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Abstract

The technology of organ-on-a-chip tries to mimic the complexity of native tissues in vitro. 

Important progress has been made recently in using this technology to study the gut with and 

without microbiota. These in vitro models can serve as an alternative to animal models for 

studying physiology, pathology, and pharmacology. While these models have greater physiological 

relevance compared to two-dimensional (2D) cell systems in vitro, endocrine and immunological 

functions in gut-on-a-chip models are still poorly represented. Furthermore, the construction of 

complex models, in which different cell types and structures interact, remains a challenge. 

Generally, gut-on-chip models have the potential to advance our understanding of the basic 

interactions found within the gut and lay the foundation for future applications in understanding 

pathophysiology, developing drugs, and personalizing medical treatments.
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1. INTRODUCTION

Though the gut is primarily responsible for facilitating nutrient digestion and absorption, 

mounting evidence suggests it also plays a central role in the proper function of other organs 

[1, 2] as well as the etiopathology of many diseases [3–7]. Fundamentally, its barrier 

function limits the transport of compounds and microbes in and out of the digestive system 

and protects the body from the passage of unwanted substances and the expansion of 

pathogenic organisms [7, 8]; however, the gut is also an important part of the immune [3, 9] 

and endocrine systems [2, 10–13]. Defective digestive, immune, or endocrine function in the 

gut can lead to the onset of disease in various organs beyond the gut itself [3,4]. Despite the 

integral role of the gut in maintaining human health, there are still major gaps in our 

knowledge regarding the mechanisms of its influence [14, 15]. These gaps are the result of 

ineffective study methods and the poor availability of effective models [15–17].

Animal models have been the primary mechanism for studying the gut [18]; however, these 

models are limited by their failure to faithfully represent human physiology [19]. In many 

cases, particularly in studies of drug response, animal models are not able to predict the 

responses observed in humans [20]. Drug toxicity often differs significantly between species 

and compounds that are toxic in humans may not be so in animals and vice versa [21]. In 

addition to their inadequate representative ability, animal experimentation is costly [22] and 

comes with ethical issues [23]. Moreover, there are several ongoing efforts to modernize 

toxicity testing [24]. For example, a committee of experts in different fields produced the 

report titled Toxicity Testing in the 21st Century - A Vision and a Strategy (Tox21c). The 

committee proposed to decrease using animals and instead use in vitro toxicity tests 

employing human cells or cell lines, high-throughput screening and quantitative parameters 

[25]. Efforts like these have driven interest in developing alternative testing models in the 

past decade [26].

Beyond animal models, in vitro models have also been used extensively to study the gut 

[20]. Like animal models, these current systems also lack significant representation of 

physiological processes. Most in vitro models rely upon two-dimensional (2D) cell culture 

which is inherently limited as it cannot recapitulate the three-dimensional (3D) structure and 

interactions found in native tissue [27, 28]. In order to properly study gut physiology, 

pathology, or pharmacology, 3D models and dynamic culture systems must be used [29].

Recent advances in microfabrication techniques and microfluidics [30–32] have facilitated 

the development of lab-on-a-chip systems that can be used for biological analyses [17, 33]. 

Systems that more closely represent the 3D structure and physiological microenvironment of 

native tissues could be created by incorporating live cells into these microfluidic platforms. 

Furthermore, the cell culture systems could be designed to recapitulate essential organ 

functions thus, allowing the investigation of such functions in vitro [34, 35]. These culture 

systems can be made dynamic by controlling fluid flow and introducing new compounds 
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(metabolites, drugs, nutrients, etc.) [36]. Such microphysiological systems, also called 

organ-on-a-chip (OoC) systems, are considered the next generation of in vitro tools capable 

of recreating in vivo-like, physiologically-relevant microenvironments needed for 3D tissue 

culture as well as tissue barriers as they are capable of monitoring the biological responses 

of cells and tissues to changes in the homeostasis of the device [37]. These platforms have 

the potential to supplement many 2D culture methods and animal experiments to build a 

more accurate understanding of the basic biological function and physiological response of 

intestinal ecosystems [38, 39].

Furthermore, these systems can facilitate new capabilities that were not previously possible 

using 2D or animal models. Integration with sensors and real-time analytic instrumentation 

[40] is one way in which the systems can provide insight that is otherwise unattainable [40–

42]. With proper design, it is possible to closely monitor cell-level and tissue-level events 

[43], simulate and reverse pathological situations [44], and study the effect of etiological 

factors on tissue function [45–47]. The modular nature of on-a-chip devices makes it 

possible to connect several chips to create multi-organ-on-a-chip (MoC) systems, also 

referred to as a “body-on-a-chip” [40, 48–50]. These MoC systems can be useful to study 

inter-organ communication, systemic pathology, pharmacology, and pathogen invasion and 

distribution [49]. This is particularly useful for studying secondary toxicity that results from 

the metabolism of drugs in organs such as the gut and liver [8, 51, 52]. While OoC systems 

can be useful independently, each organ model plays a distinct role in contributing to a 

physiologically relevant body-on-a-chip model [53].

Gut-on-a-chip systems offer a new and powerful in vitro platform for studying human gut 

physiology, pathology, and pharmacology [54]. These OoC systems will help advance the 

understanding and treatment of prevalent diseases such as inflammatory bowel disease 

(IBD) [55] and colorectal cancer [56]. The use of patient-derived stem cells [57, 58] in OoC 

systems can also contribute to the development of personalized medicine and drug screening 

technologies [59]. The development and recent progress made in gut-on-a-chip technology 

are discussed in this review. The role of these systems in studying pathophysiology and drug 

development are highlighted. In addition, the current challenges and future perspectives 

associated with the development and further use of gut platforms are discussed.

2. THE FUNDAMENTALS OF GUT-ON-A-CHIP MODELS

In order to effectively design gut-on-a-chip devices, one must understand the key structures 

and functions of the organ. The primary functions of the gut are to absorb and transport 

nutrients, electrolytes and drugs from the digestive system to the vasculature for distribution 

throughout the rest of the body [20]. The secondary involvement in both the immune and 

endocrine systems arise from the presence of specialized human cells and the microbiome 

[60]. The gut is characterized by its enormous surface area, achieved through the presence of 

folded microstructures known as the intestinal villi and microvilli. These finger-like 

protrusions of epithelial and specialized cells facilitate the multiple functions of the gut. In 

addition, the intestines harbor important microorganisms that aid in digestion, immune 

regulation, and protection from foreign pathogens [60]. These mutualistic microorganisms 

are able to survive due to the unique hypoxic environment found in the intestines [61]. In 

Ashammakhi et al. Page 3

Biomaterials. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



addition to the physical and chemical environment in the intestines, mechanical stress is 

applied by the characteristic peristaltic motion which stretches and squeezes the tissue to 

propel the contents of the bowel along the gastrointestinal tract (GIT) [62].

2.1 Common chip features

While a wide array of OoC devices and systems have been designed, many share similar 

characteristics (Figure 1). The body of the chip houses the channels or chambers and any 

other embedded elements such as sensors, electrodes, or valves. The chips are generally 

optically transparent and gas permeable (see further discussion in the Materials section) to 

allow for facile imaging and observation as well as to facilitate the diffusion of gases such as 

oxygen (O2) and carbon dioxide (CO2). Most models of the gut involve some form of two 

microchannels that are separated by a porous and flexible membrane. This arrangement is 

common as it is used to simulate the barrier between the intestinal lumen and the draining 

vasculature. Cells are initially seeded into channels under static culture conditions to ensure 

cell adherence and later, media is pumped through the channels using syringe, pressure, or 

peristaltic pumps to simulate the dynamic microenvironment found in vivo. Generally, one 

of the channels represents the lumen of the gut and is lined with gut epithelial cells, while 

the other channel represents a blood vessel and is lined with vascular endothelial cells. The 

membrane that can be made of an array of different materials with a variety of pore sizes. 

While the materials may differ, the membranes’ core function remains the same – to allow 

the transport of soluble molecules between the simulated intestine and blood vessel. 

Although most gut-on-a-chip systems use membranes (due to their ease of use and facile 

manufacturing), recent work has eliminated the membrane to improve the similarity to 

native tissue [63].

Another conserved feature amongst in vitro gut models is the cellular structures within the 

devices. In most cases, the channel representing the vasculature is lined on all sides with a 

confluent monolayer of vascular endothelial cells. Though simple, these channels have the 

ability to recreate the barrier properties of native vascular tissue making them important 

components for studying the absorption and transport of small molecules [64–66].

