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ABSTRACT 

The microfluidic-based biomimetic cell cultivating system is termed as microphysiological system 

(MPS), an advanced in vitro model, which recapitulates human organ physiologically relevant 

conditions and demonstrates the mechanism of organ disease development. In particular, multi-organ 

MPSs with organ-to-organ communications, hold the potential for modeling disease progression. For 

example, the gut-liver axis (GLA)-MPS serves as the disease therapy evaluation model for non-

alcoholic fatty liver disease (NAFLD) and disease progression, which progressively affects human 

health but doesn’t have an available drug. However, in the previous GLA-MPSs with transwell inserts, 

there are issues with the interface between the macro-scale cell culture insert and the microfluidic flow 

perfusion. It is associated with the individual accessibility of physiologically relevant flow and disease 

progression research for two-connected organs. Furthermore, it has a low tissue-to-systemic liquid ratio, 

leading to insufficient GLA interaction due to the dilution of the large-volume circulating medium. To 

address the above issues, we use the multilayer soft lithography method to fabricate the microfluidic 

cell culture device at the wafer level and control the cell-culture microenvironment for 

compartmentalized treatment (mechanical stimulus and individual treatment for each organ) and organ-

to-organ communication (GLA interaction) in an integrated device. 

First, to generate the circulation flow between organs, microactuator-based-perfusion systems with 

pressure-driven microvalve or micropump were designed and characterized. For the microvalve, the 

three-dimensional fabrication process was optimized to fabricate a resist mold for the semi-round shape 

channel, which achieved a completely closed fluid path and flow control. For the micropump, an 

analytical model of a polydimethylsiloxane (PDMS) peristaltic micropump was developed. This model 

was based on fluid-structure interaction analysis and allowed the estimation of the volumetric flow rate 

as a function of an operating sequence of pneumatic actuation. Furthermore, the simulated results 

revealed that the micropump with nozzle-diffuser channel provided a higher pumping performance for 

medium recirculation in a complex microchannel network of MPS.  

Then, to interconnect the GLA with flexible accessibility, a multi-sets microvalve system was fabricated 

via digital micromirror device (DMD)-based grayscale lithography and multilayer soft lithography, to 

control circulatory loop perfusion. By culturing the gut (Caco-2) and liver (HepG2) cells, the GLA-

MPS could emulate in vivo-like GLA communications, containing cytokines and metabolites circulation 

flow. The initiation and progression of NAFLD could be investigated, which showed the NAFLD-like 

fatty acid accumulation phenotype with a cell apoptosis death and gene expression pattern. A protective 

effect of co-culture GLA interaction was presented, which indicated potential relationships in the further 

progression state of NAFLD. 
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Next, for mimicking the in vivo-like GLA physiologically relevant flow and investigating inflammation 

disease progression, we advanced the GLA-MPS with the multilayered structure and circulation flow, 

which allowed compartmentalized fluid shear stress (FSS) stimulus and individual treatment. The 

device was fabricated by multilayer soft lithography to integrate the compartmentalized cell culture 

chamber, PDMS porous membrane, circulation channel, and micropump. The flow perfusion with each 

organ's physiological FSS improved both cell functions (Caco-2 tight junction and HepG2 albumin 

marker expression) and induced the Caco-2 microvillus-like barrier structure. Furthermore, we 

observed that individuals treated gut with inflammatory bowel disease (IBD) could induce a progression 

of inflammation from the gut to the liver. This inflammation process recapitulated the underlying 

disease progression and mimicked the important initial step of nonalcoholic steatohepatitis (NASH) via 

GLA. 

In summary, the developed GLA-MPS are more distinctive platforms than the previous GLA-MPSs in 

resembling physiological flow perfusion, closed-loop inter-tissue communications, and individual 

accessibility in an integrated device. The present device with disease progression model holds 

considerable potential for revealing new therapies and insights into the GLA interaction mediated by 

NAFLD and inflammation progression. 
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1 Chapter 1 General introduction 

1.1 Microphysiological system 

“Microphysiological system (MPS)” or “Organ-on-a-Chip (OoC)” is the microfluidic-based in vitro 

cell-culture model, which is designed to mimic specific functions of human tissues.1–4  For example, as 

shown in Fig. 1-1a and b, the lung on a chip4, mimicked the lung breathing process on a microfluidic 

chip. Unlike conventional cell-culture models (such as T-flask and well-plate cell culture), the MPS 

incorporated the physiologically relevant cell culture environment, which included the mechanical 

stimulus, flow perfusion, molecular gradient, and so on. Microfluidic-based cell-culture models can be 

more predictive of in vivo biology owing to the dynamic cell culture environment control in the 

microfluidic system for cell growth, differentiation, migration, and maturation. Notably, they has been 

used in disease modeling for drug discovery. For example, the pulmonary edema disease was modeled 

on a lung-on-a-chip (Fig. 1-1c), showing the disease of inflammation, liquid leakage, and fibrosis for 

anti-inflammatory drug development.5 

However, currently, most of the MPSs are single-organ systems mimicking one specific human organ. 

A single-organ system has the limitation of predicting drug absorption, distribution, metabolism, 

excretion, and toxicity (ADME-T). Therefore, compartmentalized multi-organ platforms with the 

circulatory system, known as multi-organ-on-a-Chip or Body-on-a-Chip (BoC) (Fig. 1-1d),6–9 hold 

great potential for advancing drug development, and precision medicine, because they can mimic the 

blood flow in the human body with closed-loop culture medium by means of microactuators.10 Such 

medium circulation recapitulates organ-organ interactions and helps emulate the dynamic exposure of 

organ cells to drugs and drug metabolites, offering valuable insights into systemic toxicity.11–13  

Furthermore, the disease progression, time-dependent disease development and deterioration, is often 

related to multi-organ communications. These multi-organ MPS disease models may provide designed 

organ-to-organ communications for studying the disease progression. For example, type 2 diabetes 

involved blood glucose level, liver metabolism, and islet insulin adjustment. Thus, the liver/ islet on a 

chip could be used to model the progression of type 2 diabetes progression, for new therapeutic methods 

and drug development.14 It proved the new crucial application of multi-organ MPSs. The concept of the 

disease progression model with organ crosstalks may be closer to the disease mechanism, which will 

be the next generation for disease modeling. 

In addition, these devices are expected to replace animal models, which are often inaccurate in 

predicting human physiology. Even though the current animal disease model shows the in vivo relevant 

data, it involved complicated organ networks, hard for the disease mechanism study. Also, it takes time 

and money for a series of animal assays. Most importantly, the significant species difference between 

animals and humans potentially leads to misleading results, raising concerns about the reliability of the 
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data.15,16 Instead, the application of MPS could provide a more reliable preclinical assay model, leading 

to reduced costs and time in pharmaceutical research and disease therapy development.17,18  

 

 

Figure 1-1 Organ-on-a-Chip and Body-on-a-Chip for modeling human organ-level function and organ-

to-organ communications. (a) and (b) concept of the lung on a Chip, adapted from [4]; (c) concept of 

recapitulating pulmonary edema disease on the lung on a chip, adapted from [5];(d) concept of Body-

on-a-Chip, adapted from [9]. 

 

To clearly understand the MPS disease modeling, several general features of MPS from the previous 

research domain are necessary. They can be divided into cell-culturing microenvironment control, 

multi-parameter monitoring, and multi-organ MPS, summarized as follows: 

 

1) Cell-culturing microenvironment control 

Fluid perfusion control: It is reported the reasonable fluid perfusion has a significant improvement in 

cell function19 and differentiation20. However, high flow rate perfusion, inducing high fluid shear stress 

(FSS), is harmful to cells, especially hepatocyte-like cells, which do not receive flow directly.21 

Therefore, rebuilding physiological level FSS and perfusion is necessary for MPS to recapitulate in vivo 

organ state. To get the optimized FSS condition on the MPS, precise flow control can be conducted, 
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based on the micro actuators, such as the microvalve and micropump (Fig. 1-2). It can control the pico 

to microlitter fluidic perfusion. 

 

 

Figure 1-2 Concept of using microactuator to precisely control the fluid shear stress 

 

Molecular transport control: One of the important fluid features of microfluidics is the laminar flow. 

It is easy to generate the two-phase interface during the stable and constant flow. For molecular transport, 

in this way, it could generate a concentration gradient to study the drug effect.22 And it also could be 

designed with a well-mixing structure for molecular even distribution to increase cell-to-cell 

communications (cytokine molecular crosstalk) for the multi-organ system. Therefore, microfluidic cell 

culture systems have advantages in flexible control of cell culture molecular distributions. 

Mechanical stress control: In vivo cells also experience mechanical physiological stimuli, induced by 

flow perfusion, liquid pressure, and cell-to-cell or substrate or extracellular matrix compression and 

stretch. MPS can be used to emulate the mechanical stress experienced by in vivo cells, allowing for the 

prediction of cellular response and the identification of key factors that improve cell function. For 

example, MPS device, fabricated from polydimethylsiloxane (PDMS) by using the microfabrication 

methods, can recapitulate cellular physiological levels stimuli, such as tensile stress and shear stress. 

4,23,24 It rebuilds an advanced cell culture environment that mimics the in vivo phenotype and protein 

expression functions of cells. 

 

2) Multi-parameter monitoring  

High-content analysis and real-timing sensing: Traditional cell assay methods were a kind of end-

point assay, which could not monitor the cell behavior and the detailed cells' reaction to stimuli. The 

microfabricated MPS device could utilize the Micro Electro mechanical Systems (MEMS) and 

semiconductor fabrication technology. It has the advantage of incorporating high-content imaging 

analysis (HCA) (e.g., high-speed single-cell profiles) and high sensitive electrode array, which could 

record the cell phenotype and function change in detail mode.25,26 These points are important to improve 

the cell-based assay efficiency of MPS.  
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3) Multi-organ MPS 

Organ-to-organ communication is an important part of the human inner environment system but is very 

complicated to study. Multi-organ MPS provided the opportunity for the designed organ 

communication system, such as the heart-liver communications for studying cardiac drug effect27, and 

gut-liver communications for drug metabolism28. Currently, the connecting of multi-organ MPS mainly 

consisted of off-chip tubing29, transwell-insert upper/bottom diffusing30, and on-chip circulation28. 

Every method has its pros and cons. From the perspective of disease modeling, the on-chip circulation 

provides more intensified organ-to-organ communications with the possibility of a high-integration 

system.31 Furthermore, the on-chip circulation has precise flow control and may emulate the in vivo 

drug distribution process.32 

Overall, in this thesis, we will focus on the microfabrication methods to develop the multi-organ MPS 

device with the on-chip loop circulation system. In this way, a well-controlled cell culture 

microenvironment could be established to improve cell function and organ-to-organ communications 

for disease modeling.  

 

1.2 Gut-liver axis for disease progression 

Non-alcoholic fatty liver disease (NAFLD) encompasses a spectrum of conditions characterized by the 

accumulation of fat or lipids in the liver. Usually, the liver biopsy is the method to diagnose the disease. 

Accordingly, a fat amount of over 5% to 10% of the liver weight is identified as NAFLD. Recently, 

NAFLD has become an epidemic disease. It was around 20-30% of the adult population in the U.S. 

affected by this disease (Fig. 1-3). And 20% of NAFLD patients have liver inflammation,i.e. non-

alcoholic steatohepatitis (NASH). It was mainly induced by the NAFLD progression. Because NAFLD 

is often referred to as a "silent" disease with no symptoms in the early stages, it can progress for years 

without causing any noticeable symptoms and is often not diagnosed until a more severe stage. NAFLD 

patients with NASH have a 15% risk of developing liver cirrhosis and further causing liver failure.33 

Therefore, fatty liver and NASH are important early stages for curing the disease. However, there is no 

available drug.34  

 

Figure 1-3 The NAFLD development and disease progression. NAFLD: non-alcoholic fatty liver disease. 

NASH: non-alcoholic steatohepatitis. 
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To develop the drug, in priority, it is necessary to setup models to understand the disease and design 

the drug evaluation method. In this research, the gut-liver axis model is discussed in detail. The gut-

liver axis (GLA) plays a critical role in NAFLD progression, which is related to fatty liver and 

inflammation development.35 This is because of their close relationship, termed GLA interaction.  

 

Figure 1-4 Gut and liver tissue structure and their interaction, termed gut-liver axis. 

 

The GLA interaction is a bidirectional relationship in the human body (Fig. 1-4), and is important for 

human physical health.36 In the GLA, gut epithelial cells, severing as a barrier against hostile external 

environments (e.g. gut microbiome and lipopolysaccharide: LPS), and are selectively responsible for 

nutrient absorption (e.g. lipids and free fatty acids: FFAs). For the liver, the liver parenchymal cells, 

hepatocytes, living in the space of Disse, are responsible for metabolism, detoxification, protein 

synthesis, and innate immunity.37 In addition, the liver non-parenchymal cells, such as kupffer cells, 

sinusoidal endothelial cells and stellate cells, interact with hepatocytes to form liver function. Besides, 

the bidirectional relationship is established by the bile duct, portal vein, and blood systemical circulation 

which enables the transport of gut-derived products directly to the liver, and feedback of bile and 

metabolism secretion from the liver to the intestine. Hence, unbalance of the GLA interaction will cause 

diseases, such as obesity, non-alcoholic fatty liver disease (NAFLD), and inflammatory bowel disease 

(IBD).38 The gut is strongly influenced by gut microbiota and dietary carbohydrates, and these may 
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accelerate NAFLD.39–41 Inflammatory products, nutrients, and substances absorbed from food and 

microbiota via the intestinal barrier are carried by venous blood to the liver. In addition, products 

generated by hepatocytes are delivered to the small intestine. Thus, the gut and liver are closely 

interconnected, both physiologically and pathologically. 

According to the multiple-hit hypothesis,38 the GLA may be related to dietary modification and 

inflammation development (Fig. 1-5). For example, lipid accumulation in the gut may have a side effect 

on the fatty liver state. Also, the inflammatory gut has a further inflammation step to the liver, by pro-

inflammation cytokines. Therefore, understanding the mechanism of GLA interaction is important for 

disease curing and new therapeutic drug development. But, there is a lack of methods to investigate 

their interaction and model the NAFLD progression on the GLA. 

 

Figure 1-5 Gut-liver axis interaction for liver disease progression. LPS: lipopolysaccharides; PAMPs: 

Pathogen-associated molecular patterns. 

 

1.3 GLA-MPS for disease modeling 

In vitro disease model was important for investigating the disease mechanism and drug screening. 

However, the conventional in vitro model does not recapitulate many physiological processes of GLA, 

such as molecular transport, fluid shear stress, and gut-liver communications, resulting in poor 

predictions of disease progression and drug efficacy.42 Therefore, there is an urgent need to find an 

efficient alternative method for the disease models, which should show human-related reactions with 

designed GLA.43  

GLA-MPS recapitulates the GLA interaction on the MPS for disease modeling. For example, NAFLD 

could be modeled by administrating the free fatty acids (FFAs) in the gut, releasing the lipid to the liver, 

and observing the liver lipid accumulation (Fig. 1-6).44  
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Figure 1-6 Previous gut-liver axis microphysiological system for modeling the free fatty acids transport 

from the gut to the liver. Yellow color molecular is the free fatty acids. 

 

However, there are still left some issues for the previous GLA-MPS, such as microenvironment control 

and lower tissue-to-systemic liquid ratio with cytokine dilution,32 leading to low GLA interaction. In 

addition, the GLA-MPS shall not only present the basic physiological initiation phenotype of gut and 

liver disease but also the GLA-MPS may reveal the pathological progression process from organ to 

organ by individual accessibility and treatment, which is crucial to understand the mechanism of 

NAFLD progression. 

To overcome the above issues, this thesis reports a microfabricated GLA-MPS, by mimicking a 

physiologically relevant microenvironment and closed loop circulation (Fig. 1-7). First, the precisely 

controlled microactuators (e.g. microvalve, micropump) are set up for closed-loop circulation to 

enhance GLA interaction. Then, to obtain important insights into the GLA, a physiologically relevant 

flow perfusion with individual accessibility will improve cell function. Then, the in vivo-like structure 

and GLA interaction will be modeled in the device to present the process of disease progression.  

 

Figure 1-7 Concept of this thesis research contents ‘Integrating gut and liver organs into the 

microphysiological system with micro-scale closed-loop circulation’ [27,45]. 
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1.4 Research objectives 

The previous GLA-MPS for NAFLD modeling has not been fully accomplished in several aspects. For 

example, the physiologically relevant organ cell-cultivating microenvironment was not recapitulated. 

Also, a demonstration of the disease progression through GLA should be further investigated. In this 

study, we fabricated the GLA-MPS, by multilayer Soft lithography, and investigated the NAFLD and 

inflammatory progression via GLA, aiming to provide an advanced NAFLD disease progression model. 

To accomplish this goal, the objective of the thesis can be divided in detail as following steps: 

First, in order to solve the issue of circulation flow control and microscale integration for GLA-MPS, 

we want to find a useful method to design the structures and microfabrication methods for the 

microactuators (microvalve and micropump). We will develop a simulation model of the finite element 

method (FEM), coupling fluidic flow and structure interface, to optimize the structure of the 

microactuators. To flexibly integrate each micro-scale component, the multilayer soft lithography shall 

be designed with multi-step fabrication. 

Second, to solve the issue of GLA interaction, we will integrate the gut and liver cells in a designed 

circulation loop. We want to investigate the NAFLD initiation and progression via GLA, which 

provides improved gut and liver cell communications. This applies to investigating the GLA interaction 

during the NAFLD progression. 

Third, to solve the issue of physiologically relevant flow stimulus and disease progression assay, we 

want to advance the GLA-MPS with a multilayered structure. We want to achieve individual flow 

accessibility to improve both organ cell functions. Also, we want to use individual treatment to observe 

the inflammation disease progression from one organ to another organ. 

As the primary objective, we want to model the NAFLD and inflammation progression via GLA, which 

contributes to disease modeling and new drug evaluation. 

 

1.5 Thesis outline 

This thesis has 6 chapters (Fig. 1-8), including chapter 1 for a general introduction, chapter 2 for a 

review of previous MPS, chapter 3 for a fundamental theatrical analysis, optimization, and 

microfabrication of microactuators, chapter 4 and chapter 5 for GLA-MPS cell-based assay and disease 

modeling, and the last chapter of conclusions and insights for future works. 

Chapter 1 is an overview of the concept of GLA-MPS devices, namely a brief introduction to the basic 

knowledge, including microphysiological system (MPS), gut-liver axis (GLA), and GLA-MPS. This 

chapter highlights the importance of GLA interaction for NAFLD progression and the need for GLA-
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MPS modeling of NAFLD. Based on these motivations, the main objectives and structural arrangement 

of this thesis were specifically discussed. 

Chapter 2 is a review of previous MPS development. In this chapter, the 20-year history of MPS was 

summarized. During this history, the MPS-disease models were developed since the year of 2012. The 

organ-to-organ communication model accounts for about 40% of the current disease model, which 

indicated the importance of multi-organ MPS for modeling the disease. Then, a review of previous 

microfabrication methods was introduced, with a focus on multilayer soft lithography. Finally, the 

mechanical stimulus from the flow of MPS was discussed. The case of porous membrane-based cell 

culture was mainly introduced. And the micropump for MPS flow control was also listed. In each part, 

the current state of this thesis’ research was discussed by comparing it to previous studies. 

Chapter 3 is a fundamental chapter for chapters 4 and 5. In this chapter, the pneumatic actuators, 

microvalve, and micropump were intensively investigated to meet the requirement of the MPS device. 

By finite element (FE) simulation of the diaphragm, the microvalve semi-round shape channel structure 

and working pressure were optimized. It was fabricated by grayscale lithography and multilayer soft 

lithography according to optimization results. For a specific closed-loop circulation MPS (Chapter 4 

device), three microvalves could help generate enough circulation flow rate. Moreover, by simulating 

the three circular diaphragms' sequenced actuating and deformation, the micropump performance was 

analyzed. The flow volume was simulated with different conditions of hydraulic resistance, related to 

the microfluidic cell culture system. We found a diffuser/ nozzle channel works better than a normal 

straight channel in flow perfusion (Chapter 5 device). 

Chapter 4 is the starting chapter of the discussion of the internal communication between the gut and 

liver, based on cell culturing and treatment. We utilized advanced grayscale lithography and multilayer 

soft lithography to fabricate the GLA-MPS with closed-loop circulation. By co-culturing the gut (Caco-

2) and liver (HepG2) cells, we found their intensive communications via the HCA method and RNA-

sequencing analysis. Also, these communications presented a protective effect against cell apoptosis 

death during the progression of non-alcoholic fatty liver disease (NAFLD) in micro-scale closed-loop 

circulation. Importantly, in this chapter, we also presented the in vitro modeling of NAFLD, which 

holds considerable potential for disease assay models. 

Chapter 5 reports an advanced GLA-MPS, developed based on the device of chapter 4 and chapter 

3. By utilizing the multilayer soft-lithography, we fabricated a multilayered GLA-MPS. The device can 

achieve individual physiological flow perfusion for each organ in the cell-culture chamber, form barrier 

tissue structure on a porous membrane, and connect two organs with circulation flow. Furthermore, the 

inflammatory progression was presented via GLA interaction. It succeeded in generating an 

inflammatory bowel disease of the gut, then it had a further inflammation effect on the liver. This may 

be served as a disease progression model for the NAFLD of Chapter 4. 
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Chapter 6 provides a summary and conclusion of this work. We concluded the research of this thesis 

has contributed to enhancing the realism of the gut-liver axis model. And the developed disease model 

could help understand the importance of GLA interaction for NAFLD progression. It holds considerable 

potential for NAFLD therapeutic assay model. We also discussed the limitations of the developed 

devices. For the future works of GLA-MPS, the developed GLA-MPS devices could also be applied to 

other organ-to-organ communication systems. And to increase reliability, the integration of an electrode 

array for real-time cell state monitoring was discussed. 

 

Figure 1-8 The structure and connections between each chapter of this thesis. 
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2 Chapter 2 Literature review 

Microfluidics was a research field for manipulation or dealing with the flow in channels from 100 nm 

to 1 mm scale.46 Over 30 years of development, microfluidics has turned out to be an important 

technology in diverse fields,47 which are involved with the point-of-case device, droplet technology, 

multi-phase interface, and cell-based assay.46 Especially, in recent years, microphysiological systems 

(MPSs) achieved high success as advanced in vitro pre-clinical assay models.  

For MPSs, driving and manipulation of the fluidic flow for cell culture are the fundamental techniques. 

There are several available flow-driven methods of microfluidics, including electrokinetics,48 thermal 

driving49, electrical surface wetting50, and pressure driving flow. Electrokinetics, such as electroosmotic 

flow51 and dielectrophoresis52, was widely studied in the minimized bioassay system. However, it has 

limitations in the application of biological cell culture, due to the electrochemical stability and joule 

heating issues.53 Thermal driving employed the heat-dependent expansion or stress response of a 

material, which was limited by the high requirement of material, the low actuating flow rate, and the 

heating-cooling circuit.54 Electrical surface wetting applied the electrolytic solution or surface charge 

forming a capacitive-like force to deliver fluid flow. It was typically used in droplet cases but was rarely 

used in biological cell culture.55 The pressure-driving fluidic flow was the most common method for 

flow control. It could be transferred to a hydraulic equivalent system with high flexibility and reliability 

to control the complex microfluidic cell culture system.56 Therefore, in this research, the flow perfusion 

for the MPSs was presented as the pressure-driven microfluidic flow. 

