent, and has
very low fluorescence intensity, and is commonly used in the construction of OCs [46,66].

Among inorganic materials, glass is commonly used to prepare OCs. Glass is trans-
parent, suitable for real-time imaging, and does not attract hydrophobic molecules [67].
However, owing to its impermeability, glass is unsuitable for cell culture in an enclosed
environment [56].

Table 1. Summary of materials used for organs-on-chips.

Classification Strengths Weaknesses

Organ material

Hydrogel

Natural [68]

Collagen Biocompatible [69];
Biodegradable [21];
Low immunogenicity;
Extensive cell adhesive
domains [21,23];
Suitable for cell growth
and migration;
Structure similar to ECM [26]

Weak mechanical
properties [70]

Gelatine

Chitosan

Alginate

Hyaluronic acid

Fibrin

Synthetic [20]
PEG, PLA, PLGA,
PVA, PAAM,
PHEMA, PU

Controllable
mechanical properties;
Stable in batch-to-batch;
Controllable
degradation properties;
Chemical modification

Lack of cell
adhesion ligands;
Inadequate
biocompatibility

Hybrid

PEGDA/GelMA [35]
Appropriate
mechanical properties;
More bioactive sites

-

PEG/fibrinogen [36] PEG was functionalised to
promote cell growth -

Cells and tissues

Primary cells [40] The most phenotypically
similar to cells in vivo

Extraction difficulty;
Inconstant functionality;
Short lifespan;
Individual difference

Immortalised cells [41,42]
Infinite survival;
Retention of activity;
Repeatable

Low phenotypically
similar to cells in vivo

Embryonic stem cells [44] Pluripotent;
Infinitely proliferative Ethical restrictions

Adult stem cells [43] Easy to extract relatively Limited
differentiation ability
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Table 1. Cont.

Classification Strengths Weaknesses

Human induced pluripotent stem
cells [43,45].

Retained human relevance;
Great differentiation potential;
Without ethical restrictions

Individual difference;
Low reprogramming
output;
Genomic instability

Biopsies [46,47]

More accurate information on
the tissue [48];
Maintain the natural
extracellular matrices and
three-dimensional tissue
structures [48]

Cannot survive more
than 48 h in ex vivo
culture mostly

Chip material

Elastomerics

PDMS [56,57]

Economic;
Low cytotoxicity;
Ease of processing;
Transparent [59]

Hydrophobic;
High ability to adsorb
small hydrophobic
molecules [61];
High gas
permeability [56,61,62]

POMaC [63]

Biodegradable;
Biocompatible;
Desired
mechanical properties

Thermoplastics COP, COC, PC, PS, PMMA

Economic;
Transparent;
Low absorption;
Appropriate gas
permeability [64,65];
Low auto-fluorescence [46]

Inorganic materials Glass
Transparent;
Stable physical and chemical
properties [67]

Diseconomy in fabrication;
High gas
impermeability [56]

Annotations: PEG, polyethylene glycol; PLA, polylactic acid; PLGA, poly (lactic-co-glycolic acid); PVA, polyvinyl
alcohol; PAAM, polyacrylamide; PHEMA, poly (hydroxyethyl methacrylate); PU, polyurethane; PEGDA, poly
(ethylene glycol) diacrylate; GelMA, gelatine methacryloyl; PDMS, polydimethylsiloxane; POMaC, poly (oc-
tamethylene maleate (anhydride) citrate); COP, cyclo-olefin polymers; COC, cyclic olefin copolymer; PC, polycar-
bonate; PS, polystyrene; PMMA, polymethyl methacrylate.

2.2. Techniques and Environmental Parameters

Microfabrication technology is used in the fabrication of OC hardware templates or
ECM scaffolds [71–73], using photolithography [74] and soft lithography technologies.
Photolithography technology focuses on the formation of UV-sensitive materials, where
the constructed hardware can be directly applied to OCs or used as a master for soft
lithography. Soft lithography technology is a technique for infusing materials such as PDMS
into a master plate and removing the template after shaping to obtain a soft and flexible
microstructure (Figure 2A). Multi-layered soft lithography utilises 3D stamping techniques
for the tight assembly of multi-layered structures [71]. 3D printing enables stereoscopic
structure efficiently with high fidelity and wide dimensional pattern ranging from micro-
to macroscale without templates or masks [75,76]. The cell and tissue components are
mainly printed in 3D, using bioprinting technology to create tissue structures [77,78] or
using electrospinning technology to first form a cell growth scaffold [79] and then grow the
cells to promote cell growth and distribution.

Microfluidics is a core technology in OC fabrication, which controls the flow of fluid
in channels of less than 1 mm, allowing for better simulation of the dynamic cellular and
tissue environment [80]. In microchannels, the liquid flows directionally and steadily,
without turbulence, and can be used to maintain the stability of chemical gradients over
long periods of time [81]. Microfluidics is used to control dynamic changes, such as the flow
of the culture fluid delivery and the exchange of gases, simulating the dynamic circulatory
changes in the human body’s ministries [2,26,73,80,82].



Pharmaceutics 2023, 15, 2094 7 of 28

Of course, owing to the flexibility of OC research, various technical supports are
required for target OCs under different research objectives, such as the establishment of a
liver sinusoidal model with the help of bi-directional electrophoresis techniques and the
design of electrodes that enable the radiation electric field to form the hepatocytes into a
hexagonal arrangement [83] (Figure 2(B1)).