The analytical methods used to characterize the cells and tissues within the device are also 

similar across many models. Optically transparent chip materials allow for analysis with 

light, fluorescent, and confocal microscopy to elucidate cell organization and observe 

characteristics like polarization [41, 67]. Additional characterization can be performed on 

the effluent from the device. The used media from both the intestinal and vascular channels 

can be assayed for dissolved O2, pH, metabolites, signaling molecules, and drug 

concentration [41, 68].

Another common characterization technique is transepithelial electrical resistance (TEER) 

measurement. TEER is a non-invasive method for characterizing the barrier function of 

formed layers of cells inside the OoC. It works by assessing the electrical resistance across a 

cell layer and it is taken as a relative indicator of the permeability and integrity of this layer. 

Importantly, TEER measurements must be analyzed in the context of each individual 

system, as a higher value is not necessarily indicative of a superior barrier. Many factors 

beyond the integrity of the cell layer are also accounted for in this measurement, including 
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the membrane material physical placement of electrodes, and resistance of the media. In 

many gut-on-chip systems in which cellular barriers are created represent in vivo interfaces, 

TEER measurements can be performed with electrodes placed on opposite sides of the 

barrier [69, 70]. Srinivasan et al. have extensively reviewed variations in TEER values due to 

factors such as temperature, medium formulation, passage number of cells, and 

measurement techniques. Their review also analyzes the optimal parameters for TEER 

measurements and discusses the strengths and weaknesses associated with the various 

measurement methods [71]. Odijk et al. reemphasized that additional consideration must be 

given when comparing TEER values across platforms by comparing measurements from an 

organ-on-chip and Transwell model (Figure 2) [18]. In their comparison, they noted that the 

TEER measurements taken in the gut-on-chip model were consistently higher compared to a 

static control (Figure 2C). This trend was constant throughout the 120 hour duration of the 

study, however, the shear-induced formation of complex 3D architecture in the microfluidic 

device caused the resistance of the tissue to increase in comparison with the confluent 2D 

monolayer formed in the Transwell system. Additionally, the group presented and validated 

a mathematical model that reconciles the differences in TEER values between Transwell 

devices and organ-on-a-chip systems during the first three days of culture when both 

systems contain a monolayer of cells. However, this model fails once the villi-like structures 

are formed in the microfluidic chip. Though TEER is a frequently used measurement for the 

characterization of barrier integrity due to its simplicity and minimally invasive form, the 

structure of the model and the maturity of the cultured tissue must be considered when 

comparing measurements across systems.

2.2 Materials and Fabrication

The material most often used to create the microfluidic systems is polydimethylsiloxane 

(PDMS). PDMS is the dominant material used for OoC systems because of its cell- and 

researcher-friendly properties [72]. For cells, PDMS provides a biologically inert, gas-

permeable, non-toxic surface with low adhesion [73, 74]. This generally leads to more cell-

cell interactions in the devices compared to cell-substrate interactions in traditional 2D 

culture models. Additionally, PDMS is inexpensive and has many desirable qualities for the 

creation of microfluidic bioreactors in the laboratory setting. The optical transparency of the 

material facilitates visual analysis of the enclosed tissue by standard light microscopes. The 

ability to observe the cells within the device is important as cell viability, activity, and 

morphology can be tracked in real-time. Because PDMS begins as a viscous liquid prior to 

curing, it is ideal for casting onto molds to create the customized features required for the 

fabrication of organ-on-chip devices. The major drawbacks of PDMS used for gut-on-chip 

models are its hydrophobicity, which can lead adsorption of lipophilic compounds to the 

walls of the device [75–78], and its gas permeability. Several strategies have been developed 

to mitigate both concerns. To reduce nonspecific adsorption of hydrophobic compounds, 

several groups have developed surface modification protocols and other material 

modifications that are discussed in detail in these recommended review articles [79, 80]. 

Additionally, while most OoC devices desire gas permeability to ensure sufficient transfer of 

O2 and CO2 to the cells within the device, gas permeation is ill-suited for the creation of the 

hypoxic environment found in the intestines. Water vapor can also pass through the PDMS 

which leads to small amounts of water loss along microfluidic channels, especially at higher 
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temperatures [81]. Other materials used for the creation of gut-on-chip systems include 

polymethyl methacrylate (PMMA) [40, 82] and glass [83]. While they offer benefits like 

reduced drug adsorption [84], they are used much less frequently due to increased 

manufacturing difficulty.

As for the membranes used to separate the channels in gut-on-chip models, they are 

composed of flexible, porous materials such as polycarbonate, PDMS, and polyester (PET) 

[72, 83, 85], or biological materials, like collagen [86]. The material is often selected by its 

pore size which can be modulated to control the translocation of molecules between the two 

chambers of the device and the availability of nutrients. One study, conducted by Guo et al. 
observed increased production of sucrase-isomaltase and villin in Caco-2 cells cultured on a 

porous (0.45μm pore size) non-porous membrane compared to a non-porous PDMS 

membrane [87]. This suggests that porous substrates may play a role in upregulating cell 

activity in vitro. Additionally, to increase the biocompatibility of certain materials, chambers 

and membranes can be coated with natural polymers to facilitate cell attachment, migration, 

and representative function. Collagen [86, 88], Matrigel [88], gelatin [89], gelatin 

methacryloyl [90], fibrin [82], and fibronectin [91] are all common coatings for the inner 

surfaces of the devices.

In some works, topographically patterned scaffolds were also included to help villus 

formation. Wang et al. implemented a microfabricated topographic analog of intestinal 

crypts formed in PDMS (Figure 3) [91]. Fibronectin was used to coat the PDMS surface on 

which Caco-2 cells were seeded and cultured for two weeks. Cell spreading, metabolic 

activity and differentiation were found to be affected by the topography of the substrate. 

Specifically, the Caco-2 cells seeded on the patterned substrate showed elevated 

mitochondrial activity and lower alkaline phosphatase activity at early stages compared to 

cells seeded on flat substrates. In another study Shim et al. used collagen scaffold with 

protrusions to seed Caco-2 cells on. The group used photolithography to create a villi mold 

and casted alginate over the surface to yield a dissolvable mold. Collagen was cast over the 

alginate to yield the final patterned scaffold. Though the scaffold helped create microvilli 

structures within the chip, the study concluded that both patterning and fluid flow were 

necessary to produce in vivo-like enzymatic activity and barrier permeability (Figure 4) [72].

A recent study employed collagen type I-based gel (instead of membrane) to separate two 

channels of the system (commercially available as OrganoPlate) [63]. One side of the gel 

was seeded with Caco-2 cells, resulting in the formation of a confluent epithelium with tight 

junctions and brush borders. To study barrier leakage, 4.4kDa TRITC-dextran and 150kDa 

FITC-dextran were used. Cells were exposed to staurosporine and aspirin to investigate their 

effect on membrane permeability. The system showed that concentrations as low as 0.36μM 

of staurosporine and 40mM of aspirin significantly reduced cell viability and increased 

permeability of FITC-dextran and TRITC-dextran through the epithelial barrier.

Most microfluidic devices, including OoC systems, are fabricated by creating molds using 

soft photolithography and casting PDMS over the surface. Typically, the master mold is 

composed of photoresists (like SU-8) and patterned with photomasks. PDMS is composed of 

two components, the polymer and its curing agent, which are combined with a weight ratio 
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of 10:1, respectively. The combined PDMS is poured over the master mold and placed in a 

desiccator to degas the solution and remove any air bubbles. The polymer is cured by 

placing in an oven set to 80°C for approximately two hours. The cured PDMS can then be 

peeled from the master mold and it will recreate the features of the mold with micron-scale 

fidelity. The fluidic ports can be created in the device using flat tip needles or biopsy 

punches. Once all of the layers needed for fabricating the device are prepared, the multiple 

components of the device can be assembled with the semipermeable membrane. This is 

typically done by plasma treating the surface of the PDMS and other silicon substrates (like 

glass) to expose hydroxyl groups. Upon contact the hydroxyl groups can create stable bonds 

to form covalent Si-O-Si linkages [72, 83]. While this is the most common fabrication 

processes, recent work has developed similar systems through 3D printing [32].