In this literature review, we will review the emerging technology of MPSs and the current application 

for disease modeling on MPS. Also, the fabrication methods for the MPS were further discussed. Finally, 

a new sight into the porous membrane-based flow perfusion with related stress on cells and circulation 

flow for multi-organ MPSs was discussed. 

 

2.1 The history of organ on a chip and MPS 

The initial stage of the Organ-on-a-Chip (OoC) could be traced back to around 2000 (Fig. 2-1), with 

the development of 3D tissue perfusion culture. Linda G. Griffith et al developed the bioreactors array 

for 3D liver culture. The device was fabricated from a silicon scaffold.57 Also, at the same time, 

polydimethylsiloxane (PDMS) started to become a widely used material for microfluidic systems.58 

Then, Michael L. Shuler et al developed the micropatterned cell culture analogs.59 Paul J. Hung et al 

advanced the microfluidic cell bioreactor with high-throughput and continuous perfusion methods to 

the main long-term culture.60 However, during this stage, the main work on the microfluidic cell culture 

was the high throughput cell culturing, due to the small scale and low consumption of the microfluidic 

system. After that, there was a growth of mimicking organ-specific flow perfusion structure on the 



12 
 

microfluidic cell culture system. The term biomimetic and artificial chip was incorporated. For example, 

Luke P. Lee et al presented the artificial liver sinusoid microfluidic chip with an endothelial-like barrier, 

for perfusion culture primary hepatocyte.61 The real concept of ‘Organ-on-a-Chip’ was announced 

around the year 2010, the development of ‘Lung–on–a–Chip’, by Donald E. Ingber et al.4 The chip was 

fabricated by soft-lithography of PDMS materials. The device mimicked physiological organ functions, 

such as lung-level breathing movements and proinflammatory activity. Also, another concept of 

‘human-on-chip’ was described at a similar time by Hanry Yu et al around the year 2009. The multiple 

types of cells, fat, kidney, liver and lung, were co-cultured in a single microfluidic system, to study 

organ-to-organ communications.62 Since that, the OoC achieved rapid growth. Later, in the year of 2013, 

‘Microphysiological tissue’ was described on the microfluidic platform with larger-scale vascularized 

tissue arrays by Abraham P. Lee et al.63 One important milestone of this stage was the application of 

human-pluripotent stem-cell-derived cell lines.64,65 However, until the year of 2018, the idea of a 

‘patient-derived organ on a chip’ for personalized medicine development was formed. On the other 

hand, Vernetti, L. et al developed a four-organ system, named ‘Microphysiology System’. The intestine, 

liver, kidney proximal tubule, blood-brain barrier, and skeletal muscle were integrated into a single 

device.66 At this moment, the idea of MPS was identified. With the development of MPS, the ‘Body-

on-a-Chip (BoC)’ was formed by built-in micropumps with an internal circulation system. Long-term 

co-culture of human intestine, liver, skin, and kidney equivalents was succeded.10 These models could 

be used as pharmacokinetics (PK) models for preclinical trials.67 Also, researchers recognized the 

importance of organ-to-organ communications for disease modeling. Furthermore, the traditional cell-

based assay was an end-point assay. For real-time monitoring of the cell state, the electrode-based 

sensors were integrated into the MPS, by advanced MEMS technology.68 Overall, the development of 

OoC or MPS technology has a trend to mimic the in vivo organ specifical function, physiological 

conditions, and organ-to-organ communications, as the advanced in vitro model. 

In this thesis, we focus on three points, the physiologically relevant cell culture, organ-to-organ 

communications modeling, and disease modeling. First, for disease modeling, providing a reliable 

disease model is the ultimate objective of this research. The new therapy development process should 

include a disease model for preclinical testing. The MPS of this research will make some progress in 

modeling the disease initiation and progression, severing as a considerable disease model for new drug 

and therapy screening. Second, for organ-to-organ communications modeling, a gut-liver axis system 

will be studied. The circulation flow, mimicking the human circulatory system, could be operated by 

on-chip micro actuators (e.g., microvalve and micropump). This reduces the circulation medium volume 

with a higher tissue-to-circulation liquid ratio, compared with the off-chip pumping system, leading to 

strengthening organ-to-organ communications. Third, the physiologically relevant cell culture can be 

regulated by microfluidic fluid control from a microfabricated cell culture system, including designed 

microchambers and channels. For a multi-organ system with designed distinct physiological perfusion 
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for each organ, individual assessability is taken into account by multilayered compartmentalized cell 

culture systems. This will improve the reliability of the MPSs. 

 

Figure 2-1 The development of the Organ-on-a-Chip and Microphysiological system. 

 

2.2 Disease progression modeling on the MPS 

With the development of MPS technologies, the application for disease modeling is gradually 

occupying the stage of history. The disease model is an important platform for investigating the disease 

mechanism and new therapeutic method development, particularly for modeling disease progression. 

Definitely, the danger of disease is always related to its progression, which is not ‘silent’ inside the 

human, but it will spread and change with time. Therefore, the disease progression model should include 

the initiation and progression (changing state) stage with the time-dependent axis.69 It is vital to increase 

the disease modeling duration for understanding the disease progression and its therapeutic evaluation. 

However, the current animal model could not recapitulate the human disease, due to the species 

difference. It involved complicated tissue-crosstalks, leading to ambiguous disease progression data.  

Also, the high cost and ethics problems are growing issues for conducting the animal assay.70 In vitro 

assay is an alternative method to overcome the complicated unwanted crosstalk happening in vivo. A 

well-designed in vitro model shall recapitulate the basic function of the human organ with human cell 

lines. The traditional two-dimensional cell culture model did not present high organ-level function in 

longer-term cell culture and failed in predicting disease progression. ‘Human disease on a Chip’ is an 

advanced technology to model the human disease progression on the microphysiological system (MPS), 

which shows a great achievement in revealing human disease mechanisms and organ-to-organ 

interactions. 

Since the year of 2012, the concept of ‘Pulmonary Edema-on-a-Chip5’, the disease on a chip started to 

show great progress. Table 2-1 lists the key MPS platform for modeling human disease. In only 10 

years, there have been a lot of models, including lung, liver, kidney, vascular system, and brain for 

human disease modeling. For example, the SARS-CoV-2 infection were modeled to show the alteration 

of the blood-brain barrier.71 From the trends (multi-organ disease model accounts for 40% of disease 
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models), we can conclude the organ to organ communications have become more and more important 

for modeling human diseases, such as fatty liver disease72 and inflammation disease.73 This is an 

important step to start studying the disease crosstalk progression. 

Organ-to-organ communication is an important step for disease progressions, such as cancer 

metastasis74 and nonalcoholic steatohepatitis (NASH) development75. The multi-organ MPSs with a 

circulation flow could mimic the in vivo-like organ-to-organ communications, which can be adopted 

for disease progression modeling. It may highlight the progression of the disease from one organ to 

another. It can be used to study their communication cytokines for disease mechanisms discover and 

therapy development. However, most of the listed disease models are mainly the initiation stage of the 

disease and demonstrate the relevant phenotype change. The involved mechanism was already well-

known and did not show significant new findings for helping understand the disease. The progression 

stage was hardly investigated. For example, Gut-liver on a chip for hepatic steatosis76 model presented 

the absorption of the gut via the gut barrier and lipid accumulation in the liver. However, there is no 

evidence to show the gut and liver interaction, also how this interaction affects the disease progression. 

Namely, is the co-culture of them have a positive direction for the disease progression or a negative 

direction for protective effect? A deep insight into liver disease progression were needed. Furthermore, 

the devices, which used the larger-scale Transwell insert and the microfluidic scale channel, were 

insufficient to induce the gut-liver interaction, due to dilution from low cell tissue-to-medium ratio in 

the bulk volume medium. Therefore, in this research, we propose modeling the disease progression via 

microfabricated multi-organ MPS with closed-loop circulation. 

 

Table 2-1 10 years’ development of disease modeling on MPS 

Year Name Organ Achievements 

2012 Pulmonary Edema-on-a-

Chip5 

Lung Inducing the pulmonary edema on the lung on a chip. 

Identification of the new therapeutics. 

2016 Liver microphysiology 

platform77 

Liver The stellate cell was activated to elucidate fibrotic 

disease. 

2016 Nonalcoholic fatty liver 

disease in a liver on a 

chip78 

Liver Mild liver damage with steatosis morphology 

2016 Glomerulus-on-a-chip79 kidney Glomerular mechanical forces increased glomerular 

leakage, which was observed in hypertensive 

nephropathy. 

2017 Progeria-on-a-chip/ 

vascular on a chip80 

vessels Smooth muscle cells from iPS of Hutchinson-Gilford 

progeria syndrome patients showed an exacerbated 

inflammatory response to strain. 

2017 Glomerulus-on-a-chip81 kidney High glucose could induce critical pathological responses 

in diabetic nephropathy. 
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2017 Human pancreatic islets 

and liver spheroids on-a-

chip14 

Islets-liver A functional feedback loop system between the liver and 

the insulin-secreting islet was demonstrated. 

2018 Gut-liver on a chip for 

hepatic steatosis76 

Gut-liver The gut mimicked the absorption and the liver mimicked 

the accumulation of fatty acids 

2019 Cancer metastasis-on-a-

chip microphysiological 

system74 

liver, lung, 

endothelial 

Colorectal cancer enters the circulation system, 

preferentially home to the liver and lung constructs. 

2019 Virus-induced kidney 

disease on a chip82 

kidney Pseudorabies-Virus-induced electrolyte regulation 

dysfunction in Na reabsorption. 

2020 Gut-immune-liver 

microphysiological 

system83 

Gut-liver lipopolysaccharide (LPS) stimulated the inflammation 

response of immune cells. 

2020 Lung-on-a-chip Lung The fibrosis-like transformation was modelled. 

2020 Lymphatic vessel on a 

Chip84 

vessel  Cyclical lymphatic flow of disease condition 

2020 human blood-brain 

barrier71 

endothelial SARS-CoV-2 altered the barrier function 

2021 Adipose model on a 

Chip85 

Adipose The device mimicked the insulin-resistant for adipose 

tissue. 

2021 Human Nonalcoholic 

Steatohepatitis on a 

Chip86 

Liver Inflammatory and profibrotic markers were presented 

during NAFLD progression. 

2021 Blood 

vessel/skin/liver/lung 

organ-on-a-chip87 

vessel/skin 

/liver/lung 

The jaundice disease model was established. 

2021 Endothelium-on-a-Chip88 endothelial Migration of T Cells was studied in the case of health and 

disease state. 

2022 Human Liver-Islet Axis 

microphysiological 

system89 

Liver-Islet The liver and islet interaction of type 2 diabetes was 

modeled.  

2022 Vasculature-on-a-chip90 vessel  SARS-CoV-2 infection was modeled. 

2022 Interface-controlled-skin-

on-chip91 

skin Propionibacterium acnes and sodium lauryl sulfate-

induced inflammation process. 

2022 Immune- skin-on-chip73 Skin-

immune 

Human HSV infection was modeled. 

2022 Pancreas-Liver Crosstalk 

on a Chip72 

Pancreas-

Liver 

Physiological timescales of glucose challenge were 

modeled for prediabetic hyperglycemia. 

2022 Gut-liver-axis 

microphysiological 

system92 

Gut-liver Inflammatory bowel disease and gut-liver interaction were 

modeled. 
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2.3 MPS fabricated by multilayer soft lithography 

The applications of microfluidics are dramatically growing, especially the above-mentioned MPS, and 

this development is indispensable for the advancement of chip fabrication technologies. At the 

beginning stage of microfluidics, the devices were usually made from glass-glass, glass-silicon, and 

glass-polymer.93 They were fabricated by silicon-based MEMS processes and showed great interest in 

the minimized system. The application of microfluidic chips was limited due to the lack of optical 

transparency and flexible mechanical microactuator regulation. With the development of material 

science, polymer or plastic-based microfluidic system were attractive materials for the microfluidic 

device, due to integration friendly, optical transparency, biocompatibility, chemical stability, and 

mechanical properties.58,94 Therefore, currently, the fabrication methods can be divided into prototyping 

and mold-free direct writing techniques (Table 2-2) at the laboratory level.95 Prototyping methods 

generally need a replicable mold to get a designed microfluidic channel, followed by the bonding of 

each transferred layer, such as the soft lithography and injection.96 Mold-free direct writing techniques 

are directly etching the microstructure or formation on the substrate, such as 3D printing and laser 

writing.97 However, these methods may be combined, and also differ from laboratory to industry. For 

example, the PDMS material was widely used for the laboratory MPS device, fabricated by soft 

lithography. The mold was normally fabricated from photolithography. Conversely, due to the PDMS 

molecular absorption problem, the industry may use the thermoplastics for the fabrication of MPS 

device, by laser writing and thermal bonding. Therefore, a needs dependent fabrication is important for 

designing the MPS fabrication procress. 

In this research, we want to control the microenvironment of the MPS device by designing the 

microstructures and on-chip microactuators. We utilize multilayer soft lithography for MPS device 

fabrication. By replica molding (mold fabricated based on the direct writing method), the cured PDMS 

can present the structure of the mold with high resolution.58 With the development of microfluidic 

structure, a multilayer soft lithography is able to fabricate a three-dimension channels structure. Stephen 

R. Quake et al developed the monolithic microfabricated valves by sandwiching a PDMS diaphragm, 

which realized the microvalve and a microvalve pumping system.96 Currently, by application of these 

techniques, a built-in micropump for MPS was widely developed.27,98 It indicated a precise flow control 

could be realized by these microactuators. On the other side, a porous membrane is necessary for some 

epithelial or endothelial cells. It can be fabricated from PDMS (soft lithography) or PET (direct writing). 

To integrate into the MPS system, it was generated using the multilayer soft lithography and multilayer 

bonding method.99 Recently, the compartmentalized cell culture of multi-organ MPS has become more 

and more important for individuals treating and culturing organ cells, which will solve the problem of 

co-culture medium.100 The multilayer soft lithography techniques can generate a complicated structure 

for the MPS to realize the controlled cell microenvironment. 
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Table 2-2 The microfabrication methods for microfluidic chip (Adapted from Jing Wu et al95) 

 Methods Advantages Disadvantages 

 

 

 

 

 

Prototyping method 

Hot embossing101 Rapid replication 

microstructure, mass 

production 

Only for thermoplastics, 

hard for 3D structure 

Injection102 Easy to fabricate 3D 

geometry, mass 

production, highly 

automated 

Only for thermoplastics, 

high cost, difficult to form 

large undercut 

geometries 

Soft lithography 58 Cost-effective, able to form 

complicated 3D structures, 

high resolution, good 

mechanical property 

Material absorption, 

vulnerable to defect 

 

 

 

 

Mold-free direct writing 

3D print97 able to form complicated 

3D structures, High 

throughput fabrication 

Expensive, routine 

calibration, and diverse 

precision 

Laser writing103 Rapid, large scale limited materials and 

precision 

Photolithography104 

X-ray lithography 

High resolution, 

complicated 3D structure, 

MEMS fabrication, usually 

fabrication resist mold for 

Soft lithography 

Difficulties in the master 

fabrication process and 

the clean-room facility 

were needed. 

 

 

2.4 Microfluidic flow stimulus on cells 

Owing to the development of microfluidics and related fabrication technologies, the microfluidic fluidic 

environment could be extended to the complicated environment with precise control by microscale 

structure and flow control units. Notably, this is very important in the application of microfluidic in 

vivo-mimicking cell culture platforms or MPSs. For example, the fluid environment of cells and the 

mechanical stimulus, such as shear stress and pressure, can be regulated by microactuators or external 

setups. Especially, currently, with the usage porous membrane cell culture method, fluidic perfusion is 

becoming a more physiologically relevant state. Therefore, in this section, the porous membrane-based 

cell perfusion methods and related stress are summarized (Table 2-3). 

Generally, based on the cell culture methods,  we divide them into four categories, static cell culture, 

flow perfusion105, interstitial flow perfusion106, and compression107. Inevitably, these cultural conditions 

may be combined with serval types of stresses.  
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Static cell culture is the traditional cell culture method, like cell culture on the Tranwell-insert. This 

method can get enough cell numbers for high throughput cell-based assay. However, as for epithelial 

cells, generally, due to the macro-culture space, it takes a long time (14-21 days) to form the barrier-

like tissue. The open-well structure always causes variable optical interface and measurement results. 

Furthermore, the cells are a little different from in vivo-like polarized structures. A lot of functional 

markers are lower than in the microfluidic flow culture.108 

Flow perfusion from a transverse direction is the most commonly used perfusion method. Cells 

experience fluid shear stress (FSS) during flow across the cell surface. The FSS value is directly 

proportional to the velocity of the surrounding fluid and viscosity. It was reported that flow perfusion 

increased epithelial cell maturation and function. It could improve the formation of in vivo-like tissue 

structures.108,109 However, different tissue has own tolerance range of FSS. For example, the Caco-2 gut 

epithelial cell had a function improvement of FSS smaller than the 0.02 dyne cm-2. The expression of 

protective mucus was highly upregulated.110,111 On the other side, for the primary human proximal 

tubular epithelial cells, the FSS was much larger than the gut, it was evaluated as 0.2-20 dyne cm-2.105,112 

The lower FSS could not induce full depolymerization of F-actin. In contrast, FSS above 1 dyne cm-2 

accelerated the organization of F-actin. 

Interstitial flow perfusion is the flow penetrating across the extracellular matrix of tissues, cell-to-cell 

spaces, and porous membranes. The velocity is generally small than 4 µm/s.113 Due to the tiny space, 

the FSS is hard to measure and evaluate. It depends on the tissue location and extracellular matrix. For 

the endothelial cell sprouting process, the FSS was around 10 dyne cm-2.114 However, for the cells, 

which did not experience flow perfusion directly, the interstitial flow FSS should be controlled as lower 

as possible. For example, the hepatocyte, the hepatocyte lived in the space of Disses (Chapter 1). The 

endothelial cells protected hepatocytes by forming a fenestrae structure on the outside of the liver 

sinusoid structure. The FSS was estimated smaller than 1 × 10−4 dyne cm−2.115 And the small FSS could 

improve hepatocyte functions.116 

Compression is defined as the normal direction force on the cells. In the case of porous membrane cell 

culture, it could be generated by flow perfusion with pressure. The flow perfusion could generate 

compressive stress by flow perpendicular to the cell surface. For example, the liver bioreactor was 

developed to mimic the intra-abdominal pressure (0.09–0.9 kPa). The hepatocyte accelerated 

repolarization and formed cuboidal morphology. It maintained the hepatic functions for 14 days.107 Also, 

for the hydrodynamic pressure or hydrostatic pressure,63,117 endothelial cells were under compressive 

stress from 0 to 100 Pa in a microtissue chamber, which help generate vascular networks. This was 

applicable to form high throughput 3D vascular systems. 

In this research, the fluid shear stress (FSS) is controlled on the fabricated multi-organ MPS device by 

individual accessibility. Because each organ has its requirement for the FSS or other stimulus, this 
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individual accessibility is important to functionalize the cells of each tissue, especially as above 

description the gut and liver cells. This research will be successful in reproducing the physiologically 

relevant flow on the multi-organ MPS. 

 

Table 2-3 Microfluidic flow (directly or indirectly) stimulus on cells (on the porous membrane) 

 

 

2.5 Circulation flow for multi-organ MPS  

MPS with multi-tissue derived cells, connected by microfluidic channels were termed multi-organ MPS 

or Body on a Chip (BoC). To emulate human system circulation, a circulatory flow or medium crosstalk 

mixer was used to connect these tissues. Until now, there have been several methods for inducing 

medium communication between organs (Fig. 2-2). The traditional cell culture method was the 

transwell-cell culture with upper/bottom cell culture (Fig. 2-2a).118 The medium crosstalk between 

multi-type cells was realized by molecular diffusing. The efficiency was worse when the static culture 

was used in the microfluidic channel. Also, small disturbances to the system could lead to larger 

variations or unrepeatable results.32 Therefore, a circulation flow system was highlighted in the latter 

multi-organ MPS. 

In the beginning, the circulation flow was driven by off-chip pumping systems119 (Fig. 2-2b), such as 

peristaltic pump119 and syringe pump29. However, it had the problem of complicated tube connections 

and enlarging the circulation medium volume.31 It led to a higher systemic liquid-to-tissue ratio, which 

diluted the concentration of crosstalk cytokines in organs. Therefore, the on-chip micropump systems 

were developed with built-in micropumps. According to the actuating source, they could be divided 

into gravity-driven pumping120 (Fig. 2-2c), magnetic/ piezoelectric micropumps121 (Fig. 2-2d), and 

pneumatic micropump10 (Fig. 2-2e). Both of these pumping methods have their pros and cons. 

Culture method Example Stress type Application example 

Traditional cell culture/ simple. 

Improvement and maintenance 

of cell function [105] 

Angiogenesis / Cancer cell’s 

invasion [106] 

Enhanced cell polarity and 

functions [107] 
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Magnetic/ piezoelectric micropumps and gravity-driven pumping were usually named valveless 

structures, working for simple and portable devices. But the pumping unit occupies most of the platform 

area and it had high bubble susceptibility. Especially, for the electric micropump components, the stable 

electrical resource was hard to keep in a relatively longer cell culturing time.122 And for gravity driving, 

the circulation medium consumption was quite a lot. The pneumatic micropump was easily integrated 

into the multi-set parallel system and could actuate the circulation with several sets.31,123 But it had a lot 

of accessory systems for compressed air actuating control, namely 3 to 6-phase sequenced loading or 

discharge of compressed air.123  

 

Figure 2-2 Generating multi-chamber medium crosstalks for organ-to-organ cytokine communications 

of multi-organ MPS. Adapted from [32,124]. (a) Transwell-insert static cell culture; (b) off-chip pumping 

system of the peristaltic pump; (c) Gravity driven system; (d)  on-chip magnetic/ piezoelectric 

micropump; (e) on-chip pneumatic micropump. 

 

To design and select the micropump for the multi-organ MPS circulation flow, several considerations 

shall be taken into account. First, the total system dimension is important to introduce the micropump 

and other components (e.g., cell culture chamber and channels). The biological experiment generally 

needs at least three duplicates or parallel sets. In the micro-scale MPS device, the pneumatic micropump 

is a favorable choice for system integration. Second, pumping performance was typically evaluated with 

the discharge pressure and flow rate.125 A higher pump performance in the limited spaces (several square 

millimeters) shall be discussed, and the micropump design shall be optimized. 
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In this research, we employ PDMS-based pneumatic microactuators (e.g., microvalve and micropump), 

as the control and pumping unit. The size only ranges from 4×10-2 mm2 (microvalve) to 6 mm2 

(micropump) with a small footprint. Therefore, a compact multi-organ MPS can be integrated into a 

single device. By using the computational fluid dynamics (CFD) simulation methods, the microvalve 

and micropump can be optimized in structure and actuating sequences for the application of MPS 

circulation flow. The developed system may work as a distinct unit for improving the reproducibility 

of the MPS. 

 

2.6 Conclusions 

In this chapter, the development of the MPS, MPS for disease progression modeling, MPS fabrication 

methods, the cell mechanical stimulus, and the micropump designs for MPS circulation flow were 

summarized and discussed. 

From the development of MPS, we can find that physiologically relevant environment control and the 

application of disease modeling are becoming more and more important. Also, the concept of patient-

derived organs on a chip holds great potential for personalized medicine, which will accelerate new 

drug development and disease therapeutic findings. The MPS disease model has a 10-year development 

and has shown great advantages compared with traditional methods. Especially, the multi-organ MPS 

disease model has proven the importance of organ-to-organ communications for the disease progression 

model. The MPS fabrication methods are advanced for more and more complicated three-dimension 

structures. By using multilayer soft-lithography, we can fabricate complicated multilayer structures. 