To better simulate the tissues and organs, designers have replicated many environmen-
tal parameters of the body in terms of the microenvironment. In terms of structure, specific
tissue morphology and function require different ECM structures for maintenance [84], e.g.,
the survival of hematopoietic stem cells (HSCs) is closely linked to the bone marrow eco-
logical niche [85]. In terms of biochemical stimulation, specific cytokines and chemokines
are delivered to tissues and cells to promote cell survival, proliferation, and migration [86],
such as the addition of MCP-1 to GelMA to induce monocyte chemotaxis [87]. In tissue
homeostasis, microfluidics provides dynamic nutrients and remove metabolic waste to
maintain intracellular homeostasis and control the oxygen gradient between different
tissues [88,89] (Figure 2(B2)). In terms of mechanical stimulation, electrical stimulation
largely affects cellular morphology and activity, and appropriate electrical stimulation can
improve synaptic extension in nerve cells [90] and the assembly of specific morphology
in muscle cells [91]. Additionally, appropriate mechanical stimulation can similarly affect
cellular alignment and growth trends, such as fluid shear stress [92,93] (Figure 2(B3)).
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2.3. Sensors

An important piece of combined equipment for OCs is the sensors. As OCs continue to
evolve, developing integrated sensors is vital for monitoring the microenvironment within
the chip in real time, continuously and precisely. Sensors can be divided into physical
sensors that display pH, temperature, and oxygen, and biosensors that display multiple
biomarkers of metabolic processes [94], which can be further divided into optical and
electrochemical sensors based on different principles [10].

Optical sensors use light at specific wavelengths to directly detect the absorbance
and fluorescence intensity of a substance or indirectly to determine the surface plasmon
resonance (SPR) on the probe surface and the binding of the analyte to the probe to
determine the analyte concentration [10]. Optical sensors can detect a limited range of
substance concentrations; for example, when detecting pH, they require the addition of
absorbable phenol red for colour development and, only in the pH range of 6.5–8.0, linearity
reflects well and data are accurate [95,96]. However, optical sensors are advantageous
in low-oxygen environments because their measurement data are independent of redox
reactions [97,98].

Electrochemical sensors are more indirect and flexible, which can be used for more
precise quantitative studies. They consist of at least three electrodes for countering, refer-
ring, and working. The working electrode has a conductive gel or noble metal containing
the reactant (oxidase) attached to it, which reacts with the analyte to produce an exchange
of anions and cations. Then, the analyte concentration is calculated by detecting the
amperage, potential, and resistance between the working and counter electrodes [10,96].
Electrochemical sensors are designed to be more flexible and to facilitate real-time continu-
ous monitoring [99,100]. Some researchers have used conductive PEDOT:PSS hydrogels
wrapped with glucose oxidase (Gox) to prepare working electrodes to create miniature,
non-invasive, portable glucose sensors [101]. Researchers have also developed an intestinal
barrier chip model to measure transcutaneous resistance within transwell chambers to
assess barrier integrity [102,103].

Finally, the construction of an ideal sensor should rely on a combination of optical and
electrochemical sensors on demand. In a MOC model, researchers designed an automated
monitoring platform with physical sensors and electrochemical biosensors connected in
microfluidic channels to reflect micro-environmental parameters (potential of hydrogen,
oxygen, and temperature) and biomarkers within the model, respectively. The entire device
was placed directly under a microscope to observe the internal morphology of the MOC.
MOC also enables in situ and real-time monitoring of the microenvironment, biological
components, drug screening, and internal morphology [95].

2.4. Cell Culture Medium

When a single OC, involving only a single cell type, is generated, a culture medium
initially formulated for conventional cultures can be used. However, when generating
single/multiple OCs involving multiple cell types, the choice of medium becomes more
complex because each cell type has specific nutrients and growth factors to sustain growth
and function [104]. Therefore, one of the most critical challenges for multi-organ chips is to
be able to provide different tissues on the system with a blood-like universal medium to
meet the nutritional needs of different cells. So far, there are two ways to solve this problem.
One is to improve the properties of the culture medium to expand its application range,
and the other way is to utilize the endothelial cell barrier for nutrient separation [16]. For
instance, in the connected liver–kidney system, mixing liver-specific medium and kidney-
specific medium in a 1:1 manner can come close to meeting the growth needs of both types
of cells [105]. In addition, there are multicellular chips that simulate adipose tissue [106]
and a multi-organ chip model of liver–fat–skin–lung interaction [107]. However, with an
increasing number of organ types in the system, this multiple-mixing approach may result
in a less effective medium, as each organ or tissue ends up with a sub-optimal medium,
which can greatly affect the functionality and physiological relevance of the system. The



Pharmaceutics 2023, 15, 2094 9 of 28

connected system can be designed as a single channel or recirculation system, so that the
medium can be replenished or replaced at any time, and the barrier formed by the vascular
endothelium can also be utilized on the chip platform to segregate the different types of
cells, so that they can be cultured with their own optimal medium.

3. Applications

OCs are popular and widely used, including applications in drug absorption, distribu-
tion, metabolism, and excretion; in modelling diseases; in building medical resources; and
in individualised drug administration. The following is a brief description of the design of
OCs for use in these areas.

3.1. Drug Screening

Applications of the intestinal barrier chip model, liver sinusoidal chip model, blood–
brain barrier chip model, maternal–foetal barrier chip model, skin-on-a-chip model, and
ADME MOC model for drug detection are introduced. The diagrammatic sketch for barriers
is shown in Figure 3A.

3.1.1. Intestinal Barrier Chip Model

The intestinal barrier is an important barrier to the absorption of most orally adminis-
tered drugs, and numerous localised chip models of the intestine have been designed to
explore the direction of model design at the end-organ level, such as the colonic crypts-
on-a-chip model [48] (Figure 3(B1)). Primary crypts isolated from mice were mixed and
cultured in 2D and 3D patterns on a microstructure consisting of PDMS micropores and
matrix gel micro pockets to produce continuous millimetre-scale colonic epithelial tissue.
This is an effective exploration of the colon-on-a-chip model. It is novel and ingenious to
choose targeted tissues and combine 2D and 3D culture methods to better simulate the
tissue composition and structure of the crypt.