2.3 Cells

Multiple cell types have been used within gut-on-a-chip devices and the primary 

differentiating factor is their source. For cells modeling the vasculature, vascular endothelial 

cell lines such as human umbilical vascular endothelial cells (HUVECs) [92] and human 

intestinal microvascular endothelial cells (HIMECs) [88, 93] are commonly used. As for the 

intestinal cells, a larger variety of cells have been used. Many studies incorporate 

immortalized cell lines, most notably Caco-2 cells. These cells were derived from human 

colon carcinoma, but have been the standard for studying the intestines for decades [85, 94–

97]. These cells are robust, easily accessible, and have the ability to spontaneously form 

crypt and villi structures in under five days [95] while differentiating into polarized 

epithelial cells [97]. Though Caco-2 cells can perform the basic functions of native intestinal 

epithelial cells (including differentiation), they are severely limited by their inability to 

produce a significant mucosal layer [98]; this sheet of mucous greatly impacts the 

permeability of drugs and molecules as it heavily influences the solubility of compounds at 

the surface of the cells. As a result, several studies have moved beyond immortalized cell 

lines due to their lack of key features of the typical physiological microenvironment [94, 

97].

Primary cells derived from both humans and animals have been incorporated into devices as 

well. While these cells have increased physiological relevance due to the lack of genetic 

modifications, they tend to be less robust, require exogenous growth factors, and are less 

accessible. One study utilized primary human duodenal cells [88]. In these experiments, 

organoids derived from endoscopic biopsies of healthy tissue were used to create the 

models. These crypts were then expanded in vitro over 5 to 25 passages and introduced into 

the device after disaggregation (Figure 5). Within the device, the cells were cultured on a 

porous, PDMS membrane coated with type I collagen and Matrigel. In the lower vascular 

channel, HIMECs were loaded. With stimulation from fluidic flow and lateral mechanical 

strain, the cells were able to occupy the device and form a coherent cell layer within eight to 

12 days. Villi-like projections formed in their chip from polarized epithelial cells with multi-

lineage differentiation. Transcriptomic analysis, SEM imaging, and immunostaining showed 

that this system recapitulates the entire human duodenum better than static culture of the 

organoids from which the cells were sourced.
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Another system developed by Yissachar et al. integrated a resected part of intestine from 

perinatal mice into an OoC device [99]. It was thought that this helps to preserve the natural 

microstructure as well as the different cell type composition of the intestine. Models 

containing whole unmodified tissue segments have the potential to facilitate the investigation 

of complex interactions between the gut, immune and nervous system by preserving native 

physiological structure and cellular diversity.

The rise of stem cells has been also translated to OoC models. OoC systems have included 

an array of stem cell types, including multipotent mesenchymal stem cells (MSCs) [100] and 

pluripotent embryonic stem cells (ESCs) [101] and induced pluripotent stem cells (iPSCs) 

[100]. Stem cells have the potential to revolutionize gut-on-chip systems by augmenting 

their physiological representation through differentiation into the cellular subtypes that are 

found throughout the intestines, and ultimately develop personalized medicine [102].

2.4 Stimuli

Multiple techniques have been implemented in order to stimulate cells to create mature 

tissue in vitro. Perhaps the most important of the stimuli is the presence of fluid flow to 

provide biomimetic shear stress to cells. One of the first studies regarding the importance of 

mechanically stimulating the cells was published by Chi et al., in which mucin-2 (MUC-2) 

and actin expression were upregulated under flow in comparison with a Transwell model 

[103]. Flow also was shown to significantly reduce the number of adherent E. coli in the 

system. A study by Kim and Ingber showed the ability to induce Caco-2 cell polarization, 

morphogenesis, and differentiation of into complex villi by simulating luminal flow [95]. 

The epithelial cells differentiated into different cell types (absorptive, mucus-secretory, 

enteroendocrine, and Paneth cells) to yield a physiological intestinal tissue model. In 

comparison to stationary monolayer Caco-2 cell culture, differentiated 3D intestinal 

structure led to enhanced drug metabolism. In addition to fluid flow, peristalsis-like strain on 

cells was also found to induce morphogenesis into 3D intestinal villi [95]. Beyond the 

formation of the villi structures, the cells also demonstrated expression of tight junctions, 

presentation of a brush layer, and production of mucous. In another gut model studying the 

remodeling of ECM, Caco-2 cells were co-cultured with subepithelial myofibroblasts to 

generate a full-thickness model of the intestine [104]. Their findings suggest that the 

presence of flow accelerates the ability of the cells to remodel the surrounding 

microenvironment by producing and altering collagen networks, thus contributing to a more 

physiologically relevant model due to the self-assembly of ECM networks. A recent study 

extensively characterized the influence of flow on the creation of 3D tissue architecture. 

Maurer et al. directly compared the morphology and protein expression of Caco-2 cells 

cultured on a PET membrane in an organ-on-chip system compared to cells in a Transwell 

system [105]. The variable culture conditions yielded drastically different cellular constructs 

after seven days (Figure 6A–F) indicating that shear stress induced villi formation. Staining 

for surface markers on the anatomical structures indicated that the intestinal epithelial cells 

showed polarized expression of carcinoembryonic antigen-related cell adhesion molecule 1 

(CEACAM1), villin, and tight-junction proteins ZO-1 and occludin (Figure 6G–M). The 

vascular endothelial cells on the opposite side of the PET membrane showed strong 

expression of the von Willebrand factor (vWF) (Figure 6I). Differentiation of the epithelial 
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cells was also confirmed by the presence of cytochrome P450 3A4 (CYP3A4), a protein 

responsible for drug metabolism; α-defensin, a marker of Paneth cells; and MUC-2, a 

marker of goblet cells (Figure 6N–Q).

Mechanical stimuli not only impact the intestinal epithelial cells, but also resident 

microorganisms. Grassart et al. exploited organ-chip technology to study the effect of 

mechanical forces on Shigella infection [106]. In the 3D microenvironment, Shigella was 

observed to infect enterocytes from the apical side, using the crypt-like invaginations for 

early colonization. In the presence of simulated intestinal peristalsis, invasion increased. 

They concluded that their intestinal model revealed that Shigella leverages the intestinal 

microarchitecture and mechanical forces to invade the tissue.

2.5 Applications

Thus far, gut-on-a-chip development has been motivated by the need to understand the basic 

functions of the gut and how they are influenced by environmental conditions, drugs, and 

other cells. Absorption and barrier function have been extensively studied with these 

microfluidic in vitro models. One study by Pocock et al. characterized absorption of 

products of the chemotherapeutic agent SN38 [39]. When comparing the cells cultured 

under microfluidic conditions compared to the static Transwell model, the device 

demonstrated superior biological relevance as the cells self-assembled microvilli and 

produced significantly more F-actin.

Investigating the permeability of the intestine was another early research objective of gut-on-

a-chip studies [86]. The most common methods of testing barrier function of tissue within a 

device include tracking diffusion of marker molecules [63, 86] and TEER [18]. Though 

TEER is simple and quantifiable, studying the transport of specific molecules often provides 

better insight into the properties of the molecules dictating their transport across the barrier. 

The primary factors limiting passage are molecular weight and hydrophobicity. These are 

tested using an array of compounds, but high molecular weight substances, such as dextran 

[63], or fluorescent molecules, like Lucifer yellow [86], are commonly used. Other 

molecules such as curcumin are also used due to the ease of detection using mass 

spectrometry [107].

Another interesting application of the in vitro gut models is study of the effects of radiation 

therapy. A model was created to study human intestinal injury resulting from exposure to γ-

radiation. The device was used to evaluate the efficacy of novel radioprotective drugs. The 

device had a PDMS membrane that was lined by human intestinal epithelial cells on one 

side and by vascular endothelial cells on the other side. Within the device, the team observed 

generation of reactive O2 species, fragmentation of DNA, cytotoxicity, apoptosis, disruption 

of tight junctions, villus blunting, and compromised intestinal barrier integrity. Using the 

device as a screening platform, dimethyloxaloylglycine was identified as an effective 

prophylactic countermeasure, suppressing all of the adverse effects of radiation therapy 

[108].
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3. MICROBIOME-ON-A-CHIP

The human body hosts at least 100 trillion (1014) microbial cells [109]. These 

microorganisms are present primarily in the intestine and on the outside of the body, on the 

skin. Collectively these organisms constitute our microbiome. This complex community 

interacts with each other and with the host, strongly impacting human physiology [110]. 