The mechanical stimulus and flow perfusion can be well-designed for precise cell culture 

microenvironment control. These technologies lead to control of the mechanical stimulus on cells. For 

the porous membrane cases, it helps cells form the polarized cell structure, and improve cell functions. 

Also, the on-chip micropump integration realizes the circulation volume reduction and scale-down for 

compact multi-organ MPS. 

Overall, we will utilize the microfabrication method to fabricate the GLA-MPS with microactuators. 

We will also control circulation flow for organ-to-organ communications and the microenvironment for 

cell culture, especially the FSS and individual stimulus in the following chapters. 
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3 Chapter 3 Design of the PDMS-based pneumatic microvalve and 

micropump for recapitulating physiologically relevant flow 

 

3.1 Introduction 

Recently, the microfluidic cell culture platform, known as Organ on a Chip (OoC) or Micro 

Physiological System (MPS),13,43 appeals to people's attention due to its advantages in recapitulating 

organ-specific culture environment and organ-to-organ communications.27,126,127 It is expected to lead 

to reduced costs and time in pharmaceutical research and development, replacing the abuse of animal 

models. 

One of the crucial points of the microfluidic cell culture platform is the fluidic control and driving for 

cell culturing, particularly for the circulation flow of a multi-organ system. In the early stage of 

microfluidic cell culture devices, the flow perfusion was realized by off-chip pumping systems29, like a 

peristaltic external pumping system119. These systems were difficult to operate due to the tubes' 

connection and a higher amount of medium consumption. Then, the on-chip microactuators were 

developed for flow perfusion of the MPSs.10 With the development of Micro Electro mechanical 

Systems (MEMS) fabrication technologies, the MPSs could be integrated with microvalve, and 

micropump for pressure-driven fluidic control,128 by advanced microfabrication techniques. This 

improved function of MPS, for applying the physiological level flow stimulus on cells function and 

circulation flow to connect multi-cell culture chambers. Divided by actuating approaches, they could 

be pneumatic actuators10, magnetic/ piezoelectric actuators121, and gravity-driven actuators120. As the 

review of chapter 2, the pneumatic actuators were the widely favorite method for the MPS system 

circulation flow, because the pneumatic actuation method realizes large membrane deformation with 

an easily controllable hydraulic pressure and a small footprint than the other methods.123 

In the MPS research domains, polydimethylsiloxane (PDMS) is still the main constructing material, 

with its good biocompatibility, elasticity, user-friendly practicability, and transparent property.129 

Therefore, PDMS-based pneumatic actuators are widely used for generating continuous fluidic flow for 

cell culture systems of MPS. The PDMS-based pneumatic actuators, coupled with several PDMS 

diaphragms driven by compressed air, can be divided into pneumatic microvalve27,96 and micropump98. 

The microvalve controls the microfluidic flow routing, timing, and direction and is essential for 

multifunctional MPS devices. And the micropump is responsible for generating volumetric fluid flow 

on MPS,130 especially the circulating medium flow for organ-to-organ communications. 

The PDMS-based pneumatic actuators mainly consist of two layers, the flow perfusion liquid channel 

layer and the pneumatic pressure actuating channel layer, separated by PDMS diaphragms. For the 
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microvalve, there are mainly two types, check-valve131 and Quake valve96. Compared with the check-

valve, the Quake valve has the advantages of flexible flow control and simple integration. The Quake 

valve was widely used in the microfluidic system. The diaphragm was actuated by positive pneumatic 

pressure to close the flow channels, by the diaphragm contacting the liquid channel. The shape of the 

flow channel is important for sealing. For example, the rounded channel achieved a total close of around 

40 kPa, but the rectangular would not completely close even above 200 kPa.96 And for the micropump 

is generally composed of several microvalves or micro-pumping chambers with a sequencing actuating, 

for generating one-directional flow. The structure of microchamber size and diaphragm thickness 

affected the pumped flow rate. It was reported the circular shape chamber realized a much higher contact 

ratio, and was beneficial for the flow pumping.132 Therefore, in this study, we focused on the Quake 

valve with a semi-round shape channel and micropump with circular chambers (Figure 3-1). From the 

viewpoint of single diaphragm actuating, the working principle of microvalve and micropump are 

similar to each other. A combination of investigation of them will be incorporated in this chapter.  

 

Figure 3-1 The illustration of PDMS-based pneumatic actuators from previous research. The Quake-

type microvalve with a semi-round shape liquid channel; the micropump with a three-circular liquid 

channel and the same size diaphragms under 3-phase actuating. 

 

Nowadays, fabricating controlled 3D microfluidic channel structures can be realized by digital-

micromirror-device (DMD)-based grayscale lithography, with precisely controlled wafer-level scale.133 

The process parameters of grayscale lithography were gotten from a series process of optimization 

(Appendix I Supplementary fig. S3-1).134 Furthermore, the coupling of pneumatic actuators and the 

microfluidic device is a crucial element for precisely controlling flow perfusion. A well-designed 

structure and actuating methods are necessary. To accomplish this work, an evaluation and design 

model is needed. Currently, with the development of computational fluid dynamics (CFD), researchers 

have established simulation models for finite element analysis (FEA) of the microvalve and micropump 

performance.135–139 The studies of the pneumatic actuators' simulation of the diaphragm deformation 

were investigated from the configurations, response time, and contact pair.136,140  
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For the microvalve closing the liquid channel, to overcome the elements of birth/death in the contact 

area of the diaphragm, a high-viscosity region between the two contact surfaces was used, which 

reduced the calculation load.137 Also, a high-resistance porous media mode was developed to solve the 

contact issues.141 These models were avoiding the diaphragm contact, which more or less affected the 

microvalve dynamical function improvement. However, to obtain an optimized semi-round structure of 

the liquid channel with improved sealing properties, a three-dimensional contact analysis is needed. 

The diaphragm and fluid channel contact profile shall be used to optimize the fluid channel structure, 

which is applicable for practical usage. 

For the micropump, a fluid-structure interaction (FSI) of finite element (FE) model was used to design 

the pumping chamber and diaphragm for flow volume estimation.135 Similar to the microvalve, to 

reduce the calculation load, the contact of the diaphragm and flow channel was avoided in the simulation 

model. And, the micropump simulation model was estimated with single circular diaphragm flow 

volume generation.142,143 The combination of three circular pumping chambers has little been 

investigated. One of the main obstacles was related to the conflict of backflow between each pumping 

chamber, i.e. obstacles of flow rectification,144 leading to increased computational efforts. Also, the 

definition of phase sequencing and timing control was complicated during three diaphragm actuating.123 

Furthermore, a demonstration of pump capacity in a microfluidic system, like hydraulic resistance 

change, was a necessary factor for the complicated and variable microfluidic cell culture systems.145 

Here, we analyze and characterize the performance of the PDMS-based pneumatic microvalve with a 

semi-round shape channel, modified from Quake’s microvalve (Fig. 3-2a). Then, we characterize and 

design PDMS circular diaphragm-based micropump for higher pumping performance (Fig. 3-2b). This 

simulation model is based on fluid-structure interaction analysis and allows estimating the flow rate 

depending on the operation sequence of the pneumatic actuators, resulting in programmable medium 

recirculation in a complex microchannel network of BoC.  

 

Figure 3-2 The conceptual illustration of the structure and actuating of the pneumatic actuated 

microvalve and micropump. (a) the microvalve with semi-round shape flow channel and actuating 

methods; (b) the micropump with normal straight channel and diffuser/ nozzle channel structure, and 

related working principle of the micropump in a two-phase actuating model. 
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3.2 Design and analysis of pneumatic actuators 

3.2.1 Microvalve with semi-rounded channel 

For the microvalve, the pressure was applied to the bottom pneumatic channel, which pushed up the 

diaphragm. Due to the semi-rounded shape of the flow channel, the deformed diaphragm can completely 

cover the flow channel. To achieve complete closure of the flow in a designed pressure, the shape of 

the rounded channel should be consistent with the deformed diaphragm (Figure 3-3). Furthermore, a 

well-matched structure has a larger occupancy ratio for flow driving.27,146 The traditional microvalve 

rounded shape fabrication method mainly used the resist reflow method with uncontrollable shape.96 

To control the structure, wafer-level grayscale lithography was used to precisely fabricate the channel 

shape in this research. 

 

 

Figure 3-3 The structure of a semi-round shape channel for microvalve closing liquid channel in a 

designed pressure. DMD: digital micromirror device. 

 

3.2.2 Peristaltic micropump and actuating sequence 

The general pneumatic micropump consisted of three diaphragms, working in a peristaltic pattern (Fig. 

3-1).123 In this study, the micropump follows this classic design of three chambers with PDMS 

diaphragms (Fig. 3-4a). However, the actuating method is modified as two-phase sequences (Fig. 3-

4b), based on the inertial mass difference micropump,98 to reduce the actuating duration of one cycle 

and increase actuating frequency (one sequence actuating of three diaphragms), compared with Fig. 3-

1. Namely, the center chamber size is larger than the two sides. When actuating two diaphragms at the 

same time, the response of deformation for the small diaphragm is faster than the big-size diaphragm, 

which makes a peristaltic movement pattern between two diaphragms in a phase pressure actuating (Fig. 

3-4b). And coupling with another smaller diaphragm in phase 2, the flow could be continuously 

generated in one direction. Simultaneously, the purpose of this ‘two phase’ actuating method is also to 

simplify the actuating sequence, which reduces the efforts of frequency and pressure control from the 

pneumatic system. To be noted, here, the description of circular liquid channel shape was the same as 

the circular diaphragm shape. 
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Figure 3-4 The illustration of micropump actuating in two-phase sequence mode. (a) Micropump 

structure and size; (b) micropump actuating sequence and diaphragm deformation shape. Note: the 

liquid channel shape was equal to the diaphragm shape. 

 

3.2.3 Modeling the diaphragm deformation 

To describe the nonlinear stress-strain characteristics of PDMS, a hyperelastic material model of solid 

mechanics in COMSOL Multiphysics (Ver. 6.0, COMSOL Inc.) was used in the analysis. A 

hyperelastic material model is a model in which the relationship between stress and strain is determined 

by a strain energy density function.147 The Neo-Hookean model,148–150 which is usually used for PDMS 

deformation analysis, was used in this study, as follows function. 

𝑊 =
1

2
𝜇(𝐼1 − 3) +

1

2
𝜅(𝐽𝑒𝑙 − 1),                                                              3 − 1 

where 𝑊 is the strain energy density function, 𝜇 is the shear modulus, 𝐼1 is the invariant of the right 

Cauchy-Green deformation tensor, 𝜅 is the volume modulus, and 𝐽𝑒𝑙 is the elastic volume modulus.  

The shear modulus and volume modulus, which are constants in this function, can be obtained from 

Young's modulus and Poisson's ratio as follows equations.147 

𝜇 =
𝐸

2(1 + 𝜈)
,                                                                                3 − 2 

𝜅 =
𝐸

3(1 − 2𝜈)
.                                                                               3 − 3 
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Since PDMS is an incompressible material, Poisson's ratio is often set to 0.5. However, in the finite 

element method, if Poisson's ratio is set to 0.5, the denominator of the coefficient becomes 0 and the 

calculation cannot be performed. Therefore, a Poisson's ratio of 0.499 was used in this study.151 

For the contact boundary setting between the deformed diaphragm and the upper surface of liquid 

channels, the penalty automatic method was used to model the contact conditions in case of spring with 

small deformation in the contact area.152 The contact pressure in the normal direction is governed as 

follows equation. 

𝑇𝑛 = {
−𝑝𝑛𝑑𝑔                  𝑖𝑓 𝑑𝑔  < 0

0                             𝑖𝑓 𝑑𝑔  ≥ 0
 ,                                                          3 − 4 

𝑝𝑛 =
𝐸

ℎ𝑚𝑖𝑛
 ,                                                                                3 − 5 

where 𝑇𝑛 is the contact pressure in the normal direction, and 𝑝𝑛  is the penalty factor. 𝑑𝑔 is the gap 

(penetration) that is the distance between two existing contact nodes. E is the material Young's modulus.  

ℎ𝑚𝑖𝑛 is the minimum mesh size on the destination node. 

 

3.2.4 Modeling the circular diaphragm-based micropump 

For the fluidic dynamic analysis, it is difficult in dealing with the discontinuity of the fluid field for 

contact cases of the fluid-structure interaction (FSI), owing to the element of birth/death.137 Therefore, 

to get smooth convergence of the flow simulation and reduce the computational effort, first, a contact 

analysis was used to simulate the diaphragm contact. Then, a liquid volume formed by the deformed 

PDMS diaphragm was converted into a cylinder with the same volume and height as the liquid channel 

(Fig. 3-5a). Finally, the fluidic simulation was converted into a 2D cross-section geometrical model of 

the micropump (Figure 3-5b). The diaphragm deformation process was equivalently simulated by the 

concentric circle that varies in radius. 
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Figure 3-5 Numerical simulation model for the fluidic flow generation by three circular diaphragms. (a) 

The diaphragm deformation volume converting into a cylinder volume with the same volume and height; 

(b) the geometrical design and boundary setting of the simulation; (c) equivalent cylindrical circle radius 

change and auto-meshing methods for solving the deformed domain. 

 

An auto-mesh function with normal direction moving mesh was used to mimic the three circular 

diaphragms suppressing the solution (Figure 3-5c). The equivalent circle radius change was used, 

which could be converted from the diaphragm volume change ratio (𝜕) of practical measurement as 

follows: 

𝜕 =
𝑉𝑚

𝑉𝑡𝑜𝑡𝑎𝑙
=

ℎ ∙ 𝑆𝑐

ℎ ∙ 𝑆𝑡𝑜𝑡𝑎𝑙
=

𝑅𝑐
2

𝑅𝑡𝑜𝑡𝑎𝑙
2   ,                                                     3 − 6 

where 𝑉𝑚 , 𝑉𝑡𝑜𝑡𝑎𝑙  are the measured volume of the deformed diaphragm and the total volume of the 

micropump cylindrical chamber. ℎ is the height of flow channels. 𝑆𝑐  , 𝑆𝑡𝑜𝑡𝑎𝑙 are equivalent cylindrical 

circle surface area of the moving mesh section and the cross-section surface area of the micropump 

chamber cylinder. 𝑅𝑐  , 𝑅𝑡𝑜𝑡𝑎𝑙  are the equivalent circle radius (moving mesh displacement) and the 

radius of the cross-section of the micropump circular cylinder. 

Due to the micropump working in the low-frequency ranges in the microfluidic system, the Reynolds 

number (Re) was quite small. The flow could be calculated by the laminar flow module of COMSOL 

Multiphysics (Ver. 6.0, COMSOL Inc.).  

The flow is assumed to be laminar Newtonian, viscous and incompressible flow without gravitation or 

other volume forces. And the Navier–Stokes equations in Arbitrary Lagrangian–Eulerian (ALE) 

formulation are used as the governing.153 
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ρ
∂u

∂t
− ∇[−𝑝𝐼 + 𝜇(∇𝑢 + (∇𝑢))

𝑇
] + 𝜌((𝑢 − 𝑢𝑚)∇)𝑢 = 0,                                    3 − 7 

∇u = 0,                                                                                  3 − 8 

where ρ is the fluid’s density. 𝑢 is the velocity field of the flow. 𝑝 is the fluid pressure, 𝐼 is the identity 

tensor. 𝑢𝑚 is the mesh velocity due to the movement of the coordinate system, which was related to the 

time-dependent change of 𝑅𝑐. and ∇ is the differential operator with respect to the Eulerian coordinates. 

T is the absolute temperature. 

And the inlet/ outlet was set as the open boundary. The original mesh size was physics-controlled finer 

mesh in deforming domain and coarser mesh in other parts. Due to the changing surface area, in the 

time-dependent solver, an automatic re-meshing was set with a Backward Euler consistent initialization 

(0.01 s), which kept the constant initial value. 

The index of the pump performance was the pump flow volume and pumping pressure in the liquid 

channel by evaluating the pump against an external load. For the microfluidic system, the load mainly 

was the hydraulic resistance along the micro or nano scale fluidic channel. Therefore, the external 

hydraulic resistance was defined to represent the resistance, connecting two sides of the in- (Rin) and 

outlet (Rout) of the micropump (Fig. 3-6). A channel with two diffuser/ nozzle structures (nozzle angle 

θ: 0° - 30°) was designed into the micropump with the different liquid chamber (Figs. 3-2b and 3-6), 

which was typically designed in the micropump with the single liquid chamber to increase the flow 

rate.121 

 

 

Figure 3-6 The simulation model for the micropump performance analysis. 

 

To investigate the microfluidic flow for wide applications, a larger range of hydraulic resistance was 

taken into consideration. To clearly illustrate, the fluidic hydraulic resistance was simplified according 

to the below function with the initial hydraulic fluidic resistance of the inlet/out channel of micropump 

and resistance factor k.56  



30 
 

𝑅 = 𝑅𝑖𝑛 + 𝑅𝑜𝑢𝑡 = 𝐶𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑦𝜇
𝐿

𝐴2
= 𝑘𝑅𝑝𝑢𝑚𝑝  (𝑘 ≥ 1),                                  3 − 9 

where 𝑅 is the hydraulic resistance. 𝐶𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑦 is a geometric coefficient decided by fluidic channel 

shape, like 𝐶𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑦 = 12 × (𝑤/ℎ)/(1 − (ℎ/𝑤) × ((192/𝜋5) × ∑(⋯ )))  for the rectangular 

channel (ℎ is the height of the channel, 𝑤 is the width of the channel).56 𝐿 is the length of the channel. 

𝜇 is the fluidic viscosity. A is the surface area of the cross-section. 𝑅𝑝𝑢𝑚𝑝 is the original micropump 

hydraulic resistance of the inlet/outlet. For the present simulation model (Fig.3-4 the sum of outlet and 

inlet channels-width 400 µm × height 90 µm × length 1 mm of viscosity μ 0.001 Pa·s), Rpump is estimated 

to be 8.23×1010 Pa·s/m3. k is the resistance factor to represent the magnitude of R resistance. When k=1, 

it means the micropump has no external resistance (empty load), the resistance is the micropump initial 

resistance of the simulation model.  

 

3.3 Methods 

3.3.1 Chip fabrication  

The device was fabricated by using the multilayer soft-lithography method (Fig. 3-7).154  For the 

microvalve, the round flow channel (perfusion layer) mold was fabricated by grayscale lithography. 

Generally, a positive resist (PMER P-LA900PM, Tokyo Ohka Kogyo) was spin-coated with a thickness 

of 45 µm on the wafer. Subsequently, digital micromirror device (DMD)-based grayscale lithography 

(DL-1000GS/KCH, NanoSystem Solutions) was performed using numerically optimized mask data133 

to achieve precise wafer-level mold fabrication (Appendix I). This allowed complete sealing of the 

microchannels with micro-valves and high-efficiency driving for the peristaltic micro-pumping system. 

And the pneumatic channel layer (control layer) mold was fabricated from a 30 µm thickness of negative 

photoresist (TMMR S2000, Tokyo Ohka Kogyo) and patterned by the standard photolithography 

method. 

For the micropump, the resist mold was fabricated from a film-type negative photoresist (TMMF S2045, 

Tokyo Ohka Kogyo). The pneumatic channel layer (control layer) and flow liquid channel layer 

(perfusion layer) were 90 μm, which was controlled by the number of laminated sheets of TMMF. After 

UV exposure using a mask aligner (MUM-1000 Series, Japan Science Engineering)155,156 with Cr- glass 

masks, the resist mold was patterned on the silicon wafer. For the development, the resist molds were 

put in a propylene glycol monomethyl ether acetate (PGMEA) solution (PM Thinner, Tokyo Ohka 

Kogyo) at 23 °C for 30 min.155,156 

For the PDMS chip fabrication, the PDMS base and curing agent (Sylgard 184, Dow Corning) in a ratio 

of 10:1 were poured onto resist molds and cured at 25 °C over 48 h. The designed diaphragm thicknesses 

of the microvalve (20 μm) and micropump (60 μm) were tuned by spin coating to PDMS gel on the 
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control layer wafer. The perfusion layer was aligned and bonded on the upside of the control layer, after 

VUV surface activation (Min-Excimer SUS713, Ushio) in an oven at 80 °C for 2 h. Then, the peeled-

off PDMS layers were bonded on the glass substrate and heated in an oven at 45 °C for 24 h. 

 

Figure 3-7 Microvalve and micropump fabrication process. Grayscale resist mold fabrication as 

described in Appendix I. 

 

3.3.2 System operation and volumetric flow rate measurement 

The experimental setup for microvalve and micropump actuating was shown in Fig. 3-8a and b. The 

pneumatic channel layer (control layer) was first filled with water to remove the risk of air bubble 

formation within the chips.27 Then the chip was connected to the pneumatical control system. A solenoid 

valve was used to selectively actuate and release the pressure in the control layer channels. A LabVIEW 

program (Version 11.0, National Instrument Inc.) and NI cRIO controller board (National Instrument 

Inc.) were used to control the solenoid valve. The compressed air source was the control by the pressure 

regulator, which was connected to a mini-compressor (Anest Iwata Corporation). The pressure was 

released by directly opening the solenoid valve to the atmosphere. 

The volumetric flow rate measurement (Fig. 3-8c) was realized by calculating the water-level moving 

in a Teflon tube (0.5 mm inner diameter, PILOT) with a designed time (5 min). Briefly, a water reservoir 

of a syringe shell (diameter 5 mm, TERUMO) was connected to the inlet of the chip by the Teflon tube. 

The outlet has also connected to the tube. A water head of the water reservoir was created at the 

beginning. Until the water level was not moving in the outlet tube. The system reached a balance to all 

the friction and capillary forces in the tube and chip channels. Then, the micropump was actuated and 

the water level moving distance in 5 min was recorded. Next, the volumetric flow rate was calculated 

as the mean flow volume of 1 min along the tube. 

To characterize the flow velocity and performance of the microvalve and micropump, the microbeads 

(20 and 10 μm in diameter) tracing was used for visualizing the medium flow in the chip channel. Before 
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the experiments, the microfluidic chip was coated with 1% (w/v) bovine serum albumin (BSA, Sigma-

Aldrich) in PBS for 2 h at 25 °C to prevent the nonspecific adhesion of beads on channels. The beads 

were suspended in a 1% BSA solution at 1 × 106 beads ml−1; subsequently, a bead-suspended solution 

was introduced into the chip. The movement of the microbeads was captured using a microscope (GX53, 

Olympus) with a CMOS camera (Edomond Optics, 50 fps). The captured video data was divided by the 

imagJ software (Ver. 1.52a, National Institutes of Health) and analyzed in a program by Matlab (Ver. 

R2022a, MathWorks).  

 

Figure 3-8 The experiment setup for the chip actuating and volumetric flow rate measurement. (a) the 

experiment system and equipment for chip evaluation experiment; (b) the control system for micropump 

actuating; (c) the principle of volumetrical flow rate measurement. 