In contrast, the design of the intestinal barrier-on-a-chip model selected several major
cells and chose a Transwell model for its structure (Figure 3(B2)). Caco2-BBE cells and HT29-
MTX cells were cultured at a ratio of 9:1 in a mixture of 0.4 µm Transwell chambers to form
an intestinal monolayer epithelium, and the basal side of the Transwell was planted with
dendritic cells, forming the basic intestinal barrier model [103]. The use of the Transwell
chamber was impressive, as it can be used to study cell migration and can also be applied
to research the absorption and passage of drugs microscopically; it is the perfect hardware
for the intestinal barrier model. In addition, researchers have addressed the problem of
quantifying barrier function by measuring the transepithelial electrical resistance (TEER) in
the intestinal epithelium. Dendritic cells and HT29-MTX cells respond to exposure to drug
components or inflammatory mediators in the culture medium, increasing transmembrane
resistance. The absorption of drug breakdown products or the secretion of mucin into
vesicles increases transmembrane electrical resistance. The higher the transmembrane
resistance, the better the barrier function [16]. Researchers also modified the human Caco2
intestine chip by integrating a micro-oxygen sensor into an in situ oxygen measurement
device and placing the chip in an engineered anaerobic chamber to create a physiologically
relevant oxygen gradient between the human intestinal epithelium and microvascular
endothelial cells, which are cultured in parallel channels separated by a porous matrix-
coated membrane within the device. Modified intestinal chip allows stable co-culture of
highly complex anaerobic and aerobic intestinal bacterial communities in the same channel
as mucus-producing human villous intestinal epithelium, while simultaneously monitoring
oxygen levels and intestinal barrier function for at least 5 days in vitro [108].

3.1.2. Blood–Brain Barrier Chip Model

Another barrier to drug delivery is the blood–brain barrier (BBB), which is an im-
portant threat to the healing efficacy of nervous system drugs. The BBB is the boundary
between the central nervous system and circulatory system that controls transportation
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between the blood and the brain, limiting the penetration of drugs. It consists mainly of the
outer vascular endothelium, middle pericytes, and inner network of astrocytes. The ends
of these astrocytes cross pericytes to come into contact with the vasculature and control the
inflow of water through aqueous channel 4 (AQP4) [109,110].

Based on this structural basis, researchers produced a simplified BBB-on-a-chip
model [111]. The basic structure of the micro-platform was built using PDMS and consisted
of an upper layer, polycarbonate porous membrane, lower layer, and a slide (Figure 3C).
The upper layer was seeded with 2D human brain microvascular endothelial cells (HB-
MECs), and the lower layer was placed with a network of pericytes and 3D astrocytes,
between which a porous membrane was placed, significantly reducing the distance between
them [18]. Primary cells were selected so that the final microarray replicated the specific
markers, membrane transporters, and receptors associated with the BBB to a greater extent.

One of the main mechanisms by which natural HDL is known to pass through the
BBB is class B scavenger receptor 1 (SR-B1) [112,113]. Researchers designed mimetic HDL
nanoparticles with apolipoprotein A1 (eHNP-A1) and validated this mechanism using a
BBB microarray model [18]. The nanoparticle solution was added to the upper medium and
compared before and after blocking the SR-B1 channels. The amount of eHNP-A1 in the
upper layer, that is, the vascular channel, increased significantly after blocking the SR-B1
channel, whereas there was no significant increase in eHNP-A1 across the semi-permeable
membrane nor upon reaching the lower layer, that is, the microenvironmental layer in
the brain. In addition, the researchers captured the location of eHNP-A1, demonstrated
the distribution of 3D nanoparticles in the microarray model, and elaborated on the dif-
ferent cellular uptakes and receptor-mediated cytokinesis in this model (Figure 3C). The
mechanism of HDL penetration of the barrier and the usability of the BBB-on-a-chip model
validate each other.

3.1.3. Maternal–Foetal Barrier Chip Model

The placental barrier is also known as the interface between the mother and foetus.
This barrier consists of an external trophoblastic layer and an internal foetal endothelial
layer. This barrier counts the circulation and communication between the mother and the
foetus. The placental barrier-on-a-chip model has provided an excellent tool for studies
related to drug and toxicity delivery between the mother and foetus; however, it sur-
passes this to include breakthroughs in preterm birth induction, hormonal regulation,
and maternal–foetal communication. The toxic effects of drugs on the foetus are a major
concern when medically administering drugs to pregnant women; however, many in vitro
2D and 3D assay platforms limitedly represent the complex conditions between mother
and foetus, and the animal models differ significantly from humans in terms of gestational
physiological structure and uterine environment. An excellent placental barrier-on-a-chip
model should be created and should be taken a step further for researching the purposeful
delivery of drugs from the mother to the foetus.

Researchers used PDMS material to create two microchannels separated by a porous
polycarbonate membrane seeded with trophoblastic epithelial cells (BeWo epithelial layer)
and foetal vascular endothelial cells (HUVEC layer) to mimic the maternal and foetal
environments on either side of the barrier [17,114] (Figure 3D). The researchers verified
the gestational deep vein. The inability of heparin, a therapeutic agent for thrombosis and
embolism, to penetrate the placental barrier-on-a-chip model is consistent with previous
findings. In addition, researchers tested the delivery of glibenclamide, a drug commonly
used in gestational diabetes, in this model. The placental barrier microarray model demon-
strated the inability of glibenclamide to enter the foetal side under the protection of breast
cancer resistance protein (BCRP). Conversely, massive glibenclamide enters the foetal side
under the action of BCRP inhibitors [114], validating the physiological protection of BCRP
on the foetus. This shows that the placental barrier-on-a-chip model can reconstitute the
transport function of the placental barrier and has great potential as a drug screening
platform [115].
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The above mentioned is a simpler model of the placental barrier, which lacks many
important components to reconstruct the maternal–foetal interface [116], such as the lack of
many important cellular components, e.g., amnion mesenchymal cells(AMCs) and chorion
trophoblast cells(CMCs/CTs) [117]. There are two more well-established placental barrier
chip models: one consisting of four parallel chambers culturing amnion epithelial cells
(AECs), trophoblast cells, metaphase, and bacteria [118], and the other consisting of four
concentric circular channels containing primary AECs, AMCs, CMCs/CTs, and metaphase
cells [117]; the latter is superior, in that the four chambers are connected by fine ducts filled
with extracellular matrix, which is more realistic than a simple PET membrane (Figure 3D).
These designs are more similar in structure and composition to the placental barrier, and,
with such models as a cornerstone, future studies on bacterial infections, drug therapy, etc.,
will be more accessible.