However, the role of the microbiome in influencing human health and etiology of disease is 

still not fully understood. This knowledge gap has stimulated research as hundreds of studies 

on the subject have already been published and many others are currently being performed 

[111].

Alteration in the normal microbiome, i.e. dysbiosis, is commonly linked to a variety of 

modern-world health problems [112]. Dysbiosis is implicated in the pathology of many 

diseases, such as metabolic syndrome, obesity, diabetes, autoimmune disorders, allergies, 

inflammatory bowel disease, hepatic inflammatory disease and some forms of cancer [17]. 

Additionally, alterations in the gut microbiome can leave the body susceptible to the 

expansion and invasion of opportunistic pathogens such as Candida albicans and 

Clostridium difficile [113–115].

Because the microbiome plays such a significant role in human health, the development of 

new technology to identify and characterize the bacteria colonizing the body is essential. 

Gut-on-chip systems provide a unique opportunity to study these communities ex vivo. 

Microbiome composition in organ-on-chip systems can be determined using traditional 

metagenomic sequencing [116, 117]; however, novel lab-on-chip systems have been 

developed [118, 119].

Beyond the use of microfluidics for lab-on-a-chip platforms with microbiome applications, 

gut-on-chip technology can also be employed to investigate host-microbiome interactions 

and provide useful tools for elucidating the relationship between the composition of gut 

microbiome and health in humans. The investigation of interactions between microbiota and 

host in vivo is limited to studies employing analyses of fecal samples or to those using 

animal models. However, animal models that are used for studying human microbiome are 

not representative to human physiology [120]. Regulatory pressure to shift away from 

animal testing, the desire to reduce costs incurred during drug development, and concerns 

related to the relevance of using animal models [121] are the main driving forces toward 

developing alternative in vitro models.

In vitro models that deal with investigating microbiome may allow the representation of 

luminal [122, 123] and adherent microbiota [124] but they generally do not include the 

evaluation of host response. Traditionally, host response have been evaluated by using 

bacteria-free supernatants added to cultured human cells [125]. Alternatively, direct-contact 

co-cultures using Transwell systems [126], beads [127], or gut organoid models [128, 129] 

were used.

Microscale engineering technologies, such as microfabrication and microfluidics, have 

enabled to precise control of the cellular microenvironment including the exposure of cells 

to certain mechanical and biochemical signals. In this section, we present studies of the 
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microbiome that have been carried out using microfluidic approaches. Marzorati et al. 
developed a host-microbiota interaction (HMI) microfluidic system (Figure 7A), where the 

response of Caco-2 cells to bacterial products can be investigated [130]. The HMI model 

consists of two compartments separated, one containing mixed microbiota and the other 

enterocytes. By using the HMI module, the authors tried to recreate physiologically relevant 

GIT conditions consisting of: i) a mucosal area for bacterial adherence with shear stress; ii) 

bilateral transport of low molecular weight metabolites; and iii) microaerophilic conditions. 

The HMI model has several notable benefits when compared to other systems. First, is the 

possibility to simulate bacterial adhesion to the wall of the gut and the indirect effect on 

cells, combined in one system. The potential to perform studies over longer periods of time, 

of up to 48 hours, with a complex representative microbiota is also a key advantage. The 

results from their study demonstrated that both host and bacterial cells can be maintained 

viable in the HMI for 48 hours of co-culture. Mucus-associated microbiota were different 

from the luminal species and the composition of the microbial community was affected by 

administered treatment a fermentation product, known to have anti-inflammatory properties. 

The treatment led to reduced production of the proinflammatory IL-8 between 24 and 48 

hours.

Using a similar approach in which the bacteria are physically separated from eukaryotic 

cells, Shah et al. developed a microbiome-gut-on-chip device, which has three chambers, 

one for epithelial cells, and one for microbial cells and one for medium perfusion (Figure 

7B) [131]. The microchambers were separated by a nanoporous membrane. The device had 

also O2 sensors to monitor the concentration of dissolved O2. TEER was used to assess cell 

growth and barrier function by using electrodes in the channels. Cells and bacteria were 

obtained from human colon. Cell differentiation was evaluated by using TEER and 

fluorescent microscopical evaluation of the expression of Occludin (tight junction protein). 

Although the system was developed with the intention to study on molecular host–microbe 

interactions, it may also be applied for drug screening and nutritional studies.

Another model developed by Kim et al. used the epithelial and bacterial cell co-culture for 

investigating their interactions with the aim of studying the development of GIT infection 

[132]. Their system was comprised two chambers, one for epithelial cells and the other for 

bacteria (E. coli BW25113 strain representing commensal bacteria) (Figure 7C). The 

pathogenic E. coli strain O157:H7 was then added to the commensal bacterial region to 

mimic the process of intestinal infection. Interaction of pathogenic bacteria with 

commensals led to reduced degree of infection, as it was indicated by the viability of 

intestinal cells. This study verified the notion that commensal biofilms in the human 

intestines are a key component of controlling infectivity and virulence of pathogens.

Just as bacteria can be detrimental to healthy tissue, they can also play an important role in 

remediation. A study by Kim et al. used an OoC device to investigate the role bacteria plays 

in the repair of inflammation-damaged gut epithelium [133]. Probiotic bacteria were 

introduced to the OoC to treat inflammation resulting from pathogenic E. coli. Models like 

these, while good for studying the negative effects of pathogens, may also be used to 

develop new therapies for tissues damaged by chronic inflammatory conditions.
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To further improve the physiological relevance of in vitro systems, other researchers have 

co-cultured epithelial cells and bacteria in the same chamber. Kim et al. cultured 

Lactobacillus rhamnosus GG, on Caco-2 cell monolayer (Figure 7D) [134]. The system was 

compared with Transwell chambers under static conditions. Caco-2 cells were cultured first 

for 4–5 days to develop intestinal barrier function, and then the antibiotic-free medium was 

used 12 hours prior to LGG cell seeding. Results showed that bacterial microcolonies 

remained tightly adherent to the Caco-2 monolayer for 96 hours, (Figure 7D). Additionally, 

Caco-2 cells remained viable after co-culture with bacteria. The authors emphasized that the 

intestinal cell monolayer was able to maintain normal barrier functions in the microfluidic 

device.

In vitro investigation of direct interactions between intestinal tissue and the microbiome is 

challenging, because even commensal bacteria can overgrow and kill human cells when 

grown on culture dishes. A particularly challenging aspect of microbiome models is that 

most commensal microbes in the intestines are anaerobic [60], thus requiring low O2 

conditions which can damage human cells. Recently, Ingber’s team developed a gut-on-a-

chip to study direct interactions between the microbiome and intestinal tissue by co-

culturing human intestinal epithelial cells with gut microbiota (aerobic and anaerobic) by 

generating controlled O2 gradients (Figure 8A and B) [93]. Six O2-quenched fluorescent 

particles positioned in the inlets, centers, and outlets of the upper and lower channels were 

used to characterize the O2-rich regions of the device (Figure 8C). In the device, 

physiologically relevant anaerobic conditions (<0.5%) were possible to create by flowing 

nitrogen at the rate of 243 ml min−1 (Figure 8D). The chips were lined with Caco-2 cells and 

which were observed to form villi containing polarized cells that were connected by tight 

junctions (Figure 8E). Sensors in the system indicated that hypoxic culture conditions can be 

maintained for up to seven days. It was also possible to provide different O2 concentrations 

at different locations within the device (Figure 8F).

In another study by Gumuscu et al., Caco-2 cells were co-cultured with intestinal bacteria 

(E. coli) under continuous perfusion in a microfluidic device to conduct preliminary 

evaluation of drug effects [135]. Antibiotic efficacy was studied in vitro by treating the co-

culture with 34μg ml−1 chloramphenicol over 36 hours. The Caco-2 cells were cultured in 

compartments with varied geometries containing small and large hydrogel interfaces were 

used to create differences in cell spreading and proliferation of Caco-2 cells. This 

compartmentalized cell culture system may be adapted to significantly improve the in vitro 
throughput of drug screening.