 

3.4 Results 

3.4.1 The optimization of the semi-round shape channel  

To design and optimize the semi-round shape structure of the microvalve, the validity of its pressure 

dependence on the diaphragm deformation was confirmed by the FEM results (Fig. 3-9), considering a 

contact analysis of the PDMS diaphragm deformation in the flow channel. The pressure of 50 kPa in 

the experiment agrees well with the pressure of 57 kPa in the analysis where the deformed PDMS starts 

to seal the 44.1 µm flow channel (Figs. 3-9 a and b), due to the fabrication error. But it could not 

completely close the channel, leaving a small gap. Instead, the 65 kPa has much better working 

performance. In addition, the flow channel of the valve was fully deformed at pressures over 140 kPa 

in the analysis, resulting in maximum diaphragm deformation (Fig. 3-9c). According to the simulation 

data, we refabricated the microvalve device by optimized grayscale lithography process (Fig. 3-9d and 

Appendix I), with a 45 μm height round flow channel and 200 μm ×200 μm diaphragm surface area. 

The photoresist mold profile of the fabricated microvalve was measured using a mechanical stylus 

profiler (Dektak XT-S, Bruker), which agreed well with the target profile of the 65 kPa simulation 
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diaphragm profile (Fig. 3-9e). However, the error between the measurements and FEA results, albeit 

small, may have resulted from the material properties of the PDMS. For example, Young’s modulus of 

PDMS can vary from 50 kPa to 4 MPa depending on the process conditions.149 The microvalve became 

less stable when the pressure was below 100 kPa. Therefore, a pressure of 150 kPa was generally 

selected because achieving a constant and reliable microvalve full deformation for sealing is important, 

particularly when integrated into MPS devices has high backflow pressure. 

 

Figure 3-9 Characterizing the semi-round shape microvalve actuating. (a) The simulated cross-

sectional profile of the deformed PDMS diaphragm. (b) 3D profile of the PDMS diaphragm deformed at 

a pressure of 57 kPa, which started to seal the liquid channel with a height of 44.1 μm. (c) Simulated 

3D profiles of deformed PDMS diaphragm contacting the flow channel. (d) Optimized grayscale pattern 

for semi-round shape microvalve flow channel; (e) Comparison between the stylus measurement of 

fabricated microvalve and the target profile of 45 μm under diaphragm deformation of 65 kPa. 

 

3.4.2 Three microvalves for interstitial flow pumping 

The developed microvalve could successfully close the flow channel, as described in the previous 

section. Furthermore, the three connected microvalves with a sequencing actuating could also generate 
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a designed directional fluidic flow (Fig. 3-10a).96  The driving pressure and actuation frequency of 

cyclic operation are two key factors affecting the performance of the microvalve pump. In the previous 

description, under 150 kPa, the diaphragm of the microvalve could achieve full deformation with 

smooth actuating. Therefore, we measured this microvalve working performance under 150 kPa. We 

measured the microbeads' movement path and related time, for calculating the flow rate. The flow rate 

shows a consistent trend with the driving frequency and almost linearly increases with the frequency 

until it reaches a peak value of 63.0 nL/min at a frequency of 3 Hz (Fig. 3-10b).  

For the microfabricated MPS device with a total loop medium of 3 µl,27 when pumping at 15-20 nL/min, 

this system has a flow velocity perfusion of nearly 1 µm/s (termed as an interstitial flow). And the 

closed loop circulation would obtain a total medium exchange within 3.3 min. Notably, this pumping 

performance is sufficient for recapitulating and enhancing the metabolite interaction of multi-organs 

MPS in this study (Chapter 4).  

 

Figure 3-10 Microvalve for pumping the interstitial flow with nanoliter range. (a) Schematic illustration 

for the sequence of the microvalve pump actuation and intervals of actuation time for each solenoid 

valve. (b) The measured volumetric flow rate of the medium flow in the closed-loop MPS device27 

operated using the integrated three-connected microvalve under 150 kPa pneumatic pressure. 

 

3.4.3 Modeling volumetric flow by three circular diaphragm-based micropump  

The three microvalves set for flow pumping can generate a one-directional flow, however, it could not 

provide a larger range of the flow rate. Furthermore, in some cases, a simplified microactuator provides 

more reliable working performance for the MPS. 127,157,158 Therefore, we continue to analyze the 

micropump with different sizes of the circular diaphragm for flow perfusion. 

For the micropump actuating process, the deformation volume of the circular diaphragm is one of the 

foremost elements for the micropump flow generation. The diaphragm deformation volume was equal 

to the squeezed liquid volume in the chamber. In this micropump, the diaphragm was deformed and 

attached to the upper surface of the fluidic channel, but it did not cover all the flow channels (Fig. 3-
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Microbeads 
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11a). This deformed diaphragm profile was closed to a truncated cone shape. With the increase of 

applied pressure in the control channels, the big diaphragm started to attach to the liquid channel surface 

at around 10 kPa (Fig. 3-11b), and the small diaphragm was around 50 kPa. The simulation data (E=1.4 

MPa) was consistent with the measurement data. Then, we measured the diaphragm deformation profile 

and calculated the volume formed by the deformed PDMS diaphragm (Fig. 3-11c). From 0 to 150 kPa, 

all the diaphragms’ deformation volumes increased. But there is not so much difference between 150 

kPa and 200 kPa. It indicated the 150 kPa would be close to the peak value for the currently designed 

dimension of the micropump. 

 

Figure 3-11 Measuring and analyzing the big (D-0.8 mm) and small (d-0.5 mm) diaphragm deformation 

and contact with the liquid channel upper surface. (a) the two diaphragm deformation and contact 

profiles from measurement and simulation results under 150 kPa pressure; (b) the measured and 

simulated (E=1.4 MPa) results of diaphragm contact area diameter; (c) the two diaphragm deformation 

volume dependent on the applied pressure. 

 

In the fluidic simulation for micropump, the pushing down and up actuation of the diaphragm caused 

the fluid field to be changing between with and without continuity, which increased the FEA calculation 

effort and could not get convergence. Therefore, a 2D simulation model was developed. The top view 

of the micropump was taken into calculation. Due to the deformation profile of the diaphragm being 

closed to a truncated cone shape, the deformed diaphragm in the top view is a circle. The diaphragm 

deformation process can be thought of as a growing circular boundary to squeeze the liquid in the 

chamber (Fig. 3-5). Therefore, an equivalent volume sweeping of the diaphragm was converted to a 
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cylinder with the same volume and height. Namely, the diaphragm deformation volume in the liquid 

chamber was calculated and transformed to the change by a cylindrical circular interface with the same 

height (Fig. 3-5). Based on the aforementioned equation 3-6 and Fig. 3-11c, we got the radius value 

(Table 3-1). 

Table 3-1 The cylindrical radius magnitude changing with applied pressure 

Pressure (kPa) 50 100 150 200 

D-0.5 Big-diaphragm radius (mm) 0.331 0.352 0.362 0.367 

d-0.5 Small-diaphragm radius (mm) 0.178 0.197 0.206 0.214 

 

The diaphragm deformation time-dependent manner is another crucial factor for the micropump 

actuating. In this study, the diaphragm push-up motion was realized by applying pressure, and the push-

down motion was realized by its elastic property. Then, we measured the diaphragm deformation 

duration. The time consisted of pneumatic actuating time and diaphragm recovery time, which were 

related to the applied pressure (Table 3-2). It is also necessary to be noted that the recovery time was 

also depending on the adhesion force of the contact area. Here, we fixed the surface condition of the 

diaphragm and liquid channel, and the adhesion conditions were fixed. Furthermore, the small size 

diaphragm responded much faster than the big diaphragm. The two-phase sequence actuating could 

generate the peristaltic pattern movement. Notably, the duration represented the diaphragm actuating 

limitation range. For example, under 150 kPa, the big diaphragm takes about 0.63 s to finish a phase of 

actuating and recovery. If the pneumatic actuating period was faster than this diaphragm duration, the 

overlapping phenomenon would happen, and the diaphragm could not work under total deformation or 

recovery, which may reduce the generated flow by the micropump. 

Table 3-2 The diaphragm deformation duration 

Big-diaphragm (D=0.8 mm)  Small-diaphragm (d=0.5 mm) 

Pressure 
(kPa) 

Actuating  
time (s) 

Recovery 
time (s) 

 
Pressure 

(kPa) 
Actuating 
 time (s) 

Recovery  
time (s) 

50 0.22 0.24  50 0.06  0.06 

100 0.24 0.34  100 0.11 0.11 

150 0.26 0.37  150 0.14 0.14 

200 0.27 0.40  200 0.14  0.14 

 

We combined the interface radius change (Table 3-1) and the diaphragm actuating duration time (Table 

3-2) in an FEA model to simulate the micropump actuating and drive the fluidic flow. Based on the 

above measurement, we set up step radius functions for each diaphragm (Figs. 3-12a and b). The y-

axis (radius change) and x-axis (time) of the step function were consistent with the corresponding data 

in Table 3-1 and Table 3-2. In this way, we could simulate the micropump working with frequency 

and pressure dependence. First, the normal micropump with the same size pumping liquid chamber was 
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working under 3-phase actuating (Fig. 3-1). It was simulated as shown in Fig. 3-12a. Then, for the 

different size liquid chambers (different size diaphragms), the 2-phase actuating simulation was shown 

in Fig. 3-12b and c. It also modeled the diaphragm over-lap situation in this simulation. It demonstrated 

the three circular diaphragm deformations were simulated to drive the liquid flow. And this model could 

be used to study the micropump flow generation in the following sections. 

 

Figure 3-12 Simulating the three-circular diaphragm to drive the liquid flow. (a) simulating the flow 

velocity generated by a normal micropump with the same size liquid pumping chamber and 3-phase 

actuating (Fig.3-1) in 1 Hz frequency under 150 kPa pressure. (b) the radius function of three 

micropump diaphragms with different size liquid pumping chambers in 1 Hz and 2.5 Hz frequencies 

under 150 kPa pressure; (c) Simulating micropump with different size diaphragms driving the fluidic flow 

in one-single period cycle under 1 and 2.5 Hz with 150 kPa pressure actuating. 

 

3.4.4 Characterizing the pumping performance  

To characterize the micropump performance, we evaluated the parameter of pumping performance, 

namely the micropump-generated flow volume and flow pressure in the liquid channel. To begin with, 

pneumatic micropumps with the same size liquid chamber volume (straight channel ɵ=0°, all diaphragm 

diameter: 0.8 mm) were analyzed (Fig. 3-13a). In the simulated results of the micropump with the same 

size liquid chamber under the three-phase actuation mode (Fig. 3-1), the maximum flow volume of 2.02 

μl/min was obtained at the frequency of 1 Hz when applying the pressure of 150 kPa; however, the flow 
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volume dropped to 1.03 μl/min at the frequency of 1.5 Hz. In contrast, the different size diaphragms 

could be used for two-phase actuation, owing to the inertia mass,92 to improve the micropump flow rate. 

Accordingly, the volumetric flow rate of the micropump linearly increased to 3.79 μl/min under the 

same frequency and pressure conditions (Fig. 3-13a). The validity of this frequency dependence of the 

flow volume was confirmed by the experiment. The experimental results showed the flow rate has a 

similar frequency-pressure-dependent tendency to simulated results. Therefore, two small liquid 

chambers with diaphragms diameter of 0.5 mm with a short duration of deformation (1 s reduced to 

0.67 s) was for faster responding to the one-directional flow perfusion, and one large liquid chamber 

with a diaphragm diameter of 0.8 mm was for increasing the pumping volume. These results 

demonstrated the validity of the simulation model to estimate the flow volume depending on the 

operation parameters. It indicated the improved pumping flow rate with two-different liquid chamber 

volumes. 

Then, we used the simulation model to evaluate the structure of the micropump liquid channel and the 

pumping performance for the micropump design. For the fluidic channel of micropump shape, we 

modified it from a diffuser/nozzle structure or trapezoidal structure (Fig. 3-13b), which was widely 

used in the other diffuser/nozzle micropump to improve one-directional flow.121 We also found the 

simulation results of flow rate matched the measured results with a similar frequency-dependent 

tendency.  

To analyze the pumping performance (the pressure and flow rate of the liquid channel) for the system, 

the external hydraulic resistance of two discharge ports was increased for the ‘power-load’ relation 

curve. The basic hydraulic resistance of two inlet/outlet channels (Rpump) was 8.23×1010 Pa·s/m3, 

calculated according to equations 3-9. To simply display the relationship, we used the resistance factor 

k to standard for the external resistance. The k has a wide range in the simulation for mimicking 

complicated system-level conditions of microfluidics. 

For the pressure and resistance, with the increase of the hydraulic resistance, the pumping pressure was 

increased (Fig. 3-13c). This is the ability of the micropump against external resistance. For the straight 

channel ɵ=0°, the maximum pressure was 33 Pa. But the trapezoidal structure, ɵ=20°, and ɵ=30° 

achieved maximum pressure of 41 Pa and 55 Pa, respectively. In the present dimension design, the 

trapezoidal structure (ɵ=30°) could extend the pumping pressure. It indicated the trapezoidal structure 

has a higher capability against external resistance. 

For further analysis with the simulation model, we evaluated the pumping volume of flow rate with 

fluidic resistance changing. As shown in Fig. 3-13d, the mean flow volume was reduced by increasing 

the magnitude of resistance under the operation condition of 150 kPa and 1.5 Hz. In the case of the 

micropump with a straight channel, i.e. nozzle angle θ = 0°, the higher flow volume was obtained when 

k ⩽ 400. In this magnitude range, the flow volume of the micropump with the nozzle angle of 30° is 
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constant and lower. But it is reversed with the straight channel when k ⩾ 1000. Therefore, the 

micropump with nozzle-diffuser channel provides a higher pumping performance for the medium 

perfusion with high hydraulic resistance (with a flow rate smaller than 1 µ/min), which is a normal 

condition of the interstitial flow of some MPSs.159,160 

 

Figure 3-13 Micropump working performance evaluation with different liquid channel structures and 

channel hydraulic resistances. (a) The simulated and measured results of pressure-frequency-

dependent flow volume of the normal straight channel. 150 kPa D=d= 0.8mm means the normal circular 

liquid channel micropump with the same size three liquid pumping chambers. And other conditions are 

the different size liquid pumping chambers. (b) The micropump working performance evaluation from 

simulation and measurement for the three angled channels, under 150 kPa actuating pressure. (c) The 

discharge pumping pressure in the liquid channel under a larger range of external channel resistance. 

(d) The discharge pumping flow volume in the liquid channel under a larger range of external channel 

resistance. 
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3.5 Discussions 

3.5.1 The DMD-based grayscale lithography fabrication for microvalve 

The traditional semi-round shape channel fabrication for Quake-type microvalve was the resist 

reflowing method.161 To improve the reproducibility of this process, DMD-based grayscale lithography 

at the wafer level was employed to fabricate a high throughput with a controlled mold structure for a 

microvalve channel.133 The design of a digital grayscale mask pattern was the most important step for 

this grayscale lithography. In the previous research, the digital grayscale mask pattern was designed by 

an FEA simulation of a diaphragm deformation.134 However, it did not consider the diaphragm 

deformation in a microfluidic channel. Also, the involved contact with the channel wall surface was 

neglected. To obtain a more precise grayscale pattern, in this research, a simulation of the three-

dimensional profile of the deformed PDMS diaphragm was developed. The fabricated microvalve 

system could be integrated into an MPS system with high throughput valve sets (Appendix I), which 

realized higher performance of flow routing control. 

 

3.5.2 The circular diaphragms with the same or different sizes for micropump 

For the micropump, in this research, we designed three different size diaphragms with one big and two 

small sizes (Fig. 3-4), which could achieve a 2-phase sequence of actuating. The reason we did not use 

the same size liquid chamber (three diaphragms with a diameter of 0.8 mm) with 3 phases was the 

narrow actuating frequency range and low flow volume. The three diaphragms of the same size liquid 

chamber take a total of 1 s duration for one-period deformation. To avoid the overlap of each diaphragm 

acting, the actuating frequency shall be less than 1 Hz (Fig. 3-12a). It also leads to a low pumping flow 

rate with a maximum flow rate of 2.02 μl/min under 150 kPa pressure. While the micropump used in 

this research (2-phase with different-size diaphragms) has a relatively faster period of 0.63 s and could 

get a maximum of 3.37 ul/min at the same condition. It demonstrated that the 2-phase actuating system 

not only reduced the control system's working steps but also improved the flow volume. With a wider 

range of flow rate control, it is better suited for the microfluidic cell culture system. 

 

3.5.3 Simulating the microfluidic hydraulic resistance change 

In the microfluidic cell culture system, the volumes of fluids were from microliters to nanoliters, even 

to femtoliters.162 This is correlated to the micro-to-nano size fluidic channel or cell culturing conditions, 

which induces variable hydraulic resistance against the pumping flow rate. In this research, we used a 

larger range of variable hydraulic resistance factor k to evaluate the micropump performance. Thus, the 

microfluidic channel resistance in different cases can be simulated. To calculate the k, first, the initial 
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k=1 indicated the Rpump, the initial resistance of the micropump discharge part in the simulation. Then, 

according to equations 3-9, the external resistance can be changed from microfluidic viscosity μ and 

dimensions L/A2 to calculate each system R. Therefore, we used the k number to standard for the external 

resistance, which is R/Rpump. Therefore, the k and R have the same control factors, viscosity μ and 

dimensions L/A2. For the viscosity change cases by gels of microfluidic channels, the fluidic channel k 

changed to 1000 after being filled with gel for cell culture.163  For the cases of vascularized tissue arrays 

with multi-sets, the k could be regulated from 1000 to 100000, during the vessel development.63 For 

some cases of dimension change, for example, the holes of the porous diaphragm were covered by cells 

during cell growth, and the k would be regulated from 10 to 200.164  

Recently, with the application of diaphragm structure,165 the microfluidic cell culture system can be 

extended to a multilayered structure. Also, for the multi-organ MPS, a loop circulation system is 

important.92 These conditions may generate a more complicated hydraulic resistance system (compared 

with the normal open system), and it is suitable to use the electric circuit analogy to analyze the flow 

features.56 In this research, we provide the pump performance analysis method, considering the external 

resistance. It may serve as a considerable component for the electric circuit analogy model and promote 

understanding of the complicated multilayered structure and multi-organ MPS circulation. 

Besides, in this research, the resistance factor k of closed-loop channels is around 1000 (Chapter 4).27,92 

However, the multilayered structure (Chapter 5) will generate a back pressure around 50 Pa (about 5 

mm H2O level), which increases the load of circulation flow. According to pumping pressure evaluation 

results, it indicates the trapezoidal structure is more suitable for the circulation flow of the microfluidic 

cell culture system, especially for the multilayered structure MPS.92 

 

3.6 Conclusions 

The MPS devices, using an external micropump for fluidic circulation, have troubles with complicated 

tube connections and larger volume medium occupation.7,30,31 To precisely control the cell 

microenvironment perfusion and circulation flow of MPS, we need to design the on-chip microvalve 

and micropump. In this chapter, we characterized the performance of the PDMS-based pneumatic 

microvalve with a semi-round shape channel and micropump consisting of three circular diaphragms. 

We designed the microvalve and micropump by the FEA-based simulation, applying the contact 

analysis and fluid-structure interaction methods. In addition, we demonstrated the usage of the 

micropump with different size circular diaphragms (2-phase actuating) in wide-flow hydraulic 

resistance to mimic the case of the MPS system. We found the diffuser/ nozzle structure could control 

a more robust pump capacity than the normal straight channel, leading to a suitable flow for MPS.  
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The purpose of this chapter is to provide the concept of precise cell culturing microenvironment control 

by controlling the microactuators (Fig. 3-14a). As presented in the above section, the microvalve and 

micropump can be integrated into a micro-scale GLA-MPS system (Fig. 3-14b), for generating and 

controlling the circulation flow rate. In the following chapter, we will use the microvalve and 

micropump to build into the MPS, to achieve cell function improvement by the microenvironment 

control. 

 

 

Figure 3-14 The concept of cell fluidic culture microenvironment control by controlling the 

microactuators for GLA-MPS. (a) The cell culture environment control by microvalve and micropump; 

(b) the microfabricated GLA-MPS with microactuators. 
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4 Chapter 4 Integrated gut–liver-on-a-chip for modeling non-alcoholic 

fatty liver disease 

4.1 Introduction 

In chapter 1, the gut-liver axis (GLA) interaction was thought as one of the most important factors, 

leading to the non-alcoholic fatty liver disease (NAFLD) progression. Therefore, in this chapter, we 

focus on understanding the NAFLD initiation and progression via GLA. To enhance the GLA, We use 

microfabricated closed-loop circulation with improved medium exchanging (pre-discussed in chapter 

3). 

As we discussed in chapter 1, non-alcoholic fatty liver disease (NAFLD) is a common chronic liver 

disease that can result in hepatic steatosis, liver cirrhosis, liver cancer, and cardiovascular diseases.166–

169 it is expected to afflict 33.5% of the United States population over 15 years of age by 2030.170 Despite 

the urgent need for intervention at various stages of chronic fatty liver disease, the disorder mechanism 

is largely unknown due to the complicated processes that occur at multiple layers, which is known as 

the ‘multiple hit theory’. For example, fat accumulation, oxidative stress, endoplasmic reticulum (ER) 

stress, and genetic or epigenetic modifications can take place at the cellular level, and insulin resistance 

and inflammatory responses can take place in multiple organs depending on the individual and 

environment.35 To find new therapies for NAFLD, a thorough understanding of all of these processes 

are required. 

In this study, we focused on the gut-liver axis (GLA) because it is one of the most important factors in 

the development and progression of NAFLD.171,172 GLA dysfunctions, including intestinal dysbiosis, 

bacterial overgrowth, and alteration of mucosa permeability, caused by NAFLD, are potential 

therapeutic targets;173,174 but no drug has been made commercially available to date. This is largely 

because conventional preclinical animal tests do not accurately represent the problems of the multiple 

hit theory, lack accessibility to individual organs in living animals, and have a species difference. 

Therefore, establishing a simplified and robust model to study the GLA with NAFLD is crucial to 

obtaining deeper insights into the underlying mechanisms to discover new drugs, treatments, and 

diagnostic tools. 

As discussed in Chapter 1 and Chapter 2, Organs-on-chips (OOCs), also known as micro-

physiological systems (MPSs), have significant potential for in vitro preclinical testing12,175–177 and 

disease modelling.178 Notably, several important features should be emphasized to better understand the 

MPSs. First, it enables to exert of spatiotemporal control over cellular microenvironments to 

functionalize tissue cells. Second, a flow circulation of the cell culture medium can be generated to 

model multi-organ interactions involving paracrine and endocrine signaling. Finally, MPSs, associated 
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with cutting-edge cellular assays such as high-content analyses and the omics approach, provide 

quantitative and multi-parametric insights into biology that animal experiments do not.179  

MPSs have been used to mimic the GLA in vitro and demonstrate the role of GLA crosstalk in 

pathological situations, including fatty liver disease76,180 and inflammation181, for in vitro 

pharmacokinetic studies.28 However, to model the GLA, MPSs must be strengthened, and this requires 

the following four characteristics: a closed circulation loop, accessibility to individual chambers, tissue 

flow perfusion, and prevention of molecule concentration reduction from dilution and material 

absorption. First, the closed circulation loop is required for medium circulation to recapitulate inter-

tissue interactions in the GLA. Then, individual accessibility is necessary to introduce tissue cells into 

the desired chamber and harvest them after treatment without cross-contamination from other cells. The 

closed circulation loop and individual accessibility seem to be contradictory features, but both need to 

be accomplished to investigate the crosstalk between the gut and liver. Tissue flow perfusion is crucial 

in obtaining functional tissue cells in vitro, particularly for the gut.182. Some OOCs require the use of 

additional cell culture inserts (e.g. Transwell) to co-culture two or more types of cells separated by a 

porous membrane. Due to the macroscale medium dilution, it reduced the GLA crosstalk cytokine 

concentration. Moreover, they cannot be used for microfabrication and therefore frequently lack the 

benefits of microfluidic technology, such as control over the flow dynamics in the cell culture chamber 

and the cellular microenvironment. Moreover, these additional inserts often interfere with the 

microscopic observation of cells because they increase the working distance and light diffraction by the 

membrane’s pores. Polydimethylsiloxane (PDMS) is a widely used material for microfluidic cell culture 

systems, due to its biocompatibility, transparency, and elasticity properties. It is necessary to prevent 

PDMS absorption because PDMS causes the absorption of hydrophobic molecules and the loss of 

molecules such as metabolites, hormones, drug candidates, fatty acids, lipids, and fluorescent indicators, 

which can influence cellular phenotypes and assay results. In particular, free fatty acids (FFAs) are a 

critical factor in NAFLD. 