3.1.4. Skin-on-a-Chip Model

The skin barrier is an obstacle that must be examined for all transdermal drugs, such
as creams, ointments, solutions, and skin patches, commonly in the form of antibiotic cream
for the skin, proprietary Chinese medicine suspensions [119], and pain relief patches for the
nervous system [120]. Transdermal drug delivery has many advantages over traditional
routes of administration, such as non-invasive administration and avoidance of the first-
pass effect of the drug on the digestive system. The drug can act locally or systemically
without significant side effects and has a higher safety profile. Animal models are often
used in drug experiments to study transdermal drug delivery, but the species variability
between animals and humans makes the results lack validity. With increasing restrictions
on the use of animals in various countries, we advocate non-animal research methods.
The use of skin equivalents is increasingly required for studies of drug penetration, skin
irritation, and skin phototoxicity.

Researchers have developed a skin-on-a-chip model that mimics the structure of
a Franz-diffusion cell by growing human keratin-forming cells (HaCaT) on a modified
electrostatic spun membrane in the middle. The upper layer holds the sample fluid, and the
lower layer is filled with type I collagen and connected to a microfluidic channel for easy
extraction of the culture fluid and measurement of drug concentration. The lower layer
can be removed for tissue staining. This model has been used to study the transdermal
transport of caffeine. The maximum concentration of caffeine in the collected cultures
was reached at the fifth hour, showing transport kinetics similar to those of human skin
samples [121] (Figure 3E). In a full-thickness skin-on-a-chip model, a fibrin-based dermal
matrix was used to construct a dermal scaffold and fill the upper surface and interior with
keratin-forming cells and fibroblasts, respectively, resulting in a simple full-skin equivalent,
which was also shown to be well structured by tissue staining [122] (Figure 3E). Biopsied
skin tissue has also been used to replace monolayers of keratin-forming cells [123,124], to
establish better models of full-thickness skin-on-a-chip. Other researchers have applied
periodic mechanical stimulation to the skin based on a full-thickness skin-on-a-chip model
to simulate circadian rhythms, resulting in an aging skin model that can be used for drug
development and disease modelling in aging skin [125]. In addition, the subcutaneous
vascular component was considered, and skin microarray models containing different
vascular channels were created to detect vasodilatation and immune responses to skin
stimulation [126,127]. These models are simple and convenient, but they contain only
a small number of types of skin cells and lack some important skin accessories, such
as nerves and hair follicles, where the hair follicle structure also has an impact on the
absorption behaviour of the drug. There are aspects that have not yet been integrated into
the skin-on-a-chip model, which is an area where breakthroughs are needed [128].

3.1.5. Liver Sinusoidal Chip Model

The liver is an important site for drug metabolism, and hepatotoxicity is an unavoid-
able safety indicator in the drug screening process. The liver is the main organ for testing
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the effectiveness and safety of drugs. The basic liver functional unit is the hepatic sinusoid
between the hepatic portal and central vein, consisting of an inner layer of porous endothe-
lial cells, middle layer of hepatic stellate cells, and outer layer of hepatic parenchymal
cells. Kupffer cells are also present inside the sinusoid, mediating communication and
immune responses [88]. In particular, the partial pressure of oxygen in the hepatic sinusoids
gradually decreases during the flow of blood from the periportal to the central vein to
regulate the compartment and function of the liver [129].

Accordingly, researchers designed and improved the hepatic sinusoidal-on-a-chip
model using glass material instead of PDMS material to create a hollow channel structure
that avoids the hydrophobic and oxygen-permeable nature of PDMS. Primary LSECs and
stellate cells are grown in the lower layer to form the vascular channels and intrahepatic
environment, and primary human hepatocytes and collagen layers are grown in the upper
layer, distributing the Kupffer cells within the lower two layers. Primary cells were selected
so that the final model contained many specific proteins. In addition, researchers formed
different oxygen partitions (oxygen-rich, intermediate, and oxygen-poor) by regulating the
flow within the liver and vascular channels through engineering modelling and verified the
oxygen partitioning by imaging the ratio of oxygen-sensitive and-insensitive fluorescent
beads to form different metabolic gradients [16,88,89] (Figure 3F). The model validity
was verified by a bile efflux test and an endothelial cell penetration test, using various
imaging modalities. This model was also compared to a PDMS liver sinusoidal-on-a-chip
model [130], in which three drugs (Nefazodone, Terfenadine and Acetaminophen) were
dissolved and diluted into the vascular channels of the chip, and the effluent was collected
daily to determine the remaining drug concentration and calculate the recovery rate. The
recovery of acetaminophen, a hydrophilic drug, was 100% in both devices, whereas the
recovery of Nefazodone and Terfenadine, hydrophobic drugs, was much greater in the
glass device than in the PDMS device. All recoveries were 100% after the addition of
drug-loaded LDL. These data demonstrate the drawback of the PDMS material in the
fabrication of a chip device, namely, its ability to adsorb hydrophobic molecules [2].

3.1.6. An ADME MOC Model

The MOC model, which is formed by multiple OC, is a more suitable approach for drug
development, where drugs undergo absorption, distribution, metabolism, and excretion
(ADME) processes in vivo, mainly involving the intestine, liver, kidneys, and organs of
action of the target drug, such as the skin, brain, and even bone marrow [16,131–135].

Researchers designed an ADME-on-a-chip model by integrating the gut, liver, kidney,
and skin using PDMS and PET membranes to prepare a bilayer of interconnected chambers,
with the upper layer serving as the blood circuit and the lower layer as the excretory circuit,
with the two layers connected by a proximal tubular culture chamber in the middle of
the kidney (Figure 3G). The blood circuit includes an intestinal barrier culture chamber
consisting of intestinal epithelium, a liver equivalents culture chamber consisting of liver
parenchymal cells and stellate cells, and a skin culture chamber for biopsies and connected
microchannels. The excretory circuit consists of a proximal tubular culture chamber and
microchannels in the kidney [16,19]. This continuous MOC model was tested for LDH
and glucose distribution, and there was a corresponding gap in LDH activity extracted
in the different chambers, further suggesting that the four barriers play their respective
roles in the passage of LDH [19]. The MOC model can be flexibly designed and adapted for
the purpose of the study; for example, heart–liver–lung chip models to study drug effects
on each organ [136], liver–kidney chip models, and liver–skin chip models to study drug
toxicity [135,137–139].