4. GUT-IMMUNE INTERACTIONS-ON-A-CHIP

Another physiological realm that can be investigated by employing gut-on-a-chip models is 

the interaction between the gut and the immune system. The microbiome plays an important 

role early on as the maternal microbiota is passed on to the newborn to colonize the gut 

[136]. The initial exposure is responsible for forming the immune system through the 

activation of the innate immune system and training of the adaptive system. This process is 

essential as it shapes the mutualistic relationship between the host and microorganisms by 

initiating responses and desensitizing the immune system to certain microorganisms. While 
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the development period of the immune system occurs early on, it has lasting implications on 

metabolism [137] and susceptibility to disease [136]. Kim et al. have developed a human 

gut-on-a-chip platform specifically for the purpose of studying gut-immune interactions 

[133]. In the device, a porous and flexible membrane was coated with ECM and Caco-2 cells 

were cultured on its upper surface. With culture medium constantly perfused at 30 μL/h, 

yielding a stress of 0.02 dyne/cm2, and cyclic mechanical deformation (10% strain, 0.15 

Hz), the Caco-2 cells spontaneously formed villi after ~100 h of culture. To study 

inflammatory activation in the presence of flowing medium with cyclic mechanical 

deformation, human capillary endothelial cells or human lymphatic microvascular 

endothelial cells were cultured on the other side of the membrane to model blood vessel 

walls (Figure 9). The host–microbe co-culture method was the same as described in their 

previous work [134] as VSL#3, green fluorescent protein-labeled E. coli (GFP-EC), or 

enteroinvasive E. coli (EIEC) were seeded into the upper chamber. When the non-pathogenic 

bacteria (GFP-EC strain) were allowed to attach to the luminal surface of the villi, under 

static conditions, they colonized crypts between the villi. Pathogenic bacteria (serotype 

O124: NM strain of EIEC) were then introduced into the luminal channel. They were first 

localized between villi, but then grew over the surface of villi within 24 hours. As a control, 

pathogenic E. coli derived lipopolysaccharide (LPS) endotoxin was added (15 μg/mL) to the 

system and the response was compared to the device having EIEC in co-culture. The 

response to the toxin reproduced in vitro results that were reported in previous studies [105, 

138, 139] and animal models [140], as the compound alone was unable to disrupt the on-a-

chip intestinal barrier. On the other hand, when the apical surface of epithelium was exposed 

to EIEC cells, within a short time period of 24–36 hours, normal villus architecture and 

intestinal barrier function were entirely lost. In patients with intestinal inflammatory 

diseases, such as IBD, additional immune cells are recruited from the lamina propria as part 

of the inflammatory response [141]. The authors introduced isolated human peripheral blood 

mononuclear cells (PBMCs) into the lower capillary channel of the device and allowed them 

to interact with the lumen without flow for 2 h. PBMCs contain a mixed population of innate 

(e.g., monocytes and granulocytes) and adaptive (e.g., lymphocytes) immune cells. The 

production and secretion of inflammatory cytokines is another key property of intestinal 

inflammatory diseases. Analysis revealed that immune cells and LPS together stimulated 

epithelial cells to produce four proinflammatory cytokines (IL-8, IL-6, IL-1β, and TNF-α) 

that induce villus injury and compromise intestinal barrier function. The ongoing 

inflammation in the intestine resulting from the pathophysiological recruitment of 

circulating immune cells is regulated by activation of the underlying vascular endothelium. 

To analyze this organ-level inflammatory response, a monolayer of human microvascular 

endothelial cells or lymphatic endothelial cells was cultured on the opposite side of the 

porous ECM-coated membrane. To induce intestinal inflammatory responses, LPS or TNF-α 
was added to the upper epithelial channel for 24 h, after which the PBMCs were added to 

the vascular channel for 1 h without flow. Treatment with both LPS (or TNF-α) and PBMCs 

resulted in the activation of intercellular adhesion molecule-1 (ICAM-1) expression on the 

surface of the endothelium and a significant increase in the number of PBMCs that adhered 

to the surface of the capillary endothelium.
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Another study by Shin and Kim developed a similar immune model to observe the onset of 

gut inflammation [142]. Their system, containing a model of the intestinal epithelium in the 

upper (apical) channel and the vascular endothelium in the lower (basolateral), was used to 

examine the intercellular crosstalk between Caco-2BBE cells and peripheral blood 

mononuclear cells (PBMC) in response to insult by dextran sodium sulfate (DSS), 

lipopolysaccharide endotoxin, probiotic VSL#3, and non-pathogenic E. coli. Unlike 

comparable animal models, this system facilitated the isolation of each component of the 

signaling cascade to identify the root cause of the inflammatory response. It was determined 

that a sequential disruption of the intestinal epithelium (by the application of DSS) followed 

by the addition of LPS or bacteria led to elevated secretion of proinflammatory cytokines by 

the PBMC. Without prior disruption to the gut epithelium, the presence of the LPS and 

bacteria failed to activate the immune component of the model. Immune-competent models 

of the gut, such as the one described above, provide unique opportunities to elucidate 

pathways of dysfunction that may otherwise be obscured using complex animal models.

Ramadan et al. investigated the immuno-modulatory function of dairy food by using a 

microfluidic system, NutriChip [143]. The chip contained a permeable membrane that 

separated a confluent layer of Caco-2 cells, which allows the application of in vitro-digested 

food on its apical side, from a basolateral culture of a monocytic cell line (U937 cells) 

differentiated into macrophages. U937 is a histiocytic lymphoma cell line with monoblastic 

characteristics, the authors differentiated the U937 cells into macrophage-like cells after 

treatment with phorbol esters. This arrangement mimicked the interactions found within the 

human GIT and facilitated the study of nutrient passage and immune activation. A 

significant increase in IL-6 secretion was observed in the basolateral media after treating the 

apical side of Caco-2 cells with LPS and TNF-α for 24 h. No cell de-sensitization was 

observed after LPS and TNF-α treatment. Furthermore, their results showed a significant 

IL-6 concentration increase after treating the macrophages with LPS, which demonstrates 

the possibility of quantifying the induced cytokine production using an on-chip 

immunomagnetic assay. The group continued to study the impact of immune modulators 

such as LPS, milk on the production of cytokines and the activation of immune cells.

Models of the gut have also been used to study various types of infection. Earlier studies 

prior to the widespread use of on-chip systems culminated in the use of fermenters for 

studying growth and expansion of pathogens [144, 145], however, the use of gut-on-chip 

models has facilitated investigation into the role of tissue structure in infection. Motivated by 

the challenges of studying enterovirus infection in animal models, Villenave et al. created a 

chip to study coxsackievirus B1 (CBV1) in vitro [146]. This model was particularly needed 

as animals express different virus receptors from those seen in humans, and 2D culture 

models fail to recapitulate the human gut complexity. The cultured epithelium cells 

spontaneously formed undulating villus-like structures exhibiting a tight epithelial barrier 

when analyzed with fluorescent inulin. This was achieved by culturing Caco-2 cells for six 

days under continuous perfusion (~0.02 dyne/cm2) and cyclic mechanical strain (10%; 

0.2Hz), mimicking fluid flow and physiological peristaltic motions of the human intestine, 

respectively. CVB1 was seeded into the epithelium-lined chamber in the device. To 

characterize the interaction between CVB1 and the gut-on-a-chip, the authors analyzed the 

concentration of IP-10 and IL-8 released into the basal and apical effluents. Both cytokine 
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levels were elevated in the infected chips. However, it was consistently much higher in the 

apical effluent, suggesting a polarized release of cytokines to the luminal side of the 

epithelium independent of the route of virus entry. The authors observed that it was possible 

to induce infection when the virus was introduced via the luminal chamber. However, when 

the virus was delivered through the blood vessel-representing chamber of the device, to 

simulate a basal route of infection, there was lower viral titers, cytopathic effects, and 

caspase-3 activation. Additional studies have also investigated the bacterial and fungal 

infections. Grassart, et al. used an on-chip model to study the role of mechanical force on 

Shigella infection [147]. The group found that lateral deformation of the epithelium leads to 

distinct differences in the bacterial invasion compared to unstimulated and 2D Transwell 

models. Another chip developed by Maurer, et al. was used to study the role of L. rhamnosus 
in moderating the fungal load of the opportunistic pathogen, C. albicans [105]. Using their 

model consisting of endothelial cells, Caco-2 cells, and PBMCs, the study demonstrated two 

key components of native gut physiology: immunotolerance of the bacteria on the apical 

surface of an intact gut epithelium, reduced colonization of C. albicans in the presence of 

probiotic L. rhamnosus. Thus far, researchers have significantly advanced knowledge 

surrounding the role of the immune system in the GIT; however, these microphysiological 

systems have greater potential in the characterization of the role of immune cells in 

microbial immunity, food allergies, and pathogen invasion.