In this chapter, we present an integrated gut–liver-on-a-chip (iGLC) platform as a simplified in vitro 

human model of the GLA (Fig. 4-1), and this model can help obtain deeper insights into the underlying 

mechanisms of NAFLD for the development of new therapies. The iGLA platform27 has micro-valves 

and a microvalve pump to achieve individual accessibility for each cell culture chamber and a closed 

medium circulation flow to enhance GLA communication. The integrated microvalve pump controls 

the perfusion interstitial flow to activate cultured gut cells. The iGLC platform does not require 

additional cell culture inserts; therefore, it allows high-quality cell monitoring to achieve microscopic 

single-cell profiling. A simple surface coating with amphipathic molecules and an auto medium 

exchange timing control prevent the absorption of FFAs into PDMS. We co-cultured gut and liver cells 

with a closed circulation flow. To highlight initial and progressive NAFLD, we also induced a NAFLD-

like cellular state by administering FFAs to the platform for two periods (1 and 7 days). Finally, using 
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microscopic single-cell profiling in combination with mRNA sequencing (mRNA-seq), we will explore 

the distinct cellular phenotypic alterations and associated gene networks for the GLA in a cellular state 

resembling NAFLD. 

 

Figure 4-1 Design of the integrated gut–liver-on-a-chip (iGLC) platform to recapitulate NAFLD. (a) 

Schematic for NAFLD progression by free fatty acids (FFAs) via the gut-liver axis (GLA). (b) Photograph 

of an iGLC platform. The perfusion and control layers are colored in pink and blue, respectively. (c) 

Illustration of the iGLC platform used for NAFLD. Two cell culture chambers with cells (Caco-2 and 

HepG2) are linked by a microfluidic channel. Owing to microvalve, cell culture chamber is accessible 

without cross-contamination. A–A’ shows gut and liver cell culture chambers. B-B’ depicts microvalves 

that are open and closed. By applying pressure to the control layer's microfluidic channel, the elastic 

PDMS diaphragm closes the normally open valve. 

 

4.2 Methods 

4.2.1 Chip fabrication and surface treatment 

(a) Chip fabrication. Following prior findings, the iGLC platform was constructed from flexible 

PDMS (SYLGARD 184, Dow Corning) polymer using a multilayer soft lithography replica molding 

approach (Fig. 4-2, and Appendix I).133,134 The control layer consisted of microchannels supplying 

hydraulic pressure that was cast from a 30 µm-thick negative photoresist mold (TMMR S2000, Tokyo 

Ohka Kogyo) and patterned using a typical photolithography tool. The perfusion layer comprises of two 

cell culture chambers (225 µm in height and 2.1 mm in width) joined by 45 µm in height and 200 µm 

in width semi-elliptical microchannels. Combining traditional photolithography (cell culture chambers) 

and greyscale lithography, the perfusion layer mold creation technique adhered to the multilayer 

lithography principle (micro-channels). On the silicon wafer, a negative resist layer (TMMF S2045, 

Tokyo Ohka Kogyo) with a thickness of 180 µm was patterned first. Next, a 45 µm thick layer of a 

positive resist (PMER P-LA900PM, Tokyo Ohka Kogyo) was spin-coated onto the wafer. To 

accomplish precision wafer-level mold fabrication, digital micromirror device (DMD)-based grayscale 
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lithography (DL-1000GS/KCH, NanoSystem Solutions) was done with numerically optimized mask 

data.133 This enabled perfect microchannel sealing with micro-valves and high-efficiency drive for the 

peristaltic micro-pump system. After the manufacture of the mold, the PDMS base and curing agent 

were thoroughly combined with a weight ratio of 10:1. For the control layer, the PDMS mixture was 

spin-coated with a 50 µm thickness on the mold to provide a 20 µm regulated PDMS thickness at the 

diaphragm region. PDMS for the control and perfusion layers was cured at 80 °C for 4 min on a hotplate 

and 40 min in a convection oven. Using the partial PDMS curing process, the perfusion layer was then 

peeled off, precisely aligned, and glued to the control layer. The constructed structure was baked at 

80 °C for two hours before being peeled off the silicon wafer. The inlet and outlet wells were finally 

opened. The assembled structure was firmly bonded to a tiny slide glass (25 mm× 75 mm) using O2 

plasma (FA-1, SAMCO). 

 

Figure 4-2 The illustration of fabrication procedure for the iGLC platform. Adapted from [27]. 

 

(b) Device control. The micro-valves and micro-pump were controlled by positive hydraulic pressure 

through control channels that were interconnected. A 1 mL syringe was used to fill the control channel 

within the chip with distilled water to prevent gas permeation over the PDMS. Then, metal pins and 

Teflon tubing (Pilot Corporation) were utilized to connect the control channels and pneumatic system's 

inlet wells to a compressed nitrogen gas supply (regulated at 0–200 kPa). The pressure actuation and 

release of the valves were regulated and operated via solenoid valves (Microfluidic System Works Inc. 

and THE LEE Company) and a controller board (VC3 8 controller [ALA Scientific Instruments] and 

NI USB-6501 [National Instruments]) with LabVIEW (Version 11.0, National Instrument) software. 

The microvalve pump was comprised of three adjacent micro-valves with serial actuation to provide a 

cyclic peristaltic motion for medium recirculation in the chip. 
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(c) Chip surface treatment. Prior to cell seeding, the platform was sterilized by cleaning it with 70% 

ethanol and placing it in a biosafety cabinet under ultraviolet radiation for 30 min. The cell culture 

chambers were next coated with 0.1% (w/v) DDM (n-dodecyl-β-D-maltoside) in PBS at 4 °C for 24 

hours, followed by coating with Matrigel hESC-qualified matrix (Corning) diluted to 1.3% (v/v) with 

DMEM/F12 (Sigma-Aldrich) at 4 °C for 24 hours (Figure 4-3). After removing excess Matrigel with 

DMEM, the chip was put in an incubator at 37 °C until further use. 

 
Figure 4-3 Schematic for PDMS coating with DDM and Matrigel to respectively prevent absorption of 

hydrophobic molecules in PDMS and promote cell adhesion and growth on PDMS.  

 

4.2.2 Cell culture and cell-based assays 

(a) Cell culturing. The American Type Culture Collection provided HepG2 human hepatocellular 

carcinoma and Caco-2 human colorectal adenocarcinoma cell lines. Cells were maintained in 

Dulbecco's modified Eagle medium (DMEM) (Sigma-Aldrich, St. Louis, MO, USA) incorporated with 

10% (v/v) fetal bovine serum (FBS, Cell Culture Bioscience), 1% (v/v) nonessential amino acids 

(Thermo Fisher Scientific), and 1% (v/v) penicillin/streptomycin (Thermo Fisher Scientific) in a 

humidified incubator at 37 °C with 5% (v/v) CO2. Every 3 and 5 days, HepG2 and Caco-2 cells were 

passaged with trypsin/EDTA (0.04% / 0.03%[v/v]) solutions at 1/5 and 1/10 ratios, respectively. 

 

(b) Cell culturing on a platform. HepG2 and Caco-2 cells were collected from T-flasks with 1 mL of 

trypsin/EDTA (0.04% / 0.03% [v/v]) solution after incubation for 5 min at 37 °C. After centrifugation, 

the cells were resuspended at a concentration of 1.0 × 106 cells mL-1 in fresh cell culture medium. 

During cell seeding, the micro-valves adjacent to the cell culture chambers were closed to prevent cross-

contamination (Fig. 4-4). Then, 5 µL of the Caco-2 cell suspension was pipetted into the well adjacent 

to the cell chamber at a concentration of 7.0 × 104 cells cm-2. Meanwhile, 5 µL of the HepG2 cell 

suspension was introduced into another cell culture chamber. The platform was placed in a humidified 

incubator at 37 °C with 5% (v/v) CO2. After one day, the cell culture medium was replaced to eliminate 
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dead cells that floated to the surface. The cell culture medium was then replaced every 6 hours using a 

coded program based on LabVIEW. 

 

(c) Free fatty acid treatment. The FFA treatment solutions consisted of a 1:2 mixture of PA (Sigma-

Aldrich) and OA (Sigma-Aldrich). To prepare the treatment solutions, PA was dissolved in dimethyl 

sulfoxide (DMSO; Nacalai Tesque Inc.) solution at 20 mg mL-1 to serve as the PA stock solution (78 

mM). OA was dissolved in DMSO at 100 mg mL-1 to serve as the OA stock solution (354 mM). The 

PA and OA stock solutions were mixed (PA: OA=1:2) in DMEM (containing 1% BSA-fatty acid-free, 

1% P/S, and 1 mM nonessential amino acids) to generate a series of FFA concentrations (0.1, 0.2, 0.5, 

1, and 2 mM). Prior to FFA treatment, serum-free DMEM was added to both cell culture chambers for 

12 hours to starve the cells. After that, the medium containing FFA was added to the cell culture 

chambers (Fig. 4-4). The platform was treated for seven days at 37 °C in a humidified incubator. During 

this time, the medium was replaced every six hours. 

 

Figure 4-4 Experimental procedure to culture Caco-2 and HepG2 cells in an iGLC platform. (a) 

experiment timing control; (b) Microvalve controlling and procedures for on-chip cell culturing. 

 

(d) Cell viability and apoptosis staining. Calcein AM (Dojindo Molecular Technologies, Inc.) and 

Annexin V-Alexa Fluor® 647 (Biolegend) dyes were used to stain viable and apoptotic cells, 

respectively. Hoechst 33258 (Dojindo Molecular Technologies, Inc.) was used for staining the nucleus. 

The staining solution was prepared by mixing 10 µL of Hoechst 33258 (1 mg mL-1 stock concentration), 

10 µL of Calcein AM (1 mg mL-1 stock concentration), 10 µL of Annexin V (50 µg mL-1 stock 

concentration), 500 µL of Annexin V binding buffer (Biolegend), and 500 µL of DMEM. The wash 

buffer comprised 500 µL of Annexin V binding buffer and 500 µL of DMEM. After treatment, cells 

were washed twice with fresh DMEM, and subsequently, 10 µL of staining solution was introduced in 

a cell culture chamber using a pipette via the adjacent inlet. Cells were kept at 37 °C for 30 min. Then, 

the excess staining solution was removed by washing with 30 µL of wash buffer three times.  
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(e) AdipoRed staining. The lipid accumulation was visualized using an AdipoRed assay (Lonza) 

following the manufacturer’s protocol. Briefly, 15 µL of AdipoRed assay reagent and 10 µL of Hoechst 

33258 were mixed with 1 mL of DMEM to make the AdipoRed staining solution. The cell culture 

chambers and channels were washed with PBS twice. Then, 10 µL of AdipoRed staining solution was 

introduced and kept at 37 °C for 15 min. The chambers were washed with fresh DMEM solution three 

times. 

 

(f) Immunocytochemistry. The cell-culture chambers were rinsed twice with 50 µL PBS after 7 days 

of FFAs treatment. The cells were fixed for 15 min in PBS with 4% paraformaldehyde (PFA, FUJIFILM 

Wako Pure Chemical) and permeabilized for 30 min in PBS with 0.1% (v/v) Triton X-100. After that, 

the cells were cultured at 4 °C for 24 hours in a blocking buffer, consisting of 5% normal goat serum 

(Vector); 5% normal donkey serum (Wako); 3% BSA (Sigma-Aldrich); and 0.1% Tween-20 (Nacalai 

Tesque, Inc., in PBS). After blocking, the cells were treated in a blocking solution for 24 hours with 

primary antibodies mouse anti-human albumin IgG (Thermo Fisher Scientific). After washing the 

primary antibodies three times with PBS-T, the cells were treated for 1 hour at 25 °C with secondary 

antibodies Alexa Fluor 647-labeled donkey anti-mouse IgG H&L (Jackson ImmunoResearch). The 

nuclei of the cells were stained with 300 nM of 4,6-diamidino-2-phenylindole (DAPI, Dojindo 

Laboratories) and incubated at 25 °C for 30 min before being rinsed with PBS. 

 

Figure 4-5 The process of RNA harvesting, purification and RNA-sequencing. The microvalves were 

operated to individually harvest gut and liver cells respectively. 

 

(g) RNA harvesting and purification. RNA was purified from cells with RNeasy Mini Kit (Qiagen, 

Hilden, Germany) (Fig. 4-5). The micro-valves were initially closed to prevent cross-contamination 

between the HepG2 and Caco-2 cells. After the cells were washed with PBS, 10 µL of trypsin/EDTA 

(0.04% / 0.03%[v/v]) solution was introduced into the cell culture chambers and incubated with the 

cells at 37 °C with 5% CO2 for 10 min. Subsequently, the cells were harvested with a 10-µL pipette and 

placed in 1.5-mL tubes. Cells were lysed by adding 350 µL of lysis buffer from the kit, and then, 350 

µL of 70% (v/v) ethanol was added to the tubes. Each solution was transferred to an RNeasy Mini spin 

column placed in a 2-mL collection tube. The column was centrifuged for 15 s at 8000 × g, and the 
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flow-through was discarded. Next, 350 µL of buffer RW1 was added to the columns and centrifuged. 

Subsequently, 80 µL of DNase digestion buffer was added to the column and incubated at 25 °C for 15 

min. Next, 350 µL of buffer RW1 was added to the column tube and centrifuged again. The column 

was washed with 500 µL of buffer RPE twice, placed in a new 2 mL tube, and centrifuged. The column 

was then placed in a new 1.5-mL collection tube, and 30 µL of RNase-free water was added to the 

column. This was followed by centrifugation for 1 min at 8000× g to elute RNA into the collection tube. 

The RNA quality was evaluated with Agilent 2100 Bioanalyser (Agilent Technologies, Inc., USA) 

(Supplementary Figs. S4-4 in Appendix II). 

 

(h) RNA amplification and mRNA sequencing. mRNA-seq commissioned analysis was conducted 

by Takara Bio Inc or Oxford NANOPORE Technologies. For Takara Bio Inc, briefly, Using SMART-

seq, 50 ng of total RNA from each sample was amplified and synthesized into cDNA (SMART-Seq v4 

Ultra Low Input RNA Kit, Takara Bio). The cDNA was used to generate a library using the Nextera 

DNA Flex Library Prep Kit (Illumina), and the cDNA library was sequenced using the NovaSeq 6000. 

(Illumina). For Oxford NANOPORE Technologies, to prepare the cDNA library, 40 ng of total RNA 

was diluted with 9 μL of RNase-free water, combined with VN primer (Oxford NANOPORE 

Technologies, UK) and 1 μL of 10 mM dNTPs (New England Biolabs Inc. Ipswich, Massachusetts, 

USA), and then incubated at 65 °C for 5 min. The strand-switching buffer was composed of 4 μL of 5x 

RT Buffer (Thermo Fisher Scientific), 1 μL of RNaseOUT (Thermo Fisher Scientific), 1 μL of 

Nuclease-free water, and 2 μL of Strand-Switching Primer (Oxford NANOPORE Technologies). The 

two solutions were combined at 42 °C for 2 min, and then 1 μL of Thermo Fisher Scientific's Maxima 

H Minus Reverse Transcriptase was added. The mixture was incubated at 42 °C for 90 min, 85 °C for 

5 min, and then stored at 4 °C until it was utilized as a cDNA library. 5 μL of cDNA library solution 

was combined with 25 μL of 2x LongAmp Taq Master Mix (New England Biolabs Inc.), 1.5 μL of 

Barcode Primers (Oxford NANOPORE Technologies), and 18.5 μL of nuclease-free water. The cDNA 

was barcoded for multiplexing using PCR (95 °C for 30 s, 18 cycles of 95 °C for 15 s, 62 °C for 15 s, 

and 65 °C for 50 s, and then 65 °C for 6 min). Until usage, PCR products were kept at 4 °C. After 

adding 1 μL of NEB Exonuclease 1 (New England Biolabs Inc.), the mixture was incubated at 37 °C 

for 15 min, followed by 15 min at 80 °C. The amplified DNA was purified using Agencourt AMPure 

XP beads (BECKMAN COULTER Life Science, Indianapolis, IN) and collected in 12 μL of Elution 

Buffer (Oxford NANOPORE Technologies). BioAnalyzer 2100 with a High Sensitivity DNA Kit 

(Agilent Technologies) was used to assess the quantity and quality of barcoded cDNA. Next, 50 fmol 

of barcoded cDNA was incubated with 1 μl of Rapid Adapter in a total volume of 11 μL for 5 min at 

25 °C. 12 μL of the produced DNA library was combined with 37.5 μL of Sequencing Buffer (Oxford 

NANOPORE Technologies) and 25.5 μL of Loading Buffer for Nanopore sequencing (Oxford 

NANOPORE Technologies), which was added to the Nanopore Flow Cell (v9.4.1) and run for 24 hours. 
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4.2.3 Data acquisition and analysis 

(a) Ultrahigh-performance liquid chromatography-tandem mass spectrometry (UHPLC-

MS/MS). Firstly, 3 µL of the cell culture medium was collected from a chip and mixed with 96.95 µL 

of the working solution (50% isopropanol, 25% acetonitrile, and 25% water) and 0.05 µL of the internal 

standard solution (PA-d4: 5 mM, OA-d9: 5 mM, in isopropanol). The mixture was then vigorously 

mixed for 30 s and centrifuged at 16,000× g for 10 min at 4 °C. Subsequently, 2 µL of the supernatant 

was injected and separated on a Nexera UHPLC system (Shimadzu, Kyoto Japan) by using a binary 

gradient with solvent A (50% Acetonitrile, 18% isopropanol, and 32% water) and solvent B (90% 

isopropanol, 10% acetonitrile, 10 mM ammonium formate, and 0.1% formic acid). The gradient 

program used was as follows: 0% B for 14 min, 100% B for 3 min, and 0% B for 3 min. An ACQUITY 

UPLC BEH C18 column (130 Å, 1.7 µm, 2.1 mm × 100 mm (Waters, Milford, MA)) was used at 40 °C. 

The UHPLC eluates were infused online to the LC-MS 8030plus (Shimadzu), which was set to negative 

electrospray ionization (ESI-) mode. The PA and OA responses were observed by pseudo multiple 

reaction monitoring (pMRM) with transitions at m/z 255.05 > 255.35 and 281.05 > 281.45, respectively. 

The pMRM transitions for PA-d4 and OA-d9 were 258.95 > 259.45 and 290.10 > 290.40, respectively. 

The pMRM transitions were optimized, and peak areas were calculated using LabSolutions software 

(Shimadzu). The PA and OA responses were normalized against those of PA-d4 and OA-d9 for each 

sample. All measurements were obtained in triplicate, and the averaged responses were used. Standard 

curves were generated by measuring a blank culture medium supplemented with increasing amounts of 

PA and OA. 

 

(b) mRNA-seq analysis. Initially, mRNA-seq reads were mapped to the rRNA, tRNA, or mitochondrial 

genome sequences with BowTie (v.2.1.0).183 The mapped reads were discarded and not used for the 

following analysis. The remaining reads were mapped to the human genome (GRCh38) with STAR 

Aligner (2.7.1a)184 using ENCODE options considering gene annotation and Ensembl (ver.98).185 After 

the mapping to the genome, gene expression values (Transcripts Per Million reads; TPM) were 

calculated using RSEM (ver. 1.3.0).186 DEGs of the mono-cultured and co-cultured samples were 

calculated using DEseq2 (ver. 1.8.2).187 If a gene satisfied the following criteria, the gene was defined 

as DEG: p < 0.01, abs (log2(Fold Change)) ≥ 0.263, base mean of raw reads ≥ 31, and average TPM in 

either sample ≥ 1. GO analysis for DEGs was performed with the WEB-based Gene Set Analysis 

Toolkit (WebGestalt188). ‘Biological Process noRedundant’ was selected for the database, and ‘genome 

protein-coding’ genes were selected for the reference set. The protein-coding genes among the DEGs 

were used as input. 

To consider the FFA treatment conditions, we employed ANOVA to select DEGs and characterize 

samples. A gene was treated as a DEG if p < 0.05 and abs(log2(Fold Change)) ≥ 0.263 for a combination 
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of any two samples. The expression values of DEG were used for PCA to characterize the samples. To 

compare DEG sets with FFA-minus and -plus under the mono-cultured condition, FFA-minus and -plus 

under the co-cultured conditions, and mono- and co-cultured samples under the FFA-minus condition, 

DEGs with a PC2 loading of ≥ 2 or ≤ 0.5 were used. The results were used to assess changes in gene 

expression related to the FFA treatment. To compare gene expression profiles according to FFA 

treatment under the mono- and co-cultured conditions, we employed Gene Set Enrichment Analysis 

(GSEA189, ver.4.0.4) with DB files (msigdb.v7.1.symbols.gmt). The fold change values for the protein-

coding genes were used as inputs. The bar plots show FDR q-values for the top four terms under either 

the mono- and co-cultured condition. In the analysis, the PCA plots were drawn with the ggplot2 

package in R. 

 

(c) Single-cell profiling based on microscopic images. Following microscopic image acquisition, the 

CellProfiler software (Broad Institute of Harvard and MIT, Version 3.1.9)190 was used to estimate 

cellular features (e.g., cell size and fluorescent intensity). After loading the set of stained images (nuclei 

and cellular phenotype or function), all images were adjusted with the “correctilluminationCalcuate” 

and “correctilluminationApply” modules to reduce the uneven distribution of background signals. The 

settings of the manual were followed. Generally, the illumination function was calculated from 

“Background” with block size 20-100 for each image individually. And the Smoothing method was 

selected as the “Median filter”, with a filter size of 50. Other options followed default settings. The 

mathematical methods of “correctilluminationApply” were “Subtract”. With the corrected nuclei 

images, individual cells were identified by using Otsu’s method190 in the “IdentifyPrimaryObjects” 

module as primary objects, followed by “IdentifySecondaryObjects” to evaluate the cellular 

phenotype/function, automatically. Then, cellular features were calculated using the 

“MeasureObjectSizeShape” and “MeasureObjectIntensity” modules for both primary and secondary 

objects. Further analysis of single-cell morphological descriptors were performed with t-SNE in the 

open-source Orange 3 software (Version 3.23.1; Bioinformatics Laboratory, Faculty of Computer and 

Information Science, University of Ljubljana, Slovenia).191 

 

(d) Statistical analysis. The Tukey–Kramer test and asymptotic Student’s t-test were carried out with 

R software (ver. 3.5.2; https://www.r-project.org/). The data was provided in Appendix III. 

 

(e) Data availability. The mRNA-seq data have been deposited to the NCBI Gene Expression 

Omnibus (GEO) under accession number GSE152091. 

 

https://www.r-project.org/
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4.3 Results 

4.3.1 iGLC platform for NAFLD modeling 

A conceptual illustration of the integrated gut-liver on-a-chip (iGLC) platform is shown in Fig. 4-1. 