With the need for constant sampling and testing during experiments, the establishment
of a long-term, real-time, continuous testing system is unavoidable. A sensor system for in
situ continuous monitoring has been established [95], which is a significant advancement in
the development of MOC. MOCs are a flexible and beneficial tool in the drug development
process, but their design flexibility also leads to a lack of widely accepted standards for
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the test tool, which is partly responsible for its limited popularity. Another challenge is
the limited survival time of MOCs, which is difficult to match with the time required for
drug ADME.
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designs of intestinal barrier chip model (B), in which B1 is primary colonic crypts-on-a-chip model
and B2 is a Transwell modle for intestinal barrier-on-a-chip model. Blood–brain barrier chip model
(reprinted from ref. [18] with permission) (C), mMaternal–foetal barrier chip model (reprinted
from refs. [17,116] with permission) (D), in which A was designed to create an infectious preterm
birth model to study fetal membranes and B was designed to mimic the feto-maternal interface,
including the fetal membranes and maternal decidua. Skin-on-a-chip model [116,121,122] (reprinted
from refs. [121,122] with permission) (E), Liver sinusoidal chip model (F) and ADME MOC model
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represents an excretory flow circuit, numbers represent the four tissue culture compartments for
intestine (1), liver (2), skin (3), and kidney (4) tissue. (A, B, C) represent three measuring spots in the
surrogate blood circuit and (D, E) represent two spots in the excretory circuit.

3.2. Disease Modelling

The use of OCs models of disease can provide data that are more in accordance
with human physiological responses, allowing scholars to gain a deeper understanding
of disease characteristics and trends. Their use also reduces animal consumption, as
recommended by the “3Rs” principle (replacement, reduction, refinement) in animal ethics.
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Here, we focus on an airway-on-a-chip model, simulating disease models for influenza A
and COVID-19 infection and using disease models to predict effective drugs for COVID-19
infection [140]; tumour-on-a-chip models, which predict tumour metastasis [141]; and a
breast cancer–heart-on-a-chip model to detect chemotherapy toxicity in the heart [142].

3.2.1. Airway-on-a-Chip Model

Researchers grew human bronchial airway epithelial cells and artery endothelial
cells in a dual-channel microstructure created by PDMS and PET porous membranes to
form an airway-on-a-chip model, combining air and blood channels [15,140] (Figure 4A).
This model was infected with influenza A virus, and the infection model was verified
by immunofluorescence staining, followed by treatment of the microarray model with
an effective therapeutic agent for influenza A, which ultimately showed the effectiveness
of the treatment; thus, this proved in reverse that the airway microarray model of viral
infection was successful. The researchers then used this chip model to develop a COVID-19
infection airway-on-a-chip model of simulated novel coronavirus infection by pseudotyped
syndrome coronavirus type 2 (SARS-CoV-2) and used it to predict effective drugs for novel
coronavirus pneumonia in vitro. The predicted drugs were also effective in the prevention
and treatment of infection in animal models of COVID-19 infection [140]. The use of this
model has demonstrated that OCs models have enormous potential in the treatment of
pandemic diseases, alleviating the urgency and burden to develop effective drugs rapidly
on occurrence of serious pandemics.
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3.2.2. Tumour-on-a-Chip Models

Researchers have developed vascularised micro-tumour-on-a-chip models for screen-
ing effective chemotherapeutic agents [16,141,143,144]. The model was built in PDMS
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material and bottomless 96-well plates using human vascular endothelial cells in a diamond-
shaped culture chamber to self-organise into a 3D microvascular model, growing colorectal
tumour cells that differentiated and formed micro-tumours (Figure 4B). This model al-
lows for clear localisation of cell distribution and interactions by histochemical staining.
Interestingly, many clinically used chemotherapeutic drugs could be effective in this 3D
micro-tumour-on-a-chip model, whereas some of them were not effective when the drugs
were also applied to 2D tumour tissue [141]. These findings highlight the superiority of OC
models for drug screening compared with 2D cell cultures. It is also possible to build OC
models of other tumours to select effective chemotherapeutic drugs [142,145,146].

In addition, many cancer metastases-on-chips have been established to clarify the
mechanisms of metastasis in different tumours [147]. Establishing a personalised multi-
organ microarray model of a tumour patient can help predict the metastatic activity
and trend in that patient’s tumour in advance and is a potential area for future study
and applications.

3.2.3. Breast Cancer–Heart-on-a-Chip Model

Chemotherapy-induced cardiotoxicity (CIC) is the most likely adverse event in the
course of chemotherapy for oncological diseases and is unpredictable, unless irreversible
heart failure occurs. Based on clinical experience, researchers chose breast cancer for
cardiotoxicity and established the cardiac–breast cancer-on-a-chip model [142]. The re-
searchers co-cultured cardiomyocytes, fibroblasts, and myofibroblasts differentiated from
human iPSCs in GelMA hydrogels to form mock heart spheres and similarly cultured
breast cancer cells in GelMA, placing them separately in two linked microculture chambers.
Addition of TGFβ1 to induce cardiac fibrosis was used to investigate whether a certain
degree of myocardial fibrosis promoted the development of CIC (Figure 4C). The chip
platform also incorporated an electrochemical multi-array sensor for real-time, continuous
detection of multiple biomarkers such as CK-MB, cTnT, and HER-2 [148,149]. Treatment
with doxorubicin (DOX) nanoparticles resulted in changes in biomarker indicators, reflect-
ing the suitability of the platform. This microarray model is more of a conceptual model for
predicting CIC, but with the concept proposed, a truly practical model is being prepared,
and replacing all the cell sources in this model with patient-specific sources may be the
way to proceed.