5. MULTI-ORGANS-ON-A-CHIP

The incorporation of multiple cell types from several organs is a prerequisite to the creation 

of in vitro systems that faithfully reproduce relevant biological responses [148]. Though 

many preclinical models test toxicity on a model of the target organ, advanced multi-organ 

platforms are required to evaluate the systemic impacts of a compound [149]. Induced 

inflammatory phenotypes and drug metabolism are factors that must be studied in multi-

organ systems to understand biological responses [150, 151]. To address this, several 

systems have been developed with the goal of studying multi-organ interactions. Vernetti et 
al. created integrated biological systems recreating the drug digestion process ranging from 

compound absorption using primary jejunal enteroid cultures; metabolism with hepatocytes, 

Kupffer, and Stellate cells; and clearance by primary human proximal tubular epithelial 

cells. These digestion systems were applied to skeletal muscle cultures (primary human 

myocytes) and neurovascular models composed of iPSC-derived human neurons and 

astrocytes. Media flowed sequentially from one organ to the other as the system was 

composed of three microfluidic devices (modeling the liver, kidney, and brain) and one 

Transwell model (gut) [50]. Another study by Maschmeyer et al. presented a MoC model 

consisting of primary human small intestinal epithelial cells (intestine model), primary 

human hepatic stellate cells co-cultured with immortalized HepaRG cells (liver organoid), 

human skin biopsies, and RPTEC/TERT1 cells (kidney organoid) for studying multi-organ 

toxicity, drug absorption, distribution, metabolism, and excretion (ADME) [152]. Viability 

and function of the tissues were maintained concurrently over 28 days and were verified by 

immunostaining and mRNA expression. Li et al. proposed another system that integrated 

Caco-2 cells as a model of the intestines in conjunction with rat primary glomerular 

endothelial cells (simulating the kidney) in a compartmentalized micro-chamber of a 
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microfluidic system [153]. The system was then used to demonstrate that digoxin induced 

cell death and endothelial permeability, which is consistent with clinical digoxin 

nephrotoxicity.

The intestine and liver are the main barriers in first pass metabolism for orally delivered 

compounds. Their ability to modulate drug transport greatly influences the available 

concentrations of the drug in vivo and modulates drug efficacy and the presence of side 

effects. The multi-organ nature of first pass metabolism is difficult to study in current in 
vitro models using conventional cell culture approaches. To address this issue, Choe et al. 
created a gut-liver platform on-a-chip that can mimic the dynamics of first pass metabolism 

[8]. Caco-2 cells were used as a model of the gut epithelium while HepG2 cells were used as 

the liver model. To recreate the process of absorption and metabolism, fluid passed from the 

gut chamber into the liver chamber. Notably, co-culture of the cell lines led to changes in the 

physiological function of both cell types. The permeability of the Caco-2 cells was 

drastically decreased in the presence of shear stress and both cell lines exhibited increased 

activity of cytochrome P450 metabolic activities significantly increased. The significant 

alterations in the behavior of both cell types affirms the need for the development of co-

culture systems to increase the physiological relevance of in vitro models. Other models of 

the gut-liver relationship have been developed to focus on the management of specific 

therapeutics including the intestine’s ability to shield the liver from nanoparticles [154] and 

the variable metabolism of epirubicin, irinotecan, and cyclophosphamide by a lung-liver-gut 

microfluidic system [155]. Chen et al. created a liver-gut system that was used to 

demonstrate the gut’s ability to genetically manipulate the production of bile by the liver. 

Additionally, under inflammatory conditions, the two organs communicate to amplify the 

inflammatory response [156]. Tsamandouras et al. proposed another MoC in vitro system to 

investigate the different pharmacokinetic processes related to oral drug administration in 

humans including intestinal permeability and hepatic metabolism [45]. Their findings 

showed that interorgan communication can upregulate hepatic metabolism. Midwoud et al. 
proposed one of the first attempts to study gut-liver axis in a chip-based system [157]. They 

studied the applicability of a microfluidic device for the perfusion of precision-cut intestinal 

slices and the sequential perfusion of intestinal and liver slices in a co-culture perfusion 

system, to mimic in vivo first pass metabolism. The use of tissue slices maintained the 

physiological tissue structure found in the body. Another study by Bricks et al. used a gut-

liver coculture system to show uptake of phenacetin by the intestinal epithelium and 

subsequent metabolism by the liver cells into bioactive paracetamol [158]. Their proposed 

bioreactor showed higher metabolic performance compared to coculture in a static petri dish. 

These approaches that integrate multi-cellular tissue constructs, multiple MPS, and 

quantitative mechanistic modeling, are powerful tools that have broad applications in pre-

clinical drug development.

In order to demonstrate the potential of GIT–liver models for predicting human response in 

preclinical studies, Chen et al. designed an integrated system culturing primary human 

intestinal cells (hIECs) and 3D liver tissue together [159]. The hIECs were made immortal 

by transducing the cells with hTERT, and following seeding, they were connected with the 

liver tissue by gravity-driven media flow between the respective chambers. Both hIECs and 

HepG2 C3A liver cells demonstrated excellent viability after 14 days of co-culture. The 
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study continued to compare the permeability of the intestinal model with a Transwell model 

using Caco-2 cells by testing the uptake of caffeine, mannitol, and propranolol. The gut-

liver-on-chip system was tested over 2 weeks and yielded consistent metabolic rates as urea 

and albumin production was uniform throughout the system. When compared to single OoC 

systems, metabolizing enzyme CYP activity in the co-culture GI tract–liver system was 

elevated significantly [159].

A final interesting application of MoC platforms is the study of colon cancer. Skardal et al. 
developed a metastasis-on-a-chip platform that used fluorescent tracking of colon cancer 

cells from a hydrogel gut construct to observe invasion of a downstream liver construct using 

a circulating fluidic device [160]. Metastatic tumor foci grew and eventually disseminated 

from the intestinal construct, entering circulation, and subsequently reaching the liver 

construct. While gut-liver systems have been primarily used to study metabolism and 

interorgan communication, these models also have promise to provide insight into the 

behavior of invasive and metastatic cancers.

6. COMMERCIAL USE AND PERSONALIZED MEDICINE

New drugs, cosmetics, and chemicals must be evaluated for safety prior to clinical use. For 

decades, 2D cell culture and animal models served as the gold standard for preclinical safety 

and efficacy tests [161]. Though animal trials allow the study of compounds within complex 

organisms, these studies are time-consuming, resource-intensive, and ethically controversial, 

while they often yield species-specific information that does not accurately predict human 

toxicity [162, 163]. The failure of these models to faithfully represent the in vivo response of 

human organs has contributed to delayed observation of organ toxicity that can avoid 

identification until phase III and phase IV clinical trials [164, 165]. The limitations of 

traditional toxicity models have produced interest in gut-on-chip systems to serve as a 

supplementary models to study compound toxicity.

Though many academic labs have devoted their resources to the design and development of 

gut models, relatively few have tailored their systems for large scale commercial use. Like 

other microphysiological systems, gut-on-a-chip devices have been extensively used to study 

specific cellular and tissue-level interactions and relationships in vitro; however, the 

objectives of commercial systems would primarily focus on efficacy and toxicity tests for 

pharmaceuticals, chemicals, and other materials. Many organizations are looking to shift 

away from animal models (due to validity and ethical concerns) as the demand for early 

screening methods rises. To satisfy industrial users, commercial platforms must be 

inexpensive, easy-to-use systems that provide reproducible data with minimal employee 

training and capital investment. Recently, several companies such as Emulate, Mimetas, and 

StemoniX have entered the commercial market to bring the cutting-edge microfluidic 

systems to pharmaceutical and cosmetics companies such as Roche, Takeda, Merck, and 

Johnson & Johnson [166–168].