The design of the microfluidic platform is a critical factor for recapitulating the GLA in vitro. To 

elucidate inter-tissue interaction based on the multiple-hit-theory models, a single platform is needed 

that can both mono- and co-culture two or more cell types within the same format. In parallel, cross-

contamination needs to be considered to allow analysis of each cell type and the influence of other cell 

types. We designed the iGLC platform to meet these requirements (Figs. 4-1b and c).27 The iGLC 

platform is constructed of perfusion and control layers made from PDMS with gas permeability, 

biocompatibility, and transparency. Three sets of two cell culture chambers (2.1 mm width and 220 µm 

height) are linked by microfluidic channels (200 µm width and 45 µm height) in the perfusion layer. To 

integrate the micro-valves and pump, the control layer features a thin and flexible PDMS diaphragm 

(200 × 200 µm2 area and 20 µm thickness), which allows open/close control with our previous 

microfabrication technology in chapter 3 (Fig. 4-2).27,192 Because most OoCs lack integrated 

microvalves, they necessitate the assembly and disassembly of tubes across several devices, reducing 

the accuracy of control over their interactions. The integrated micro-pump controls the perfused flow 

more precisely than an external pump within a microfluidic device. Furthermore, it lowers sample loss. 

Positive hydraulic pressure (150 kPa) delivered by computer-controlled solenoid valves activates the 

PDMS diaphragms. Individual cell culture chambers can be accessible without cross-contamination, 

and precise control over sample or reagent entry is possible by microvalves and pump. The integrated 

sets offer closed-loop medium circulation to recapitulate inter-tissue interactions like GLA, varying the 

flow rate between 0 and 20 nL min-1 by modifying its actuating cycle, which is sufficient for enhancing 

GLA interaction with a high medium exchange rate (Chapter 3 section 3.4.2). 

Prior to the cell culture and FFA treatments, we coated the PDMS surface of the cell culture chambers 

with DDM 193,194 and then Matrigel to reduce the absorption of hydrophobic molecules (e.g. FFAs and 

AdipoRed fluorescent lipid marker) 195,196 and increase cell adhesion and growth (Fig. 4-3). This is a 

critical problem with using PDMS-based OOCs for drug discovery and in vitro disease modelling 

because small-molecule drug candidates and lipids are absorbed by the PDMS before reaching the target 

cells, and the concentrations differ from those in a microtiter plate. Under such conditions, the obtained 

results would be unreliable. DDM is a suitable amphipathic molecule to prevent PDMS absorption 

because its hydrophobic part binds with the PDMS surface, and the hydrophilic part prevents the 

absorption of hydrophobic molecules. However, DDM is not capable of promoting cell adhesion and 

growth on the PDMS surface. Therefore, we tested combining DDM with a subsequent layer of Matrigel. 

The DDM/Matrigel coating partially prevented the absorption of the AdipoRed fluorescent lipid marker 

into PDMS (Fig. 4-6).  
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Figure 4-6 Absorption of hydrophobic molecules in PDMS. (a) Fluorescent micrographs of PDMS 

coated with Matrigel (M/PDMS), Matrigel and DDM (M/D/PDMS), and PDMS without any coating 

(PDMS) that were treated with the AdipoRed lipid fluorescent dye. The scale bar 100 µm. (b) 

Fluorescent intensities of AdipoRed dye absorbed in PDMS. The bars and error bars represent the 

mean ± standard deviations (n = 3). 

 

 

Figure 4-7 Lipid absorption in PDMS. FFA concentrations [left: palmitic acid (initial: 167 µM); right: oleic 

acid (initial: 333 µM)] in cell culture medium after incubation in PDMS or DDM/Matrigel-coated 

microfluidic channels for 6 and 24 h. The center lines show the medians. The box limits indicate the 

25th and 75th percentiles. The whiskers extend 1.5 times the interquartile range from the maximum and 

minimum points; data points are plotted as circles. p values were estimated with Student’s t-test (n = 

3). 

 

Then, we also measured the remaining FFAs [PA and OA molar ratio 1: 2; see Methods] in the cell 

culture medium after incubation with the coated PDMS (Fig. 4-7). PA was not absorbed with both the 

non-coated and DDM/Matrigel-coated PDMS after 6 h of incubation at 37 °C, whereas it showed 

absorptions of 53.7% and 40.9%, respectively, after 24 h of incubation. OA showed absorptions of 22.0% 

and 17.4%, respectively, after 6 h of incubation, and absorptions of 67.4% and 56.7%, respectively, 

after 24 h of absorption. These results suggest that, although the DDM/Matrigel coating slightly 

mitigated the absorption of both PA and OA into PDMS after 24 h of incubation, most of the FFAs 

were still absorbed. Therefore, we changed the medium every 6 h during the experiments. However, 

further improvements need to be made to prevent PDMS absorption, or other structural materials should 

be used for the OOCs.12,197 
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4.3.2 Closed-loop flow for gut and liver cell culturing 

To recapitulate GLA in vitro, Caco-2 and HepG2 cells were introduced into individual cell culture 

chambers in the iGLC platform without cross-contamination but with a closed circulation flow (Fig. 4-

4b). To confirm that the iGLC platform allows sustainable cell cultivation, the Caco-2 and HepG2 cells 

were cultured with a medium circulation flow of 15 nL min-1 for 7 days and evaluated with a Calcein 

AM fluorescent cell viability indicator (Figs. 4-8a and b). Although Caco-2 cells generally take around 

21 days to obtain functionality, perfusion conditions allow Caco-2 cells to express their functions within 

a shorter time, like 7 days.99,198 Thus, we chose a 7-day cultivation time for recapitulating GLA in vitro. 

For comparison, we also tested separately cultured Caco-2 and HepG2 cells in cell culture chambers 

with a flow of 15 nL min-1 and under static conditions. In light of computational fluid dynamics (CFD), 

3.53 × 10-4 dyne cm-2 of fluid shear stress (FSS) was generated on cells (Fig. 4-9). The flow condition 

did not affect the viability of HepG2 cells, which showed only some improvement with a circulation 

flow. The Caco-2 cells showed increased viability with a circulation flow than under static conditions. 

The fluorescent intensity of Calcein AM increased by approximately 7.4-fold with a circulation flow. 

Caco-2 cells have previously been reported to show improved functionality and viability when cultured 

under continuous perfusion on a microfluidic device within 1-week culture.99,198 This proves that the 

iGLC platform provides better circulation flow conditions for both Caco-2 and HepG2 cells. 

 

Figure 4-8 Establishment of the GLA in the iGLC platform. (a) Phase-contrast (PC) and fluorescent 

micrographs in the iGLC platform and stained with Calcein AM (C_AM) and Hoechst 33258 (Hst). Caco-

2 (C:C) and HepG2 (H:H) cells under circulation flow (CF) and static conditions (S). Co-cultured Caco-

2 and HepG2 cells (C:H). The scale bar represents 100 µm. (b) Ridgeline plots showing single-cell 

profiling of Caco-2 and HepG2 cells stained with Calcein AM. The p-values were estimated with the 

Tukey–Kramer test and are presented in Supplementary Table S4-1 for the Caco-2 and Supplementary 

Table S4-2 for HepG2 cells Appendix III. 
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Figure 4-9 Simulated flow field profile in the cell culture chamber. Cell culture chamber flow profile was 

shown in a 0 to 1 µm s-1 flow velocity range; the estimated mean fluid shear stress on cells was around 

3.53 × 10-4 dyne cm-2. 

 

4.3.3 Inducing the NAFLD 

To induce NAFLD in the iGLC platform, we used FFAs represented by a mixture of PA and OA, which 

is typical of Western diets.199 As shown in Fig. 4-4a, prior to the FFA treatment, Caco-2 and HepG2 

cells were cultured in the iGLC platform with DMEM supplemented with 10%(v/v) FBS, and then, 

replaced to serum-free DMEM for 12 h to ensure cell starvation.  

 

 

Figure 4-10 Evaluation of FFAs accumulation in Caco-2 and HepG2 cells for 1-day FFAs treatment. (a) 

Phase contrast and fluorescent micrographs of Caco-2 and HepG2 cells stained with AdipoRed lipid 

fluorescent dye. Scale bars represent 100 µm. (c) Ridgeline plots to evaluate FFA accumulation. The 

p-values were estimated with the Tukey–Kramer test and are presented in Supplementary Tables S4-

3 and S4-4 for the Caco-2 and HepG2 cells, Appendix III. 

 

Then, a series of FFA concentrations from 0 to 2 mM was introduced into the iGLC platform, and the 

cells were incubated for 24 h with medium circulation. To evaluate the FFA accumulation in the mono-

cultured Caco-2 and HepG2 cells, the cells were stained with AdipoRed lipid fluorescent dye to 

visualize the intracellular lipids (Fig. 4-10). HepG2 cells showed intracellular FFA accumulation that 

was dose-dependent, and 1 mM FFAs treatment was used for further studies. Lipid droplet accumulation 
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in hepatocytes is a hallmark of NAFLD200 and appeared in our model. During the FFAs treatments, 

because we used the serum-free medium supplemented with 1% (w/v) BSA to minimize the effects of 

cell proliferation, both mono-cultured Caco-2 and HepG2 cells showed the reduction of cell 

proliferation and would not interfere with the cell treatment because over cell growth (Figure 4-11).  

 

 

Figure 4-11 Evaluation of cell proliferation of Caco-2 and HepG2 cells in iGLC. (a) Box plot to evaluate 

cell proliferation of Caco-2 and HepG2 cells in DMEM cell culture with 10% FBS or 1% BSA (contained 

with 1 mM free fatty acids; FFAs), under co- or (Co) or mono-culture (Mono) conditions for 7-days. (b) 

Longer-term maintaining the cell culture of Caco-2 and HepG2 cells. The scale bar represents 100 µm. 

The center lines show the medians. The box limits indicate the 25th and 75th percentiles. The whiskers 

extend 1.5 times the interquartile range from the maximum and minimum points; data points are plotted 

as circles (n = 3). P-values were estimated with Student’s t-test. N.S. means no significant difference. 

FBS 0% means the cell in starving period, i.e. day 7.5 in Fig. 4-4. 

 

Then, we examined two treatment periods, such as 1 and 7 days, representing NAFLD initiation and 

progression, respectively. We also confirmed that the FFAs treatment for 7 days increased intracellular 

lipid accumulation in mono- and co-cultured Caco-2 and HepG2 cells (Figs. 4-12a and b). The co-
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cultured Caco-2 cells showed less lipid accumulation than those of mono-cultured ones, but HepG2 

showed increased lipid accumulation.  

 

 

Figure 4-12 Lipids accumulated in both Caco-2 and HepG2 cells after 7-day FFAs treatment. (a) Phase 

contrast and fluorescent micrographs of Caco-2 and HepG2 cells treated with FFAs (0 and 1 mM) for 7 

days stained with AdipoRed lipid fluorescent dye. The scale bars represent 100 µm. (b) Ridgeline plots 

to evaluate FFA accumulation in individual cells [Caco-2 (left) and HepG2 (right)] after FFA treatment 

for 7 days. The p-values were estimated with the Tukey–Kramer test and are presented in 

Supplementary Tables S4-5 and S4-6 for the Caco-2 and HepG2 cells, respectively Appendix III. Cells 

with over 20 of AdipoRed fluorescent intensity were considered as lipid accumulated cells. 

 

We also carried out Annexin-V staining to evaluate the apoptotic status after FFAs treatment. For 

comparison, the cells were also treated with 1 µM of staurosporine (STS), which induces apoptosis. 

Although PA accumulation has been reported to cause cytotoxicity by 1-day of treatment,201,202 the 

apoptotic staining (Fig. 4-13a) followed by quantitative single-cell profiling (Fig. 4-13b) results 

suggested that the 7-day FFA treatment induced apoptosis in mono-cultured Caco-2 and HepG2 cells, 

whereas 1-day treatment did not induce apoptosis (Supplementary Fig. S4-1 in Appendix II). But co-

cultured Caco-2 and HepG2 cells showed a reduction of apoptosis. Notably, the expression of albumin 

(ALB), one of the functional markers of hepatocytes, in mono-cultured HepG2 cells was not changed 

by FFAs treatment, but co-cultured HepG2 cells demonstrated increased ALB expression (Fig. 4-13c 

and 4-13d). This suggests that HepG2 cells co-cultured with Caco-2 cells display improved 

functionality. 
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Figure 4-13 Apoptosis in both Caco-2 and HepG2 cells after FFAs treatment for 7 days. (a) Phase 

contrast and fluorescent micrographs. The scale bars represent 100 µm. (b) Ridgeline plots to evaluate 

individual apoptotic cells. For comparison, cells were treated with 1 µM of staurosporine (STS) for 24 h. 

Cells with over 0.3 of annexin V fluorescent intensity were considered as apoptotic cells. (c) Phase 

contrast and fluorescent micrographs of HepG2 albumin expression. (d) Ridgeline plots to evaluate 

individual HepG2 cells with human albumin expression. Cells with over 100 of ALB fluorescent intensity 

were considered as ALB-expressing cells. The p-values were estimated with the Tukey–Kramer test 

and are presented in Supplementary Table S4-7 for the Caco-2, Tables S4-8 and 4-9 HepG2 cells, 

respectively Appendix III. 

 

To further evaluate the cellular phenotypes after the FFA treatment in detail, we stained cells with 

Calcein AM and Hoechst 33258 fluorescent dyes. This was followed by high-content analysis (HCA) 

using the CellProfiler computer-guided single-cell analysis software (Fig. 4-14, Supplementary Figs. 

S4-2 and S4-3 in Appendix II).190,203 In general, the Calcein AM and Hoechst 33258 dyes are used as 

cell viability function, and nucleus markers. The Calcein AM staining can also be applied to evaluating 

the cell and nucleus morphologies to obtain cellular parameters for HCA.204,205 Moreover, recent 

advances in single-cell profiling based on high-content images, like t-distributed stochastic neighbor 
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embedding (t-SNE), have allowed the quantitative understanding of individual cellular status with high-

dimensional cellular parameters and visualizing such parameters in a two-dimensional map.206 We 

analyzed microscopic images to quantify 68 cellular parameters (Supplementary Table S4-10 in 

Appendix III) for each cell of Caco-2 and HepG2 cells with 1 mM FFA for 7 days (Fig. 4-14). We 

identified specific parameters that could be distinguished between non-treated and FFA-treated cells 

that are associated with the cellular shape (AreaShape_FormFactor, AreaShape_MeanRadius and 

AreaShape_EquivalentDiameter), Calcein AM intensity (Intensity_LowerQuartileIntensity, 

Intensity_MeanIntensity, Intensity_MaxIntensity), nucleus shape (Nucleus_AreaShape_FormFactor), 

and Hoechst 33258 nuclei intensity (Intensity_LowerQuaterileIntensity, Intensity_MeanIntensity, 

Intensity_MaxIntensity and Intensity_MinIntensityEdge). Notably, for the Caco-2 cells, the most 

distinguishing features were the cellular shape (AreaShape_EquivalentDiameter), Hoechst intensity 

(Intensity_MaxIntensity) and Calcein AM intensity (Intensity_MaxIntensity) (Fig. 4-14a). However, 

for the HepG2 cells, the most distinguishing features were the Calcein AM intensity 

(Intensity_MeanIntensity and Intensity_MaxIntensity), nonetheless, the FFAs-treated HepG2 cells 

showed a reduction of these features (Fig. 4-14b). Thus, HCA-based on simple cell and nucleus staining 

can be used to identify minute cellular phenotypic changes upon FFA treatment that cannot be 

distinguished by molecular apoptotic markers. Because the iGLC platform does not require the use of 

cell culture inserts, it allows such HCA-based single-cell profiling to be carried out. 

 

Figure 4-14 Single-cell profiling for the t-SNE analysis. a, b, Two-dimensional t-SNE plots of 

microscopic single-cell profiling of Caco-2 (a) and HepG2 (b) co-culture treated with 1 mM of FFAs or 

no treatment and stained with Calcein AM cellular and Hoechst 33258 nuclei markers. The most 

distinguishable cellular parameters are shown in the corresponding t-SNE plots as well as the boxplots 

in Supplementary Fig. S4-3 Appendix II. The p-values are presented in Supplementary Tables S4-11 

and S4-12 Appendix III. 
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4.3.4 RNA-sequencing analysis of GLA interaction and NAFLD progression 

To elucidate the effects of the FFA treatments and crosstalk via co-culturing on gene expression, we 

performed mRNA-seq, followed by PCA on the differentially expressed genes (DEGs), which were 

defined by an analysis of variance (ANOVA) (Table 4-1, Table 4-2, Figs. 4-15a, 4-15b, 

Supplementary Figs. S4-4, S4-5 Appendix II). We identified that 654 and 1330 genes in Caco-2 and 

HepG2 cells, respectively, were differentially expressed among the mono- and co-cultured conditions 

with or without 1 mM FFAs treatments for 7 days. In the case of Caco-2 cells, the PC1 axis distinguished 

mono- and co-cultured conditions, whereas the PC2 axis distinguished FFAs treatment. Notably, the 

co-cultured conditions showed less effects on gene expression altered by FFAs treatments. In contrast, 

in the case of HepG2 cells, the PC1 axis clearly distinguished HepG2 cells treated with 1 mM FFAs 

under the co-culture conditions from the other conditions. The PC2 axis in PCA of HepG2 also showed 

changes in gene expression associated with FFAs treatment; however, co-culturing reduced the changes 

of gene expressions by FFAs treatment. 

The heat map of K-means clustering for DEGs in Caco-2 cells showed several clusters with similar up-

regulated gene expression patterns by co-culture conditions, compared to mono-culture conditions 

(Clusters 1, 3, 5 and 10 in Fig. 4-15c). These clusters were related to cell cycle and metabolic processes, 

as suggested by gene-ontology (GO) terms (Supplementary Figs. S4-6 and S4-7 in Appendix II). We 

also observed downregulated genes specific to the co-culture condition in Caco-2 cells (Clusters 2 and 

6), however, the numbers of genes were too small to obtain sufficient interpretations from a GO analysis. 

In the case of HepG2 cells, Cluster 18 on the heat map for DEGs showed unique upregulated genes in 

the co-culture condition, whereas only Cluster 16 showed downregulated genes specific to the co-

culture condition (Fig. 4-15d, and Supplementary Figs. S4-8 and S4-9 in Appendix II). 

We then compared the effects of FFA treatment under mono- and co-cultured conditions on gene 

expression in Caco-2 and HepG2 cells. The mRNA-seq results revealed that Caco-2 cells showed 

elevated expression of genes associated with mitosis (Cluster 8 in Figs. 4-15a and 4-16a), whereas the 

stress-responsive genes (Cluster 7 in Figs. 4-15a and 4-16a) were down-regulated. In contrast, HepG2 

cells treated with FFAs displayed elevation in expression of genes related to the cell cycle (Clusters 12 

and 17 in Fig. 4-16b),207 and suppression in expression of genes associated with cell-cell adhesion and 

nucleic acid transport (Cluster 15 in Fig. 4-16b).  

Overall, the differential gene expressions associated with co- and mon-culture were summarized into 

each cluster with their biological meaning by GO terms analysis in Table 4-1 and 4-2. The co- and 

mon-culture have a significant effect on the HepG2 and Caco-2 cell behaviors in both control and FFAs 

treatment conditions. 
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Figure 4-15 Gene expressions of the effects of FFAs treatment for 7 days and crosstalk with the in vitro 

human GLA model. a, b, PCA results for DEGs obtained from the Caco-2 (a) and HepG2 (b) 

experimental sets. The mean PC2 values among the replicates are shown with dotted lines. For these 

diagrams, the gene name and change direction shown in a, b were considered. c, d, Heat maps for the 

DEGs. Z-values of the expression profiles are shown. 
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Figure 4-16 Bar graphs showing gene enrichment related to certain GO terms and pathways for 

representative K-means clusters of FFA-treated Caco-2 (a) and HepG2 (b) cells under mono- and co-

cultured conditions. The other clusters were shown in Supplementary Fig. S4-6 to Fig. S4-9. 
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Table 4-1 Caco-2 cells Gene-ontology terms analysis of Co- and mono-culture conditions in each 

cluster. Co-culture as the comparing target. 

Clusters Conditions Expression patterns Biological meaning 

Cluster 1 Control Upregulation Cell cycle and metabolic process 

Cluster 2 Control Downregulation Antigen processing (non-obvious) 

Cluster 3 Control Upregulation Cell cycle and metabolic process 

Cluster 4 FFAs Upregulation Metabolic process 

Cluster 5 Control Upregulation Cell cycle and metabolic process 

Cluster 6 Control downregulation Viral process (non-obvious) 

Cluster 7 FFAs downregulation Stress Response and tissue morphogenesis 

Cluster 8 FFAs Upregulation Mitosis 

Cluster 9 Control non-obvious RNA biosynthetic process (non-obvious) 

Cluster 10 Control Upregulation Drug and small molecule metabolism process 

 

 

Table 4-2 HepG2 cells Gene-ontology terms analysis of Co- and mono-culture conditions in each 

cluster. Co-culture as the comparing target. 

Clusters Conditions Expression patterns Biological meaning 

Cluster 11 FFAs Downregulation Cellular responses to stress and intracellular 
signal transduction 

Cluster 12 FFAs Upregulation Cell cycle 

Cluster 13 Control non-obvious non-obvious 

Cluster 14 FFAs non-obvious non-obvious 

Cluster 15 FFAs Downregulation Cell-cell adhesion and nucleic acid transport 

Cluster 16 Control Downregulation Microtubule-based movement 

Cluster 17 FFAs Upregulation Cell cycle 

Cluster 18 Control Upregulation Plasma membrane bounded cell projection 
assembly and glycerolipid metabolic process 

 

 

4.4 Discussions 

4.4.1 Enhanced GLA interaction through closed-loop perfusion 

We established the human iGLC platform to investigate the GLA response to FFAs for a NAFLD model. 

Although OOCs have been used to study NAFLD, the iGLC platform demonstrates several advantages 

based on its application of microfabrication technology. Integrating the micro-valves and a pump in the 

platform enables both accessibility to individual cell culture chambers without undesired cross-

contamination and closed medium circulation to mimic human GLA. 
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To investigate the effects of FSS by the closed circulation flow on the cells, we conducted CFD to 

estimate the FSS by closed-circulation flow, for which the result was 3.53 × 10-4 dyne cm-2 (Fig. 4-9). 

Under such a flow condition, Caco-2 cells showed increased cell viability (Fig. 4-8a), although HepG2 

cells did not change (Fig. 4-8b). A number of previous reports suggested that Caco-2 cells functionality 

improved by applying the perfusion flow at over 0.0002 dyne cm-2, which is similar to our tested FSS. 

23,110,158,208 Additionally, functional activation by FSS in HepG2 cells has also been reported, but it 

requires a higher FSS of over 0.1 dyn cm-2.115,209  

Notably, co-culturing HepG2 and Caco-2 cells in a closed-loop perfusion environment increased 

crosstalk communications by a factor of 10 to 100 compared to the earlier gut-liver MPS platform.210 It 

significantly changed gut and liver gene expression profiles, compared to mono-cultured cells (Clusters 

1, 3, 5, 10 and 18 in Figs. 4-15c, 4-15d, and Supplementary Figs. S4-6 to S4-9 in Appendix II). The 

upregulated genes in the Caco-2 cells were related to ‘Mitotic G1 phase and G1/S transition’, 

‘Respiratory electron transport, ATP synthesis by chemiosmotic coupling, and heat production by 

uncoupling proteins’, ‘positive regulation of spindle checkpoint’ and ‘small molecule catabolic process’. 