3.3. Treatment

In addition to drug detection and disease modelling, OCs have great potential for use
as a flexible medical resource, a development that represents an unexpected breakthrough
for both medical treatment and OC itself. Perennial bone marrow-on-a-chip [150], vascular-
on-a-chip as a therapeutic scaffold [63], and foreign body corresponding-on-a-chip [87] as
an aid for treatment monitoring are currently being investigated.

3.3.1. Bone Marrow-on-a-Chip

The use of OCs as a tool for cultivating resources for disease treatment is a break-
through in the application of various biomaterials. All types of blood cells originating from
HSPCs and their survival are closely linked to the bone marrow cell ecotone, but modelling
all aspects of the bone marrow cell ecotone in a more comprehensive way remains unad-
dressed The bone marrow cell ecotone is structurally complex and consists mainly of cells,
such as bone marrow stromal cells and MSCs; it includes a variety of signalling molecules
and extracellular matrix components [85,151–153].

The researchers learned from previous superior HSPC culture methods and used
3D ceramic scaffolds of hydroxyapatite-coated zirconium oxide [154], which mimics the
porosity and strength of osteochondral stroma; it is filled with MSCs and HSPCs, in which
MSCs produce signal molecules and ECM components. It can form a bone marrow model
after one week of incubation in vitro. The bone marrow model was placed on a PDMS
microchip platform consisting of two independent circular channels [139,150]. In this model,
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HSPCs remained in their original state after four weeks, and the ecotone composition
remained unchanged, similar to the natural bone marrow ecotone [150]. Establishing this
model has helped expand the sources of HSPCs and exploit the potential of an in vitro
blood bank of HSPCs that can be used for the treatment of related haematological disorders,
which has made them independent of bone marrow donation. This concept was developed
to provide inspiration for the treatment of many other systemic diseases (Figure 5A).
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3.3.2. AngioChip

Some researchers have used OCs to breed a vascular scaffold chip (AngioChip),
which is more biocompatible and promotes vascular regeneration (Figure 5B). The POMaC
solution was injected into a PDMS porous mould designed by AutoCAD, it was UV-
irradiated to form glue, and the PDMS mould was removed to obtain the scaffold structure,
which made the final scaffold chip flexible. The scaffold structure was coated with gelatine
and placed in a microfluidic PDMS material chip device. HUVECs were infused into the
scaffold via a microfluidic system and left to stand until the cells adhered to the scaffold to
form a 3D HUVECs vascular scaffold structure [63]. A rat vascular scaffold chip made in
the same way was used in Lewis rats in either the artery bypass configuration or the artery-
to-vein configuration, which established good blood perfusion and demonstrated excellent
biocompatibility. One week after implantation, new angiogenesis was found around the
scaffold, which was maintained in vivo for at least five weeks [63,155]. Depending on
the requirements, cellular components of different compositions can be infused into the
scaffold: HESC-derived hepatocytes with HMSCs for liver-vascular-on-a-chip and HESC-
derived cardiomyocytes with HMSCs for heart-vascular-on-a-chip [155]. AngioChip grown
using the OC is stable and can be directly anastomosed, allowing analytical exchange inside
and outside the vessel and contributing to extensive tissue remodelling. Cells of patient
origin can be selected to make the AngioChip a better fit for the patient and better for
therapeutic use, but more complete and industrial methods of making the AngioChip are
required before this can be performed.

3.3.3. Foreign Body Corresponding-on-a-Chip

In addition to using OCs to cultivate therapeutic resources, researchers have created a
monitoring and prevention platform that can detect foreign body responses in vivo [87].
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The proposed design further extends the scope of application of OCs platforms. Implantable
devices and biomaterials are already widely used in the treatment of diseases, but most
implants have an immune cell foreign body response in the host body, which eventually
leads to treatment failure or even more serious systemic accidents [156–159].

The foreign body response-on-a-chip is multi-layered and made of PDMS material,
consisting of a foreign body (tiny titanium beads wrapped in GelMA) culture chamber
at the bottom, a PET semi-permeable membrane in the middle, and a vascular channel
containing HUVECs and monocytes in the upper layer [87,95,160]. GelMA gels in the
foreign body culture chamber contain MCP-1 factors that mimic the chemokines released
by cells exposed to foreign bodies and attract monocytes. Immunofluorescence staining
demonstrated the dynamic approach of monocytes to titanium beads under microflu-
idic conditions and, ultimately, revealed that human monocytes from different donors
responded to titanium beads at different levels in this microarray platform and that the
phenotype of monocytes near titanium beads does not consistently show M1 or M2, which
is consistent with individual variability in immune responses [87]. This suggests that,
prior to implantation treatment, time-permitting circulating mononuclear cells from the
patient can be extracted for implant-specific immune response assays, which can, to some
extent, predict trends in immune levels in that patient post-implantation and can guide
prophylactic treatment (Figure 5C).

4. Future Perspectives in Precious Medicine and Wound Healing
4.1. Precision Medicine

Another breakthrough in OCs is individualised medicine, where tissue from clinical
patients is used to create OCs, which is similar to the application of disease modelling,
but the two are incomparable. Patient-personalised disease models are used to determine
disease progression, applicable drugs, and treatments [161,162]. Precision medicine is a
thorny path that has been yearned for by the medical industry in recent decades; however,
it is still struggling. Perhaps the application of OCs in this area can lead to new concepts
and breakthroughs.

Currently, OC is commonly used in precision medicine for tumour drug screening,
where patient-derived tumour cells, tissues, or pathological sections are cultured in a
microchip, and effective drugs are screened in vitro to guide the patient’s clinical treatment
plan [163]. It is personalised and has profound implications for subsequent treatment
of patients. Although cells cultured in vitro cannot mimic the all-sided composition and
characteristics of tumour tissue in vivo, the selection of appropriate tumour sections for
microtissue culture allows for long-term and comprehensive drug detection [163,164].