One of the primary questions that must be addressed for many pharmaceuticals and ingested 

small molecules is their permeability through the gut epithelium. For orally delivered 

compounds, poor permeability or high susceptibility to degradation can significantly inhibit 
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absorption, thus restricting distribution throughout the rest of the body [169]. Early gut 

models studied the permeability of hydrophobic and hydrophilic drugs through simulated 

epithelial barriers [107, 170]; however, MoC models are needed to increase the 

physiological relevance. The liver is especially relevant for drug metabolism studies as it is 

responsible for clearance of endogenous and exogenous molecules, like drugs, from the 

blood by metabolizing the compounds to become more hydrophilic [171]. Due to the 

chemical modifications that are made, the solubility, absorption, and chemical interactions of 

the molecule can be altered and lead to drastic changes in efficacy and toxicity. Because of 

the role of the liver in metabolism, Tsamandouras, et al. presented a complex microfluidic 

system that houses both gut and liver tissues to create microphysiological system for 

preclinical drug screening [45]. Their aim was to investigate the different pharmacokinetic 

processes accompanying oral drug administration and metabolism of diclofenac and 

hydrocortisone. The system demonstrated that the tissues communicated through soluble 

signals to modulate hepatic metabolism. While the system could faithfully emulate 

interorgan signaling, the fluidic platform used was complex and would likely require 

additional equipment to operate on an industrial scale. Another device developed by Bricks 

et al. also housed monolayers of intestine and liver tissues [172]. This study focused on the 

transport and metabolism of phenacetin, an analgesic taken orally that is metabolized into 

paracetamol, from the apical side of the intestinal epithelium into the liver. They 

demonstrated that microfluidic circulation of the fluidic greatly increased liver metabolism 

of the drug compared to controls in a static culture. Chen et al. proposed an integrated gut-

liver microfluidic system to co-culture primary human intestinal and hepatic cells [159]. 

When comparing the behavior of the cells independently and in co-culture, the activity of 

CYP (a metabolic enzyme) had notably enhanced in the GI–liver co-culture system, 

suggesting that simple single organ-on-chip models may be insufficient to predict efficacy. 

One notable aspect of the system developed by Chen et al. is that the device is pump-free 

and uses gravity-driven flow. Commercial systems can greatly benefit from pump-free 

devices as they reduce the capital cost required to adopt the model platforms in addition to 

reducing the training required to use the devices. While there has been remarkable progress 

towards developing multi-organ digestive models, a greater push must be made to make the 

systems simple and cost-effective to move these systems into commercial use.

Though the first commercial applications of gut-on-a-chip platforms will likely be for 

toxicology, these chips have the potential to improve patient care through the realization of 

personalized medicine. These devices could be used to culture patient-derived cells that 

emulate the biology and physiology of the individual. Once a relevant model has been 

established, health care providers could screen potential therapies with the goal of 

identifying the optimal treatment plan prior to administration to the patient. Several 

academic groups have worked towards this goal by studying the inclusion of patient-derived 

cells and organoids in gut-on-chip devices. A recent study by Kasendra et al. fabricated 

models of the small intestine by incorporating epithelial cells harvested from biopsies [88]. 

In the presence cyclic strain and fluid flow, the primary cells remained viable and formed the 

complex villi structures native to the GI tract. While the study demonstrated that primary 

cells can be used, the cells were not seeded in the device until several weeks after the initial 

biopsy. The extensive culture time required prior to their use may be acceptable for some 
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models; however, for many clinical applications, relevant data must be obtained within days 

to effectively inform treatment decisions. Jalili-Firoozinezhad et al. built on the previous 

success by incorporating patient-derived microbiota into a gut-on-chip device [93]. Fecal 

samples were collected from infants and cultured in anaerobic conditions in a microfluidic 

channel with patient-derived intestinal cells. Under anaerobic conditions, the device 

sustained over 200 unique bacterial types representing 11 different genera. While additional 

work needs to be done to facilitate the in vitro culture of a more representative microbiome, 

the device used is an excellent example of balancing device simplicity and physiological 

relevance. Additionally, the essential role of the intestinal microbiome in digestion and 

gastrointestinal health warrants its inclusion in in vitro models of the gut, especially for 

personalized medicine [4, 173, 174]. Another strategy for the development of personalized 

in vitro models include the use of iPSCs to generate the tissue models [100, 175], however, 

these methods are currently time-consuming and complex. While the foundation for the use 

of gut-on-chip devices for personalized medicine applications has been laid, additional work 

is required to study the validity of current models and to develop new devices the better 

represent the in vivo behavior of the human intestine.

7. CHALLENGES AND FUTURE DIRECTIONS

While extensive work has already been conducted in the pursuit of representative in vitro 
models of the human intestines, the field has significant challenges it must overcome to 

improve the utility and implementation of these devices in industrial and clinical settings. In 

general, new systems must balance complexity with relevance in order to optimize cost, 

ease-of-use, and the output of meaningful data using technologies such as machine learning 

[176]. The current primary challenge is the incorporation of physiologically relevant cells. 

Traditionally, animal-derived or immortalized cell lines with poor biological relevance to 

human cells found in vivo have been used in microfluidic models [94]. The widespread 

adoption of iPSC-derived cells from humans has facilitated the generation of more relevant 

terminally differentiated human cells [100]. Intestinal organoids derived from human 

pluripotent stem cells (hPSCs) can be another valuable source of cells to recreate 

physiological responses in vitro with high fidelity [177] and will play an important role in 

drug development [178]. Of primary importance for preclinical drug development models 

are gut-liver systems. The co-culture of human liver spheroids with human intestine in a 

MoC platform is a promising approach for recreating the fundamental drug metabolism 

mechanisms in vitro [152, 179]. Beyond improvements in cell sourcing, incorporating 

stimuli-responsive materials [180, 181] and biosensors [182] in the systems can assist in 

better directing and monitoring stem cell differentiation into the desired cell types [183]. 

Better control over the terminal differentiation of cells will further improve our models of GI 

physiology, GI disease, and drug toxicity screening.

One major obstacle for organ-on-chips is the limited life span of cells in the devices [184]. 

This limitation is exacerbated when using primary—as opposed to immortalized—cells in 

the systems. The limited ability of current immortalized cell lines to faithfully mimic in vivo 
biology is also a primary concern with these systems. Chip systems aimed at studying drug 

toxicity have all been hampered by inadequate function of luminal drug transporters and 

metabolic enzymes [184], and as a result, current models can only achieve partial recreation 
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of normal physiology. One cause of this may be the use of inadequate biomaterials in the 

microfluidic systems. Clinically useful systems must use materials that are biocompatible, 

inert, non-adsorbent, and non-leaching (to avoid introducing by-products of the material 

unintentionally [185]. As discussed in last sections, for instance in the application of PDMS 

in microfluidic OoC devices it should be considered that for a wide range of cellular assays, 

PDMS can adsorb small and hydrophobic molecules, also some drugs or fluorescent marker 

that incubated with cells can be diffused into the PDMS walls devices, which reduce the 

reproducibility of concentration of solute molecules in solution [76, 77], so modification of 

the PDMS surface by some alternative polymeric or ECM-based materials can solve these 

drawbacks [40].

The challenges associated with creating in vivo-like tissue structures with relevant cell 

lineages and organization within these devices may be addressed by three-dimensional 

bioprinting technologies. These methods facilitate precise, reproducible production of 

complex and multiplexed structures [186–188]. Multimaterial and multicomponent bioinks 

development can also improve cell-cell and tissue-tissue interaction by the use of materials 

that can be metabolized and help in the formation of extracellular matrix [189–191]. This 

strategy has also been used by researchers engaged in the generation of droplets for cells 

encapsulation [192]. These strategies, if applied in the area of OoC, can facilitate the 

development of platforms with greater tissue-tissue interaction, besides contributing with 

greater spatial organization of different cell types. Newer printing technologies such as four-

dimensional (4D) bioprinting have also been developed [193–195] to create tissues with 

higher-level, dynamic functions that [196] and they can potentially be integrated into 

microfluidic platforms.

Aside from improving the cellular and biological contents of the microfluidic systems, 

monitoring the tissues with integrated sensors and improved microscopy techniques will 

help generate more data to gain a better understanding of the [197, 198] cellular behavior in 

the device [199]. While TEER measurements derived from embedded electrodes have been 

widely used for quantifying epithelial barrier integrity [200], additional analytical methods 

such as the integration of mass spectrometric analysis [201] can facilitate identification and 

quantification of genetic, proteomic, and metabolomic signatures in response to specific 

compounds and stimuli [185, 202]. The inclusion of data communication tools in the sensor 

suite will also lead to new capabilities such as real-time data analysis from remote 

computation centers. Advances in imaging technologies to better capture the 3D tissue 

structures maintained within the devices have the potential to yield additional information, 

especially when observing multi-cellular constructs. While these improvements will not 

enhance the biological behavior of the cells, sensors, imaging, and communication tools will 

facilitate the implementation of more complex computational and analytical methods.