Most of them are associated with cell cycle and metabolic processes, but the cell proliferation analysis 

did not show a significant difference between co- and mono-cultured Caco-2 cells (Fig. 4-11). Thus, 

such gene expressions in Caco-2 cells co-cultured with HepG2 cells did not have an impact on changing 

cell cycles and proliferation. In contrast, HepG2 cells upregulated genes showed GO terms of ‘plasma 

membrane bounded cell projection assembly’ (Cluster 18 in Supplementary Fig. S4-9 in Appendix 

II), and downregulated genes showed ‘microtubule-based movement’ (Cluster 16 in Supplementary 

Fig. S4-9 in Appendix II). Similarly, we could not observe obvious cellular phenotypes associated 

with gene expression changes.  

 

4.4.2 GLA communications for NAFLD progression 

To recapitulate the NAFLD-like GLA in vitro, FFAs were administered in the iGLC platform (Fig. 4-

4a). Although lipid accumulation occurred in both Caco-2 and HepG2 cells treated with FFAs for 7 

days (Figs. 4-12a and b), the numbers of apoptotic Caco-2 and HepG2 cells in the co-culture condition 

were significantly reduced compared with those of mono-culture conditions (Fig. 4-13).  

In the case of Caco-2 cells, FFAs treatment for 1 day did not affect apoptotic cellular status in both 

conditions (Supplementary Fig. S4-1 in Appendix II). The enriched GO terms shown in 

Supplementary Fig. S4-5 in Appendix II were associated with the cellular response to copper ions. 

Copper is an essential trace element for human physiological processes, including enzymatic 

metabolism.211 Dysregulation of intracellular copper ions generates reactive oxygen species (ROS) and 

metabolic imbalance, which results in DNA damage and apoptosis.212–214 Our results suggest that the 

Caco-2 cells treated with FFAs for 1 day did not show the apoptotic cellular state with cellular 
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membrane disruption but initiated DNA damage due to the cellular response to copper ions. In contrast, 

even though the prolonged 7-day FFAs-treated mono-cultured Caco-2 cells showed increase in the 

count of apoptotic cells (22.9 ± 9.9%), the 7-day FFAs-treated Caco-2 cells co-cultured with HepG2 

cells had protective effects against lipid-induced apoptosis (8.2 ± 7.2%) and similar levels were 

observed in non-treated Caco-2 cells (mono-cultured, 7.8 ± 2.4%; co-cultured, 10.3 ± 2.2%). Previously, 

although intestinal cells treated with FFAs showed apoptosis due to lipid accumulation followed by an 

increase in the levels of reactive oxygen species,215,216 our microscopic single-cell profiling suggests 

suppression of the apoptotic signaling, which is in agreement with mRNA-seq results shown in Figs. 

4-15a, 4-15c and 4-16a, indicating the down-regulation of ‘Signaling by Rho GTPase’, which is the 

typical apoptosis-associated signaling pathway.217 

In addition to the apoptotic status of Caco-2 cells, we also further examined the correlation between 

phenotypic changes in cellular morphology with gene regulation networks for in vitro GLA in the 

NAFLD-like state by single-cell profiling results (Fig. 4-14 and Supplementary Fig. S4-2 in 

Appendix II). At the initiation stage of 1-day FFAs treatment, the Hoechst 33258 intensity was slightly 

higher in the non-treated Caco-2 cells than in the FFA-treated Caco-2 cells (Supplementary Figs. S4-

2 in Appendix II), but at the progression stage by 7-day FFAs treatment, the Hoechst 33258 intensity 

showed the opposite result, where FFAs-treated Caco-2 cells showed higher intensity than the non-

treated Caco-2 cells (Fig. 4-14a). In general, the cellular uptake of Hoechst 33258 can occur by either 

ABC transporters or diffusion via a damaged cellular membrane. The mRNA-seq results of Caco-2 cells 

treated with FFAs for 1 or 7 days (Supplementary Figs. S4-5, S4-6, S4-7 in Appendix II) did not 

indicate any enriched GO terms associated with transporters (i.e. ATP-binding cassette transporter 

ABCG2)218 that may efflux Hoechst 33258 outside the cells. Thus, transporters did not affect the 

Hoechst 33258 intensity. Therefore, FFAs-treatment might damage the cellular membrane after FFAs 

treatment, resulting in the increase of the Hoechst 33258 intensity but not induction of apoptosis. 

In contrast, the FFA-treated HepG2 cells had the most distinguishable features, such as Calcein AM 

intensity (Intensity_MeanIntensity and Intensity_MaxIntensity), and FFAs-treated HepG2 cells showed 

a reduction of these features (Fig. 4-14b). Considering that the intensity of Calcein AM represents the 

cell viability,219 this result suggests FFAs reduced the viability of co-cultured HepG2 cells. In contrast, 

we could not see the increase of apoptotic HepG2 cells under co-culture conditions, confirmed by 

Annexin V staining (Figs. 4-13a and b). Notably, the mRNA-seq results revealed that HepG2 cells co-

cultured with Caco-2 cells increased gene expression associated with cell cycles (Clusters 12 and 17 in 

Fig. 4-16b). In addition, the genes associated with cell-cell adhesion were reduced in FFAs-treated 

HepG2 cells under co-cultured conditions (Cluster 15 in Fig. 4-16b). These results suggested that, as 

FFAs treatment induced mild damage in HepG2 cells co-cultured with Caco-2 cells, the HepG2 cells 

transformed from the status of differentiated liver cells to proliferating cells. Cell cycles and cell 

division are essential to maintain tissue homeostasis, but in diseases, like NAFLD, they often highlight 
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the imbalance of cell cycle caused by disrupted metabolic signalling.207 Overall, the results with our 

platform indicate that HepG2 cells co-cultured with Caco-2 cells were activated towards NAFLD-like 

gene expression networks with FFA treatment. 

 

4.4.3 Extending the application of iGLC 

To make an advanced in vitro NAFLD model, cell types used in the model are critical. Previously, the 

liver micro physiological system (L-MPSs) was reported to recapitulate liver steatosis to liver 

inflammation and used non-parenchyma cells in the disease progression, such as Kupffer cells, 

endothelial cells, and stellate cells.220 Moreover, in this study, we used only Caco-2 and HepG2 cells to 

recapitulate GLA, but they were originally harvested from different donors, and represent more 

cancerous characteristics rather than the in vivo physiological tissue functions. Instead, the use of human 

pluripotent stem cells (hPSCs), such as embryonic221 and induced pluripotent stem cells222 (hES or iPS 

cells) will be valuable resources to obtain a variety of functional tissue cells from a single cell source. 

Because of the recent advancement of gene editing technologies, such as CRISPR/Cas systems,223 it 

allows the creation of gene-modified hPSCs used for disease modeling, for which the primary cells are 

not applicable.  

Moreover, as shown in this study, NAFLD was involved in organ-to-organ interaction. Recent reports 

have suggested that gut microbiota significantly impact NAFLD development and need to be considered 

for establishing a new NALFD model.39–41 However, each organ often requires the optimal culture 

conditions to express its proper functions. Our present iGLC platform could only use the same cell-

culture medium to interconnect two different tissues, therefore, the next generation of iGLC platform 

needs to overcome present co-culture medium issues. 

 

4.5 Conclusions 

The iGLC platform represents a new in vitro human model for recapitulating physiological and NAFLD 

pathological conditions with a focus on the GLA. By co-culturing human gut and liver cell lines 

interconnected via microfluidics in a closed circulation loop, we created a gut–liver-on-a-chip (iGLC) 

platform as an in vitro human model of the gut–liver axis (GLA) for the initiation and progression of 

NAFLD by treatment with free fatty acids (FFAs) for 1 and 7 days respectively. As an in vitro human 

GLA model, the iGLC platform may serve as an alternative to animal experiments for the investigation 

of NAFLD mechanisms. 

The device was fabricated by a combination of grayscale lithography and multilayer soft lithography 

with microvalves controlling the circulation flow and cell individual assessability. The gut and liver 

cells were co-cultured in a closed-loop circulation, with a high tissue-cell-to-circulation-medium ratio. 
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It was able to present the intensified gut-liver interaction, finding a protective effect of GLA during 

NAFLD progression. This may be contributing to a further understanding of this ‘silent’ disease 

(discussed in Chapter 1). 

In near future, the iGLC platform combined with HCA and the omics approach may provide deeper 

insights into NAFLD development for the establishment of new drugs. The iGLC platform can 

contribute to the development of drugs for not only NAFLD but also a variety of disorders associated 

with GLA38, such as inflammatory bowel disease, that do not have any in vitro experimental settings. 

Therefore, we still need to build a physiologically relevant GLA-MPS, which could advance gut and 

liver cell function, such as the gut for transporting the molecular and the liver for metabolism. Also, for 

the NAFLD progression, inflammation development is a key point. These need further investigation 

and will be introduced in the following chapter (Chapter 5). 
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5 Chapter 5 Inflammatory bowel disease progression modeling in gut-

liver axis microphysiological system 

5.1 Introduction 

In chapter 4, the non-alcoholic fatty liver disease (NAFLD) was modelled and analyzed with a hepatic 

steatosis phenotype, revealing the gut-liver axis (GLA) interaction, through the process of disease 

initiation and progression. We found a protective effect between gut and liver, which reduced the 

apoptotic cell status. And we found the co-culture has significantly changed their gene expression 

profiles. However, the device did not model the polarized state of cells, especially the selective 

permeability of molecular absorption and barrier function of gut epithelial cells. It was a critical concept 

for the individual treatment to induce disease in one organ and observe the disease progression to 

another organ. To solve this issue, in this chapter, we build a multilayered microfluidic device GLA-

MPS by multilayer soft lithography. To further study the GLA interaction, the inflammation interaction 

between the gut and liver is studied, which is an important progression for NAFLD. 

As discussed in chapter 1, GLA is a symmetric relationship that modulates the absorption/prevention 

of exogenous substances at the gut barrier and metabolic activities in the liver.224,30 The disruption of 

GLA functions leads to liver disease progression and gastrointestinal disorders, such as NAFLD and 

Inflammatory bowel disease (IBD).225 This is mainly related to the microbiome and bacteria-derived 

molecular (e.g., Lipopolysaccharides: LPS) in the gut. Consequently, there are ongoing breakthroughs 

in the research of GLA for disease modeling and therapeutic discovery. However, using animal models 

as references for GLA is ambiguous due to the complexity of the organ interactions that exist beyond 

GLA. Therefore, an in vitro physiological model must be established to analyze and understand GLA. 

So far, GLA-MPS have been recognized as an advance in vitro GLA model for studying GLA for the 

metabolism and inflammation axis.7,13,30,181,210,226 Compared to standard static cell-culture models, they 

exhibited superior ability to predict organ-to-organ interactions. However, concerns about flow 

perfusion control, organ functions, and inter-tissue interaction must be addressed with regard to GLA-

MPS. First, distinct physiologically relevant flow perfusions for gut and liver cells must be realized by 

precise flow control within the chip. In addition, an individual-assessable treatment should be developed 

to observe the GLA interaction from one organ to another. Furthermore, the cellular polarity of gut and 

liver cells should be developed for molecular transport. Lastly, the circulatory system must connect two 

organs in order to enhance inter-tissue interactions. 

In particular, the previous GLA-MPSs are based on two approaches: the cell-culture insert in the 

microtiter plates210,226 and microfluidic devices.27,45 For the cell-culture insert system, cellular uptake 

and transport across the cell barrier (e.g., endothelial cells and intestinal epithelial cells) can be studied 

with the porous membrane; under porous membrane, a circulation channel could be used to connect 
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two organs and apply flow perfusion. However, it is difficult to apply an appropriate uniform perfusion 

flow for the surface of each organ within the insert precisely, because of its macroscopic scale in the 

millimeter range and lack of a perfusion controlling system. To express their organ cell functions, gut 

epithelial cells require physiological relevant fluid shear stress (FSS) from the perfusion flow.227,228 In 

contrast, using a microfluidic device allows the control of perfusion flow in the planar 

compartmentalized chambers and the interconnection of two or more tissue cells via a microfluidic 

channel with an on-chip micropump.27,45,121 These microfluidic devices have some issues to be 

addressed; for example, we can apply only one flow rate for the introduced tissues, although the gut 

and liver require different flow rates to execute their functions properly.109,115 Furthermore, the device 

cannot be applied to study organ molecular transport function across the gut barrier because it does not 

have an apical to basal side transport structure such as a porous membrane substrate on the bottom 

channel.45 Thus, there is an urgent need to fulfill these requirements for establishing an advanced in 

vitro GLA model that (i) enables the application of appropriate perfusion flow for the gut and liver, (ii) 

studies molecular transports across the gut barrier for individual treatment, and (iii) interconnects the 

gut and liver to study their interactions within a single microfluidic device. 

 

Figure 5-1 Conceptual illustration of the GLA-MPS. (a) Photograph of the GLA-MPS with three sets of 

in vitro GLA and an integrated micropump. (b) Illustration of microfluidic flow channels for establishing 

GLA-MPS. Gut epithelial cells and liver hepatocytes are cultured in separate cell-culture chambers, with 

optimal perfusion flow for each cell type and circulation flow connecting them. (c) Illustration of the GLA-

MPS that comprises four PDMS layers and the bottom glass layer. (d) Schematic of actuating 

micropump. 

 



71 
 

In this chapter, we present a GLA-MPS device that can achieve individual physiological flow perfusion 

for each organ in the cell-culture chamber, form barrier tissue structure on a porous membrane, and 

connect two organs with circulation flow (Fig. 5-1). The device is fabricated with four-layered 

microfluidic structures such as a cell-culture layer, porous membrane, circulation layer, and control 

layer with an on-chip micropump structure. The FSS on cells is estimated by the computational fluid 

dynamic simulation. The Caco-2 intestinal epithelial and HepG2 hepatocyte-like cells are applied to 

their own physiologically relevant FSSs to enhance their functions. The circulation flow controlled by 

the micropump performed closed-loop circulation to interconnect the Caco-2 and HepG2 cell-culture 

chambers via a porous membrane. The lipopolysaccharide (LPS) and dexamethasone (Dex) were used 

to stimulate the GLA inflammation disease progression interaction. This device allows the modeling 

the GLA interaction as an in vitro disease model. 

 

5.2 Methods 

5.2.1 Chip design 

(a) Device concept and structure The GLA-MPS device is shown in Figs. 5-1a and b. The GLA-MPS 

device consists of four polydimethylsiloxane (PDMS) layers and a glass substrate (Fig. 5-1c and 

Supplementary Fig. S5-1 in Appendix II). The four PDMS layers serve as a cell culture layer, porous 

membrane, circulation layer, and control layer integrated with a micropump. Owing to biocompatibility, 

gas permeability, and elasticity to enable micro pumping, PDMS meets the requirements as a structural 

material.229 The cell-culture layer contains cell-culture chambers (length: 5.3 mm, width: 2 mm, height: 

360 μm). A porous membrane has holes with a hole size of 5 μm, pitch of 20 μm, and thickness of 20 

μm to prevent cell penetration through the holes and reduce the FSS for cells from the basal side. This 

membrane divides the cell-culture chamber and circulation channel to create two distinct flows; soluble 

substances are delivered through holes in the membrane. The control layer incorporates an on-chip 

micropump for closed-loop circulation. In addition, the external pump was linked to the chamber's inlet 

so that the FSS could be applied to the apical side of the gut epithelial cells. 

 

(b) Micropump actuation for closed-loop circulation An approach that uses a pneumatic micropump-

enabled integration with a microfluidic device. We fabricated a pneumatic micropump with PDMS 

circular diaphragm (Chapter 3) to perform closed-loop circulation (Fig. 5-1d). The circular diaphragm 

is integrated into the control layer, consisting of a flexible PDMS diaphragm and an underlying control 

channel. The diaphragm is actuated by varying the positive hydraulic pressure from the control channel 

as it bends towards the circulation channel. For easy alignment, this micropump uses three adjacent 

circular diaphragms with a larger size (diameter: 1 mm) and two smaller ones (diameter: 0.6 mm), 
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connected to a diffuser and nozzle  structure121(Chapter 3) for increasing the one-directional flow and 

pumping pressure by reducing backward flow. As discussed in the chapter 3, the purpose of this ‘two 

phase’ actuating method is to simplify the actuating sequence, which reduces the efforts of frequency 

and pressure control from the pneumatic system. Here, circulatory perfusion flow is controlled by 

selectively releasing (“0”) and actuating (“Pressure”) microvalves in the diaphragm “push-up” 

configuration. “sequence-1” represents actuating both valves 1 and 2 simultaneously, which keeps valve 

3 free. Then, “sequence-2” represents the state where only valve 3 is actuating. The actuation time of 

the 1-mm microvalve is slower than that of the 0.6-mm microvalves because the larger volume of the 

control layer chamber leads to a high inertial mass.98 Thus, valve 2 is slower than that of valves 1 and 

3, which leads to a peristaltic valve motion to generate output flow in one direction during actuation. 

 

5.2.2 Computational fluid dynamics for fluid shear stress 

Computational fluid dynamics analysis was used to estimate the FSS of the cell surface using COMSOL 

Multiphysics (Ver. 5.6, COMSOL Inc.). In the calculation, the central cross-section along the gut 

chamber perfusion direction was adopted (Fig. 5-1b); the porous membrane's microhole structure was 

included. The cell-culture medium was defined as an incompressible and Newtonian fluid with identical 

properties to water at 37 °C (density: 997 kg m−3, viscosity: 6.9 × 10−4 Pa s−1). To model the cell layer, 

a 10-µm-thick layer covered the upper side of the porous membrane with no direct flow across via the 

interior wall setting. The channel walls were setting as non-slip boundary conditions. A laminar 

flow/stationary library was used to determine the net shear rate (�̇�), and the FSS (τ) was calculated by 

multiplying the shear rate with the dynamic viscosity of water, as follows. 

τ = �̇�𝑥𝑦μ = (
𝑑𝑣𝑥

𝑑𝑦
+

𝑑𝑣𝑦

𝑑𝑥
)μ ,                          5-1 

Where 
𝑑𝑣𝑥

𝑑𝑦
+

𝑑𝑣𝑦

𝑑𝑥
 is the net shear rate (�̇�𝑥𝑦) of a surface (x,y) obtained from Navier‒Stokes equation in 

COMSOL, μ is the viscosity of medium.  

 

5.2.3 Chip fabrication by multilayer soft lithography 

The GLA-MPS device was fabricated using multilayer soft-lithography (Fig. 5-2).154 For the resist mold 

of the cell-culture layer, a dry-film type negative photoresist (45 μm; TMMF S2045TM, Tokyo Ohka 

Kogyo) was laminated 8 times to achieve a thickness of 360 μm; similarly, the TMMF was laminated 

2 times to achieve a thickness of 90 μm for fabricating the resist mold of the circulation and control 

layers. The resist mold of the porous membrane layer was fabricated using a spin-coated 25-μm-thick 

negative photoresist (TMMR S2000TM, Tokyo Ohka Kogyo). UV exposure was performed using a mask 
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aligner (MUM-1000 Series, Japan Science Engineering)155,156 with Cr-patterned glass masks for the 

corresponding molds of each layer (cell culture layer: 1000 mJ cm−2, porous membrane: 1500 mJ cm−2, 

and circulation layer and control layers: 500 mJ cm−2). For the development, the resist molds were put 

in a propylene glycol monomethyl ether acetate (PGMEA) solution (PM Thinner, Tokyo Ohka Kogyo)) 

at 23 °C for 20 min. 155,156 The PDMS base and curing agent (Sylgard 184, Dow Corning) mixed in a 

ratio of 5:1 (w/w) for the porous PDMS membrane and 10:1 for other layers were poured onto resist 

molds and cured at 25 °C for 48 h. The designed membrane thicknesses were tuned by spin coating to 

25 μm for the porous PDMS membrane and 60 μm for the pump membrane.  

 

Figure 5-2 Multilayer soft lithography fabrication of the GLA-MPS. Each mold was fabricated with 

photolithography. The opening of the porous membrane well was conducted by dry etching method.  

 

The cured PDMS layer of the porous membrane was etched with a 5-μm thickness using O2 plasma 

(power 100 W: pressure 50 Pa: flow rate 50 sccm; FA-1, SAMCO) to open the through holes (Fig. 5-

3). The cell-culture layer was bonded to the porous PDMS membrane, whereas the control layer was 

bonded to the circulation layer. The two assembled structures were peeled off from the substrate and 

bonded together using VUV surface activation (Min-Excimer SUS713, Ushio). Finally, the bonded 

PDMS layers were bonded on the glass substrate and cured in an oven at 45 °C for 24 h. Low-

temperature bonding causes less deformations on the PDMS block, which prevents shrinkage and 

bending,230 and leads to flat surfaces for multilayer bonding. 
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Figure 5-3 Microfabrication of porous PDMS membrane. (a) (1) Negative photoresist was uniformly 

coated on the silicon wafer with a thickness of 24 ± 1 µm. (2) Contact exposure was performed to 

generate patterns under a photomask. (3) After post-baking and development, the resist mold was 

fabricated. (4) The surface of the resist mold was treated with Shin-Etsu Barrier Coat No. 7 for easily 

peeling off the PDMS. (5) A 25-µm-thick PDMS layer was spin-coated on the resist mold wafer. (6) 

Plasma etching (O2: CF4 = 1:1) with a flow rate of 50 mL min−1 was used to etch the PDMS 5 µm and 

open the through holes. (7) The cell culture layer was bonded to the porous membrane after VUV 

surface activation. (8) Finally, the assembled structure was transferred to the cell culture layer and 

peeled off from the wafer. (b) Scanning electron micrographs of the porous PDMS membrane after 

plasma etching. (c) Cross-section view of the assembled structure with cell culture chamber after 

transferring a porous membrane. 

 

5.2.4 Evaluating the micropump performance 

In chapter 3, the micropump performance was evaluated on the open system. With the increase in 

hydraulic load, the flow rate was reduced. The multilayered GLA-MPS has closed-loop resistance and 

back-pressure effects. It needs to be measured in the loop system. Therefore, the microbeads tracing 

method was employed. The microbead tracing (4.5 μm in diameter) was used for visualizing the culture 

medium circulation flow to characterize the flow rate generated by the on-chip micropump; the flow 

distances of the beads were measured to measure the flow rate of the circulation loop. Prior to the 

experiments, the microfluidic channel was coated for 2 hours at 25 °C with 1% (w/v) bovine serum 
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albumin (BSA, Sigma-Aldrich) in PBS to prevent nonspecific adhesion of beads on flow channels and 

cell-culture chambers. The beads were suspended in a 1% (w/v) BSA solution at a concentration of 1 × 

106 beads mL−1 before being introduced into the device. The microbead movement was recorded with 

a CMOS camera (EO-4010M, Edomond Optics) and a microscope (GX53, Olympus); the microbeads 

moving average velocity was analyzed with a custom-made MATLAB program (R2020b, MathWorks). 

Volumetric flow rates were calculated by multiplying the microbeads moving average velocity and the 

microfluidic channel's cross-sectional area. 