Researchers used tumour tissue from two mesothelioma patients, cultured them
in vitro in OCs, and then used the same two chemotherapy combinations for each chip:
carboplatin/pemetrexed and cisplatin/pemetrexed. They found that tumour tissues from
both patients showed different results for the two chemotherapy regimens. Genomic testing
identified one of the mutated loci in patient #1 and no mutation in patient #2 [165]. This
study demonstrated the role of OCs in precision medicine for tumours. In addition to
the precise selection of drug types, OCs are useful for determining precise drug dosage
(Figure 6A). In two patient-derived tumour tissue chip models, the investigators admin-
istered each treatment regimen and found that #2 was not dose-dependent for cisplatin;
therefore, dosage of cisplatin was appropriately reduced during treatment to mitigate
unnecessary toxic effects [165]. Researchers established an OC model containing mouse
brain tissue sections and infused the microarray with different doses of STS-simulating
chemotherapy drugs, ranging from 10 nM to 6 µM. Tissue staining revealed that the number
of apoptotic cells increased with increasing STS concentrations [123]. This suggests that
OCs have the potential to test precise drug dosing; however, many factors not included
in the microarray model, such as the ratio of drug uptake and metabolism, need to be
considered in the process of clinical translation.
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In addition, the application of organ chips in precision medicine includes accurate
predictions for timely prevention and treatment. For example, many current OCs built
using patient tumour tissue predict metastatic trends in tumours [147] or study the toxic
effects of chemotherapeutic drugs on other organs. Except for tumour diseases, the foreign
body response chip model mentioned above is also a good example of accurate prediction.

OC in precision medicine is widely applicable and not limited to oncological diseases,
such as the establishment of airway-on-a-chip for COPD [49], vascular perfusion-on-a-
chip [166], and intestinal microbiome-on-a-chip [167,168].

Personalised OC encounters critical challenges from ethical restrictions and access
to personalised patient data. The use of patient-derived cells and tissues for research has
strict ethical restrictions, and the volume of eligible patients is insufficient for research
requirements. The creation of personalised organ chips requires the simulation of multiple
environmental parameters from the patient’s body which are patient-specific, such as
immune levels and the degree of local vascularisation (which affects drug absorption and
use). Finally, translating the findings of OC into the patient’s body is also a problem that
needs to be considered. Determining what proportion of the obtained precise treatment
plan should be scaled up to the human body and collecting data on the patients’ absorption
and metabolism levels are obstacles to the future development of personalised OC. The
establishment of a complete patient body-on-a-chip can be a solution.

4.2. Chronic-Wound-on-a-Chip Model

Current models for chronic wound research mainly 2D cellular scratches, 3D skin
equivalents, and animal models. It is difficult to heal wounds formed by multiple complex
factors acting on the wound surface, mainly complex and long-standing inflammatory reac-
tions. Including multiple skin structures in two dimensions is difficult, and the usability of
the study results is limited. Although 3D skin equivalents can present similar skin trauma
structures to some extent, they still lack in vivo changes in environmental parameters such
as changes in chemical gradients. Researchers have created a trauma microarray model
containing blood vessels, immune cells, and dermal structures that allows cell-to-cell inter-
actions to explore the use of anti-inflammatory drugs under inflammatory conditions [169].
We believe that such a chip model is associated with acute trauma, while chronic trauma
has more complex cellular components, more difficult-to-control inflammatory conditions,
and even specific requirements for blood supply, such as ischaemic chronic trauma and
diabetic foot ulcers. Based on this model, by adding multiple cellular components and
controlling the proportion of inflammatory cells and the culture fluid composition, we
expect to establish a microarray model for chronic wounds.

For example, diabetic foot ulcer (DFU) chip models have not yet been fully established;
however, the establishment of in vitro 3D DFU models can be a good inspiration for DFU
chip models. Some researchers state that the ideal DFU chip model should embed diseased
cells in the scaffold, promote the formation of diseased ECM, and actively elicit immune
responses [170]. In the 3D DFU model, patient-derived cells were widely selected for
tissue construction and their use slowed down the healing of the model wounds, including
fibroblasts, keratin-forming cells, and monocytes. Studies have shown that there is also a
large gap in the activity and polarisation of cells extracted in the middle of the wounds,
at the edges of the wounds, and in healthy sites [171–174]. These cells are cultured in a
high-glucose medium that mimics the high-sugar environment in vivo [171]. By integrating
existing 3D models into a microfluidic platform that controls the cell source and culture
fluid composition to provide the correct proportion of immune cells, DFU microarray
models can be built.

In addition to the existing approach of integrating 3D chronic and acute wound
models to form chronic-wound-on-a-chip models, the formation of a chip model of a
chronic wound is based on a normal full-layer skin-on-a-chip, which is treated with a drug
such as mercaptosuccinic acid (MSA) [175]. The same design can be used for other types of
chronic wounds.
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4.3. Skin Repair

The establishment of chronic-wound-on-a-chip models helps us study the complex
inflammatory situation of chronic wounds, explore active and effective treatment methods,
and promote faster healing. However, for difficult-to-heal wounds, the pathological mecha-
nism is very clear, but it is very difficult to complete the healing process, such as in large
deep burn wounds.

In the treatment of deep burn wounds, the ultimate goal is to repair the wound;
however, patients with deep burns have skin defects and damage to the dermis that
prevents spontaneous re-formation of skin to complete healing. Currently, deep burn
wounds are often covered with autologous micro-dermis grafts or dECM or hydrogel
scaffolds containing mesenchymal stem cells, in the hope of generating good skin coverage.
This method is yet to be explored, and autologous skin sources are very limited for patients
with large deep burns. We believe that OC can solve this problem by culturing suitable
skin tissues in vitro as a therapeutic resource to be transplanted to the wound surface to
complete repair. On the one hand, cells of patient origin can be selected for in vitro culture
to get rid of the limitation of insufficient resources, and, on the other hand, excellent skin
structures can be formed by in vitro 3D bioprinting and cultured for a long-time using
microfluidics, which can increase the vascular component and improve the survival rate
of the incoming skin tissue in the wound base. As mentioned above, the skin-on-a-chip
model can be cultured on a large scale and transplanted in vivo for surface wound repair.