One of the primary goals of using organ-on-chip systems in preclinical settings is the 

profiling of drug ADME characteristics. While extensive preliminary data suggests that 

some systems may serve as viable tools, system validation, design standardization, and 

integration with standard laboratory tools will be prerequisite to large scale adoption of these 

technologies [185]. The currently available devices are not sufficient for comprehensive 

ADME studies and, as a result, no single system has gained widespread acceptance. The first 
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devices to successfully predict toxicity will be significant advances in biomedical science; 

however, the current systems are limited by insufficient tissue-tissue interactions and absent 

lymphatic and nervous components.

8. CONCLUSIONS

In the past few decades advances in the field of microfluidics and microfabrication have 

contributed to the development of dynamic cell culture systems and in vitro models 

recapitulating the human gut. These on-chip systems can be useful tools in the prediction of 

drug toxicity and for modeling various disease states in vitro. They hold promise to reduce 

the occurrence of unpredicted side-effects to medications, and to cut costs of drug 

development leading improved health care practices with more accessible pharmaceuticals 

and fewer problems. By developing advanced in vitro models of the human intestines, gut-

on-a-chip technology can accelerate research into the physiology, pathology, and 

pharmacology of gastrointestinal diseases.
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Figure 1. 
Common features and components of gut-on-chip microphysiological systems.

Ashammakhi et al. Page 33

Biomaterials. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Transepithelial electrical resistance (TEER) measurement in gut-on-a-chip platform: A) 

Chip layout, B) equivalent electrical circuit for the chip, C) Comparison of TEER 

measurements values for the gut-on-a-chip (green line) and Transwell (blue line) human 

intestinal epithelial Caco-2 cells. The corrected gut-on-a-chip line is indicated as red line. 

Reproduced from [18], with permission from the Royal Society of Chemistry.
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Figure 3. 
Design and fabrication of a SU-8 master mold and a PDMS negative replicate. (A) Related 

microscopic images of SU-8 mold. B) Top view SEM images of PDMS scaffolds with 

micro-well structures, and C) Cross-sectional SEM image of PDMS scaffolds. Reproduced 

from [91] with permission from Elsevier.
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Figure 4. 
A) Schematics of different component of a gut-on-a-chip with villi structure. B) Side-view 

of the platform. C) Picture of a platform showing two sets of reservoirs for the apical (red) 

and basolateral sides (blue). Reproduced from [72], with permission from Springer.
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Figure 5. 
Primary human Intestine Chip platform. (A) A schematic illustration of the chip and a top 

view phase contrast micrograph of the chip. Vacuum chambers were incorporated to 

facilitate peristalsis-like mechanical deformation of the tissue, which has been shown to aid 

in formation and maturation of 3D tissue structures. (B) Schematic illustration of the step-

by-step procedure for the establishment of on-chip co-cultures of primary human intestinal 

epithelium and intestinal microvascular endothelium. Reproduced from [88], with 

permission from Nature Publishing Group.
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Figure 6. 
Mechanically stimulated cells form crypt and villus-like structures and express endothelial 

and intestinal epithelial markers. A, B) Histological H&E staining of Caco-2 cell layers 

cultured A) statically in the Transwell, and B) under perfusion in the biochip. C-F) Scanning 

electron microscopy of Caco-2 cell layers cultured for 7 days under C, D) static conditions 

on Transwell filters, and E, F) under perfusion in the biochip. G) Cross-section of the three-

dimensional intestinal model perfused at 50μl/min (in both channels): endothelial cells 

express von Willebrand factor (green), epithelial cells express E-cadherin (orange), and F-
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actin (red). Both cell layers are separated by a porous membrane (dashed line). Actin 

filaments are stained with phalloidin (red). Scale bar 100 μm. Nuclei were stained with 

DAPI (blue). H-I) Endothelial cells form a confluent monolayer and express H) VE-cadherin 

(orange) and I) von Willebrand factor (green). J-Q) Epithelial cell layer: Expression of J) 

CEACAM-1 (orange); K) villin (green) (DAP blue, dashed lines marks membrane); L) ZO-1 

(red); M) occludin (green); N) β-catenin (orange); O) E-cadherin (orange); CYP3A4 (red); 

P) α-defensin (red); ZO-1 (green); Q) mucin-2 (green); E-cadherin (red); Nuclei were 

stained with DAPI (blue). Figure reproduced from Ref. [105], with permission from 

Elsevier.
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Figure 7. 
Gut Microbiota-on-a-Chip devices. A) Scheme of the HMI module for long-term studies of 

the host-microbiota interaction in the GIT. Reproduced from Marzorati et al. [130], under 

the Creative Commons Attribution 4.0 International License. B) Conceptual diagram of the 

HuMiX model for the representative co-culture of human epithelial cells with 

gastrointestinal microbiota. Reproduced from Shah et al. [131] with permission form Nature. 

C) Microfluidic model for co-culture of epithelial cells and bacteria. Reproduced from Kim 

et al. [132] with permission from the Royal Society of Chemistry. D) Schematic of the gut-

on-a-chip device showing the flexible porous ECM-coated membrane lined by gut epithelial 

cells cross horizontally through the middle of the central microchannel, and full height 

vacuum chambers on both sides (left); and Spontaneous formation of intestinal villi by 
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Caco-2 cells cultured in the gut-on-a-chip (right). Reproduced from Kim et al. [134] with 

permission from the Royal Society of Chemistry.
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Figure 8. 
Oxygen-sensitive human Intestine Chip. A) A schematic of the two-channel Chip device 

with an oxygen gradient. The human intestinal epithelium, which is overlaid with its own 

mucus layer and complex gut biota, is located over an extracellular matrix-coated porous 

and flexible membrane. The vascular endothelium lies under the porous membrane. B) A 

schematic representation of the Intestine Chip with six oxygen-quenched fluorescent 

particles embedded in the inlets, middles, and outlets of the top and bottom channels. C) A 

sensitivity analysis of oxygen spots located in the Intestine Chip in response to defined, 

standard oxygen concentrations. D) Anaerobic chamber validation at various N2 inflow 

pressures. E) Microscopy images showing the villus morphology of human Caco2 intestinal 

epithelium (top left; scale bar, 100 μm) and vascular endothelium (top right; scale bar, 100 

μm) cultured for 6 days in the microfluidic chip under anaerobic conditions, white dashed 
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lines indicate the border of the oxygen sensor spot. F) Oxygen concentration profiles in 

aerobically and anaerobically cultured Intestine Chips. Representative pseudocolor insets 

indicate the average oxygen concentration in the aerobic chip (1) and the inlet (2), middle 

(3) and outlet (4) of the anaerobically cultured epithelium channel, at day 7 of culture. Scale 

bar, 200 μm. Reproduced from Jalili-Firoozinezhad et al. [93], with permission from 

Springer Nature Publishing.
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Figure 9. 
The human gut-on-a-chip microfluidic device for investigation of contributions of the 

microbiome and mechanical deformation to intestinal bacterial overgrowth and 

inflammation. Probiotic VSL#3 protect against EIEC-induced, immune cell-associated 

intestinal injury on-chip. (A) A photograph of the device. (B) A schematic of a 3D cross-

section of the device showing how repeated suction to side channels (gray arrows) exerts 

peristalsis-like cyclic mechanical strain and fluid flow (white arrows) generates a shear 

stress in the perpendicular direction. (C) Morphological analysis of intestinal villus damage 
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under the exposure to (I) probiotic VSL#3 bacteria alone or (II) to the coculture with EIEC 

(+VSL#3 +EIEC), (III) PBMCs (+VSL#3 +PBMC), or (IV) all cells (+VSL#3 +EIEC 

+PBMC). The effect of the antibiotic mixture (mixture of penicillin and streptomycin) was 

tested before the addition of PBMCs (+VSL#3 +EIEC +Pen/Strep +PBMC; open magenta 

diamonds). The left, middle, and right columns show schematics, phase contrast images 

(taken at 57 h), and fluorescence confocal micrographs (vertical cross-sectional views) of 

villi recorded at 83 h after staining for F-actin (magenta), and nuclei (blue). Reproduced 

from Kim et al. [133], under the Creative Commons Attribution 4.0 International License.
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