In addition, missing skin attachments can be repaired to achieve a high level of
wound repair. Hair follicles are important accessories that protect the skin, regulate body
temperature, and contain sweat glands, erector spinae, blood vessels, nerves, lymphatic
vessels, and epithelial and dermal mesenchymal cells [176]. In the widely studied in vitro
culture of hair follicles [177], the process of hair follicle formation in the embryo is simulated
in vitro, where embryonic-derived epithelial and mesenchymal cells are co-cultured in a
collagen scaffold and subsequently transplanted into the skin to form a certain structure
and function of hair follicle tissue [178] (Figure 6(B1)). Researchers established a PDMS
microwell array with a diameter of 1 mm and depth of 0.5 mm for in vitro large-scale
culturing of hair follicle germ, in which mouse embryonic epithelial and mesenchymal
cells were co-cultured in microwells, and the surface of the microwell was covered with
colloidal material to maintain the cells in a fixed position. Hair follicle structure was
formed after 18 days [179] (Figure 6(B2)). We consider this as a preliminary exploration of
hair-follicle-on-a-chip, and the integration of microfluidic devices allows a better study of
the effect of oxygen content on hair follicle germ development, as found in these studies. A
full-layer skin chip model containing hair follicles, blood vessels, and nerves is possible in
a large-scale culture chamber, allowing complete wound repair. Although it provides an
ideal treatment for patients with large deep burns, there are still difficulties to be eliminated
in the process of chip construction.

OCs are currently used in vitro; however, using them in vivo is equally necessary
and advantageous. For example, most ischaemic ulcers develop into hard-to-heal wounds
when they are treated because of the lack of blood infusion nutrients in the wounds.
Inspired by the application of Ocs in vitro, the ulcerated area was closed and connected to
a microfluidic and sensor system, allowing the formation of OC devices targeting wound
tissue for culture, which can also cultivate cells with the assistance of tissue scaffolds
in vivo, such as fibroblasts, epidermal cells, or even hair follicle germ missing from the
wounds (Figure 6(B3)). The integrated sensor system can monitor the temperature, pH,
cytokines, and other wound factors in real time, and the corresponding treatment can
be applied using a micropump at any time. Such a concept has parallels with smart
dressings, which have been developing rapidly in recent years. One of the best examples of
smart dressings is the real-time monitoring and on-demand treatment of infected wounds,
where the temperature of the wound may rise after infection and this information is
transmitted through a temperature sensor, which controls the UV light-emitting diode on
the dressing, so that the UV-sensitive antibiotic hydrogel dressing starts releasing antibiotics
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for antimicrobial treatment [180]. A smart dressing can only identify the presence of
an infection, and not the degree of infection. It is of single use only and only decides
whether to release antibiotics, while dose grasp is not possible with it. In contrast, in vivo
OCs allow for a more comprehensive monitoring of wound conditions and more flexible
and precise treatment delivery. This study also provides a novel treatment strategy for
unhealed wounds.

The concept of in vivo use of organ chips is promising and can be applied not only
for skin wound repair but also for tissue treatment in other areas. However, many factors
still need to be considered during the implementation process (such as configuration of the
culture medium, which promotes the growth of the target cell population without causing
tissue hyperplasia), setting the pressure inside the chip system to avoid abnormal bleeding
and ischaemia, and, most importantly, making a tight connection between the target site
and the chip system, avoiding or eliminating the impact of tissue fluid exudation on the
microfluidic system.
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4.4. Challenges

Many challenges in production of OCs are as follows. First, OCs are difficult to pro-
duce and demanding to design. They are designed to mimic the most important aspects
and typical features of the tissue, where the nature of problems encounter varies, as do
the key aspects and typical features; however, their design is flexible and changeable.
Therefore, designers must determine features operating on OCs in consideration during
the design phase or when selecting a specific platform, such as channel diameter, angles
and input/output ports, bubble traps, biomechanical forces, and the design of biosen-
sors [15]. Most of the cells used in OCs are pluripotent cells and adult stem cells, and
many of these cell-derived differentiated cells (e.g., cardiomyocytes) are phenotypically
immature, have no standardised protocol for differentiation and maturation, and are diffi-
cult to replicate [43]. The choice of extracellular matrix in OCs is also challenging, and no
standardised protocol is yet determined for its creation. Decellularized scaffolds or seeded
cells in hydrogels can be used to build a suitable environment for cell growth, which is
mostly influenced by the composition and arrangement of the scaffold. Therefore, it must
be selected and designed carefully to promote appropriate tissue characteristics to form
appropriately [181]. The nutrient preferences and aversions of tissues in OCs are different
and require associated conservation of many different nutrients. A key challenge for the
connected OCs tissue system is, therefore, the provision of this universal cell culture fluid
or ‘blood mimic’. However, mixed media can solve the problem of a limited number of
connected OCs, which is not applicable for connected multiple OCs, and the creation of a
single-channel medium that can be added or updated over time is a potential solution that
is as-of-yet unexplored [105,141]. OCs cannot replicate certain aspects of the body, and even
the most complex MOC may miss some tissues, resulting in a series of OCs missing changes
in human metabolism, such as diurnal changes [182], temperature changes [59,183], and
changes in drug absorption due to endocrine changes. One solution is to create complex
‘micro formulations’ to deliver media at particular intervals to compensate for the miss-
ing organ [16]; however, this remains a challenge. Finally, the fabrication materials used
to fabricate the OCs must be taken into account. Regardless of the material chosen for
manufacturing, aspects such as its adsorption properties and biocompatibility should be
carefully observed [56,64].

5. Summary

OCs have made drug development faster, economical, and more efficient; they have
also enabled a deeper, more detailed understanding of diseases. They have provided novel
and interesting approaches for disease treatment and prevention, especially with MOC
systems formed by the integration of many OCs, such that their development from one
to many can potentially realise body-on-a-chip (BOC) platforms. Although many appli-
cations of OCs have been revolutionary, it is believed that there are still more astounding
applications to be discovered.
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