 

5.2.5 Biology treatments and assays 

(a) Cell culture From the American Type Culture Collection (ATCC), HepG2 human hepatocellular 

carcinoma, and Caco-2 human colorectal adenocarcinoma cell lines were obtained. The cells were 

cultivated in Dulbecco's modified Eagle medium (DMEM) (Sigma-Aldrich, St. Louis, MO, USA) 

facilitated with 10% (v/v) fetal bovine serum (FBS, Cell Culture Bioscience), 1% (v/v) nonessential 

amino acids (NEAA, Thermo Fisher Scientific), and 1% (v/v) penicillin/streptomycin (P/S, Thermo 

Fisher Scientific). Trypsin/EDTA (0.04%/0.03%[v/v]) was used to passage HepG2 and Caco-2 cells 

every 3 and 7 days, respectively. 

 

(b) Cell culture on a chip and treatment The cell culturing followed the process in Fig. 5-4. The chips 

were sterilized with 70% (v/v) ethanol and ultraviolet light in a biosafety cabinet at 25 °C for 40 min 

prior to the cell culture on the chips. Then, two chambers in the cell-culture-chamber layer were filled 

with 1.3% (v/v) Matrigel hESC-qualified matrix (Corning) in DMEM/F12 (Sigma-Aldrich) at 25 °C 

for 2 h. The cell culture and circulation chambers were washed and filled with a cell-culture medium. 

The chips were incubated at 4 °C for 16 h to remove all air bubbles from the chips. The next day, after 

washing the chips with a cell-culture medium warmed at 37 °C, three microliters of cell suspensions of 

Caco-2 and HepG2 cells (5 × 106 cells mL−1) were introduced into the corresponding cell culture 

chamber chips; the cell density was 1800 cells mm−2. The chips were placed in a humidified incubator 

at 37 °C with 5% (v/v) CO2. After 24 h, the cell culture medium was changed to remove the floating 

dead cells. For the circulation and perfusion, the inlet of the gut culture chambers was connected to a 

syringe pump (KDS LEGATO 210, KD Scientific Inc.); the micropump was actuated for medium 

recirculation. For a static cell culture, the cell culture and circulation chamber layers were changed with 

the cell culture medium every 6 h. The total cell culture on the chip was maintained for up to 9 days. 

Then, LPS (Escherichia coli O111:B4, Sigma-Aldrich) and Dex (Wako) were used to treat Caco-2 cells. 

LPS and Dex were dissolved in a cell-culture medium at 1 mg mL−1 and 200 µM, respectively, as the 

treatment solutions. After 9 days of culturing in the GLA-MPS, only Caco-2 cells were treated with the 
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treatment solutions for 4 days. For the 96-well-plate group, in the day 4, the Caco-2 cells was stained 

with Diaminofluorescein-FM diacetate (DAF-FMDA) to visualize the alive cell inflammation process. 

 

Figure 5-4 The cell culture schedule and treatment process. LPS: lipopolysaccharide; Dex: 

dexamethasone; Gut: Caco-2 cell; Liver: HepG2 cell. 

 

(c) Live/dead cell assay A cell viability assay was conducted using the NucleoCounter NC-200, Via1-

CassetteTM (Chemometec). After the cell culture or treatment, cells in the chips were washed with PBS 

once by adding 50 μL PBS through the cell culture chamber and the circulation channel. Then, 20 μL 

of trypsin/EDTA solution was added through the cell culture chambers and incubated at 37 °C for 10 

min. After cell detachment, cells in both chambers were separately harvested into a 1-mL tube and 

diluted to 200 μL with the cell-culture medium. The homogenous cell suspension was aspirated into a 

Via1-CassetteTM to count the number and ratio of dead/live cells. 

 

(d) Immunocytochemistry After the cell culture and treatment, the cell-culture chambers and 

circulation layer were washed twice with PBS containing 50 µL of PBS. The cells were fixed with 4% 

paraformaldehyde (PFA, FUJIFILM Wako Pure Chemical) in PBS for 15 min at 25 °C and 

permeabilized with 0.1% (v/v) Triton X-100 in PBS for 30 min at 25 °C. The cells were then incubated 

in a blocking buffer (5% normal goat serum, Vector; 5% normal donkey serum, Wako; 3% BSA, Sigma-

Aldrich; and 0.1% Tween-20, Nacalai Tesque, Inc., in PBS) at 4 °C for 16 h. After blocking, the cells 

were incubated with primary antibodies such as rabbit anti-human ZO-1 IgG (Thermo Fisher Scientific), 

mouse anti-human albumin IgG (Thermo Fisher Scientific), and mouse anti-human inducible nitric 

oxide synthase (iNOS) IgG (R&D Systems) in a blocking buffer at 4 °C for 16 h. After washing the 

primary antibodies with PBS-T twice, the cells were incubated with secondary antibodies such as Alexa 

Fluor 488-labeled donkey anti-rabbit IgG and Alexa Fluor 647-labeled donkey anti-mouse IgG H&L 

(Jackson ImmunoResearch) in a blocking buffer at 25 °C for 1 h. The cell nuclei were stained with 300 
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nM 4,6-diamidino-2-phenylindole (DAPI, Dojindo Laboratories). The DAPI solution (50 µL) was 

introduced into the chambers and incubated at 25 °C for 30 min; the chambers were washed with PBS. 

 

(e) Permeability assay across cell barrier FITC-dextran (4 kDa, Sigma-Aldrich) was used for the 

permeability assay.231 It was dissolved into a cell-culture medium at a concentration of 1 mg mL−1 as 

the working solution. The working solution was introduced into the gut cell-culture chamber and 

incubated for 4 h. The FITC-dextran in the medium of the cell-culture chamber and circulation channel 

was separately collected and measured using the Synergy HTX microplate reader (BioTek Instruments). 

The hydraulic conductivity Kdextran was calculated using  

𝐾𝑑𝑒𝑥𝑡𝑟𝑎𝑛 =
1

𝐴∙𝐶0
∙

𝑑𝑄

𝑑𝑡
 ,                   5-2 

where A, C0, and dQ/dt represent the transporting surface area of the porous membrane (5.3 mm × 2 

mm), original concentration of the FITC-dextran in the gut apical chamber, and amount of FITC-dextran 

transported across the membrane over the respective time interval, respectively. 

 

(f) Enzyme-linked immunosorbent assays Enzyme-linked immunosorbent assay (ELISA) was 

performed to measure TNF-α secreted from the cells by following the manufacturer's instructions of 

RayBio Human TNF-α ELISA kit (RayBiotech). During 4-day stimulation, the cell culture medium 

from cell culture chambers and the circulation channel were collected, and the secreted TNF-α was 

measured at 450 nm absorbance by the Synergy HTX microplate reader (BioTek Instruments). 

 

5.2.6 Data acquisition and analysis 

(a) Imaging acquisition Confocal microscopic imaging was performed using an Andor Dragonfly 502 

system (Andor, UK). This system is built on a Nikon ECLIPSE Ti2-E inverted fluorescence microscope 

(Nikon, Tokyo, Japan) and equipped with a Zyla 4.2 Plus scientific complementary metal oxide 

semiconductor (sCMOS) camera (Andor) driven by Fusion (Andor), a CFI Plan Apochromat Lambda 

10x dry/0.45 NA (Nikon), motorized XY stage and stage piezo (Applied Scientific Instrumentation, 

MO, USA), and three lasers (405, 488, and 637 nm). For image acquisition, the lasers were set to 488 

nm for ZO-1, 637 nm for albumin, and 405 nm for DAPI. 

 

(b) Imaging quantification The imaging data quantification process was conducted using the 

CellProfilerTM (the Broad Institute of Harvard and MIT, version 4.07). To reduce the background 
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staining effect, a mathematically subtracting of the background signal was applied in every image in 

every calculating cycle using the correctilluminationCalcuate and correctilluminationApply functions 

(Median filter, 50). Using IdentifyPrimaryObjects, DAPI images were selected, and nuclei were 

identified. The parameters were set as follows: Typical diameter of objects, from 10 to 40; Threshold 

smoothing scale, 0.5; Threshold correction factor, 1; Lower and upper bounds on the threshold, 0 and 

1; Method to distinguish clumped objects, intensity; Method to draw dividing lines between clumped 

objects, intensity; default values were used for the other parameters. In IdentifySecondaryObjects, 

stained total cell images were selected, and nuclei, as the input objects, were selected. The parameters 

were set as follows: Method to identify the secondary objects, Propagation; Threshold strategy, Global; 

Thresholding method, Otsu with two classes; Threshold smoothing scale, 0; Threshold correction factor, 

1; Lower and upper bounds on the threshold, 0 and 1; Regularization, 0.05. Holes were filled in the 

identified objects. Objects touching the border of images were not discarded. In the 

MeasureObjectIntensity, the intensity of nuclei and cells of identified objects were measured. 

 

(c) Statistical analysis The Student’s t-test, asymptotic Wilcoxon signed-rank test, and Tukey's 

multiple comparison test were conducted using R software (ver. 3.5.2; https://www.r-project.org/). The 

p-value data was listed in Appendix III. 

 

5.3 Results 

5.3.1 Simulated results of FSS with the flow rate 

The FSS was one of the most important physical factors affecting the cell function and 

morphology,115,232 but the previous GLA-MPSs faced challenges in the control. The flow perfusion 

conditions should be investigated for each organ cell. In this device, we estimated the FSS and flow 

rates using equation 5-1, from COMSOL simulation to investigate whether the GLA-MPS provides 

proper FSS on cells (Fig. 5-5). When the medium perfusion in the gut chamber was performed from 2 

to 5 μL min−1, the surface FSS on the apical side of cells had a linear relationship with the external 

pumping flow rate (Fig. 5-5a and b). The mean FSS for the intestinal cells was in the range of 8×10−3 

to 2×10−2 dyne cm−2, which was in the physiologically relevant range232,233 and could promote gut cell 

barrier formation and differentiation process.110,158 

The FSS applied to cells from the basal side through the holes of the membrane was determined using 

the membrane thickness (h) and circulation flow rate (Figs. 5-5c and d). The FSS was reduced 

dramatically with an increase in membrane thickness. In our setup parameters (20-µm-thick membrane), 

we found that the surface FSS (1 ×10−8 to 1.2 × 10−7 dyne cm−2) on the basal sides of cells by the 

https://www.r-project.org/
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circulation flow were considerably smaller than those of the FSS on the apical side of gut epithelial 

cells. Thus, in the effect of circulation flow, we not only considered the effects of FSSs of basal sides 

for the later cell experiments, but we also recognized that circulation flow would mediate 

communication between the gut and liver cells. 

In recent results for the gut on a chip17, the Caco-2 cells on the porous membrane experienced flow 

perfusion in the apical side or basal side, which showed an improvement in cell functions. In our device, 

by using the simulation model, the FSS on cells is well-designed and can be clearly used for 

investigating their effect on cells from both sides. 

 

Figure 5-5 Simulated perfusion flow in the GLA-MPS. (a) Simulated perfusion flow in the gut cell culture 

chamber. (b) Simulated shear stress on the cell surface cultured on the porous membrane. (c) 

Simulated circulation flow in the circulation chamber. (d) Simulated shear stress by the circulation flow. 

 

5.3.2 Enhancing GLA interaction by on-chip micropump 

The micropump working flow rate was closely related to the working load, like fluidic resistance 

(Chapter 3). Especially, in the case of multilayered structures and closed loops, there was heavy load 

from the hydraulic resistance and back pressure. The hydraulic resistance was around 1012-1013 Pa·s m-

3. The back pressure was around 50 Pa (5 mm H2O height level). 

Therefore, we measured again the flow rate generated by the micropump to induce the flow circulation 

between two multilayered organ chambers (Fig. 5-6). The mean flow rate increased with driving 

pressure (0–150 kPa) and pumping frequency (0–1.5 Hz). Working frequencies over 1 Hz exhibited no 

significant differences in the generated flow rates. However, for most of the multilayered structures, the 
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bonding strength and system leakage were limitations for improving the system's reliability.234 In 

contrast, the GLA-MPS has not disassembled until applying over 150 kPa in the control layer for 14 

days (data not shown). It was enough for most of the current MPSs to actuate.234,235  Accordingly, the 

working pressure was set from 50 to 150 kPa to carry out cell culture and assay in the GLA-MPS; this 

gave flow rates from 22 to 61 nL min−1 for circulation at a 1-Hz working frequency. 

 

Figure 5-6 Measured mean flow rate of the micropump for pressure-dependent actuation from 0.25 to 

1.5 Hz frequency. Each dot represents the mean ± standard deviation (SD) (n = 10). 

 

The flow rate requirement for inducing two organ interactions could be estimated from the exchange 

ratio of circulation flow rate (q) and flow volume (Q), i.e., q/Q. In this device, the microfluidic system 

has a circulation flow volume of 1.5 µL. The exchange ratio is 1.5% to 9% in 1 min. In other GLA-

MPSs,30,210 the exchange ratio is approximately 0.25% to 1% in 1 min. Thus, our device realized a more 

intensified circulation flow (10 times) between the gut and liver. For 9-day cell culture, this flow is 

sufficient to induce the interaction between two organs compared with other GLA-MPS devices.30,210 

Besides, the on-chip micropump could realize a fine range of flow rate adjustment, which is consistent 

with the aforementioned FSS simulation circulation flow rate range. Therefore, we could couple the 

circulation flow with gut perfusion flow to improve the cell function and induce the organ to organ 

interaction for cell culture experiments. 

 

5.3.3 Recapitulating physiological GLA 

Caco-2 gut intestinal236 and HepG2 hepatocyte-like cells237 were used and cultured in GLA-MPS to 

establish in vitro GLA. Prior to the cell culture, the surface of the porous membrane should be coated 

with Matrigel for cell attachment. Here, the porous membrane has a porosity of 3.14% (hole size: 5 μm, 

pitch: 20 μm, thickness: 20 μm; Figs.5-3b and c), calculated based on previous research.238 By applying 

the pressure barriers of caplillary239, the Matrigel could be only coated on the surface of the cell-culture 
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chamber side (upper side), but not the surface of holes and circulation channel side (bottom side). This 

is to reduce cell attaching and migrating through the hole of the porous membrane (Fig. 5-7a). 

After culturing for 1 day under the static conditions for the cell attachment, only Caco-2 cells, but not 

HepG2 cells, were subjected to the perfusion flow, since the apical side of hepatocytes in the 

physiological situation is not subjected to the perfusion flow (Fig. 5-4). Both Caco-2 and HepG2 cells 

were maintained for eight days with the circulation flow in the circulation channel. After the culture, 

Caco-2 and HepG2 cells showed 95% and 92% cell viability, respectively (Fig. 5-7b). It demonstrated 

that the cells could be maintained relatively high cell viability in this device. 

 

Figure 5-7 Cell culturing on the porous membrane and cell viability under flow perfusion. (a) the single-

side coating preventing the Caco-2 cell from penetrating across the pore of the porous membrane 

compared with double-side coating. Scale bar: 100 µm. (b) Evaluation of cell viability of Caco-2 cells (2 

μL min−1 of the perfusion flow; 61 nL min−1 of circulation flow) and HepG2 cells (without perfusion flow; 

61 nL min−1 of circulation flow) in the GLA-MPS. 

 

The expression of ZO-1 and albumin (ALB), as functional markers of the gut and liver, respectively, 

were observed by immunocytochemistry to confirm the functions of cells cultured in the GLA-MPS 

(Fig. 5-8). Caco-2 cells expressed ZO-1 tight-junction protein to form the gut barrier (Fig. 5-8a); the 

increase in flow rates of perfusion flows in the gut cell culture chamber induced the ZO-1 expression 

in the Caco-2 cells at 5 μL min−1 (FSS = 2 × 10−2 dyne cm−2). Further, the circulation flow did not 

change the ZO-1 expression in the Caco-2 cells without perfusion flow; instead, it induced ZO-1 

expression in addition to the perfusion flow (Fig. 5-8b). In light of the simulation results, FSS by 

circulation flow was considerably smaller than that by perfusion flows; however, the cultured cells 

could receive the FSS of basal sides. The cell-culture medium in the circulation channel could 

accumulate molecules (i.e., growth factors, cytokines, metabolites, and lipids) and exosomes secreted 

from Caco-2 and HepG2 cells. Thus, the medium contained both autocrine and paracrine factors and 

facilitated the interactions of Caco-2 and HepG2 cells by the circulation flow. Thus, the induction of 

a b 
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ZO-1 expression could be the outcome of the combinations of FSS by perfusion/circulation flows and 

molecular transport. 

 

Figure 5-8 Optimal perfusion and circulation flows enhanced the expression of ZO-1 in Caco-2 cells 

and ALB in HepG2 cells. (a) Immunofluorescent micrographs of ZO-1 (green) expression in Caco-2 

cells. (b) Quantitative single-cell profiling of ZO-1 expression in Caco-2 cells. P values estimated by 

Tukey's multiple comparison test were shown in Table S5-1 Appendix III. (c) Immunofluorescent 

micrographs of ALB (red) expression in Caco-2 cells. (d) Quantitative single-cell profiling of ALB 

expression in HepG2 cells. Center lines of box plots indicate medians; box limits indicate the 25th and 

75th percentiles as determined by R software; whiskers extend 1.5 times the interquartile range from 

the 25th and 75th percentiles. P values estimated by Tukey's multiple comparison test were shown in 

Table S5-2 Appendix III. Nuclei were stained with DAPI. The scale bar represents 100 µm. 

 

In the case of HepG2 cells, the HepG2 cells were not directly subjected to perfusion flow in the cell-

culture chamber, since we focus to evaluate the effects of LPS from the circulation channel and there 

are several reports describing the effects of perfusion flow on hepatocytes;240 also, increasing the gut 

cell culture chamber perfusion flow rates did not improve the ALB expression in HepG2 cells (Fig. 5-

8c), while the increase in circulation flow rates from 0 to 61 nL min−1 significantly induced ALB 
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expression in HepG2 cells (Fig. 5-8d). These results suggest that HepG2 cells facilitated hepatic 

functions such as ALB production by FSS and as a molecular transport in the circulation channel. 

 

Figure 5-9 The three-dimensional villus structure development of Caco-2 cells and permeability assay 

for barrier function. (a) Immunofluorescent micrographs of ZO-1 (red) and nuclei (Blue) to show the 

three-dimensional villus structure after 9-days flow perfusion; (b) FITC-dextran to evaluate Caco-2 

barrier function by observing transportation amount from the culture chambers to the circulation channel 

via the porous membrane (n = 3). 

 

Thus, we selected the flow rates (gut perfusion flow: 2 µL min−1; circulation flow: 61 nL min−1) to 

establish in vitro GLA, which provided the highest expression of functional proteins in both Caco-2 and 

HepG2 cells among the tested conditions. Notably, in this optimal condition, the Caco-2 cells could 

generate a three-dimensional villus structure with 20-30 μm height (Fig.5-9a), which is a significant 

feature over conventional PET porous membrane cell culture MPS device.241 This result is consistent 

with previous gut-on-a-chip devices.109 Then, we also tested the permeability of Caco-2 cells after the 

9-day culture, and we confirmed the cell barrier function (Fig. 5-9b). It indicated that Caco-2 cells 

formed an intact cell barrier to protect the transportation of 4-kD FITC-dextran across the porous 

membrane. 

 

5.3.4 In vitro recapitulation of inflammatory bowel disease and progression 

To demonstrate the interaction of the GLA-MPS for disease progression modeling, we selected to 

recapitulate inflammatory bowel disease (IBD)210 in vitro. IBD is one of the chronic inflammatory 

intestinal disorders and is often caused by genetics, immune systems, microbiome, and environmental 

exposure, and their combinations. Importantly, IBD patients have a high risk of autoimmune liver 

disease via GLA242. It is related with NAFLD inflammation progression. But the underlying 

mechanisms of IBD and NAFLD progression are not fully understood yet. The feature of the presented 

GLA-MPS has an individual addressability for each cell-culture chamber. This feature is advantageous 

for modelling and investigating multiple organ diseases interactions such as IBD and liver disease. 
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Figure 5-10 Four-day treatment of Lipopolysaccharides (LPS) inducing the inflammation marker 

expression on Caco-2 and HepG2, on 96-well-plate. DAF-FM DA is the live cell indicator to detect 

intracellular nitric oxide (NO) during the inflammation process. Scale bar: 100 µm. 

 

To recapitulate IBD using the GLA-MPS, we utilized the bacterial endotoxin, LPS243. First, we 

investigated the LPS effect on the single type of cells based on the 96-well-plate experiment. We used 

the 1 mg mL−1 LPS to treat the Caoc-2 and HepG2 cells, respectively. And we found the LPS could 

significantly improve the DAF-FM DA (Diaminofluorescein-FM diacetate, an alive cell inflammation 

indicator) intensity for both cells (Fig. 5-10). It indicated the LPS could trigger the inflammation process 

on both cells in this concentration.  

 

 

Figure 5-11 In vitro recapitulation of IBD in the GLA-MPS. (a) Experimental procedure of cell treatment. 

(b) Immunofluorescent micrographs of iNOS (red) expression in Caco-2 and HepG2 cells with no 

stimulation (No stim), 1 mg mL−1 LPS treatment (LPS), and 1 mg mL−1 LPS with 200 µM Dex treatment 

(LPS + Dex). Nuclei were stained with DAPI. The scale bar represents 100 µm. (c) Quantification of 

iNOS expression in individual Caco-2 and HepG2 cells based on the immunofluorescent micrographs 

shown in (b). Each bar and error bars represent the mean ± standard deviations (n=3). P values of 

Tukey's multiple comparison test are summarized in Tables S5-3 and S5-4 Appendix III. 
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Figure 5-12 The LPS treatment inducing the improved expression of ZO-1 in Caco-2 cells. (a) Three-

dimensional ZO-1 profile, Caco-2 forming barrier structure after flow perfusion cell culture. LPS was 

introduced in the apical side of the gut barrier and was limited to the circulation channel. (b) LPS 

treatment improved the ZO-1 expression of Caco-2. 

 

Then, on the GLA-MPS, we administrated LPS in the Caco-2 culture chamber to induce gut 

inflammation. After the treatment with 1 mg mL−1 of LPS on Caco-2 cells for 4 days (Figs. 5-4 and 5-

11a), most of the Caco-2 groups expressed iNOS, which is often observed in IBD244; the comparison 

with non-treated Caco-2 cells is shown in Fig. 5-11b and c. Notably, to confirm the integrity of the 

tight junction of the Caco-2 cells, we measured the ZO-1 intensity and three-dimensional profile (Fig. 

5-12a). The results did not show a reduction in ZO-1 intensity (Fig. 5-12b) in the LPS treatment group, 

but the intensity increased. It indicated the leakage of the LPS into the circulation channel was limited. 

And the increase of ZO-1 may be also related to the function of LPS which promoted the proliferation 

of Caco-2 as previous research reported.245 

Following the inflammatory induction of Caco-2 cells, iNOS expression was observed in 4 out of 9 

samples of HepG2 cells, while no change in the iNOS expression was observed in the other 5 samples 

(Fig. 5-11c). Despite the use of established cell lines, such as Caco-2 and HepG2 cell lines, the 

complexity of the experimental setup could have caused the observed individual differences in the LPS 

stimulation. In contrast, the treatment of 200 µM of dexamethasone (Dex), an anti-inflammation agent, 

on the Caco-2 cells during 1 mg mL−1 LPS treatment suppressed the iNOS expression in both Caco-2 

and HepG2 cells. Thus, inflammatory responses of HepG2 cells were induced by the LPS-treated Caco-

2 cells. 

To identify the inflammatory mediators that induced inflammatory responses of HepG2 cells via the 

circulation channel, ELISA was performed for TNF-, which was elevated in the gut of IBD models244. 

However, TNF- in the cultured medium was not observed because the amount of TNF- within the 

a b 
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circulation channel with a limited volume (1.5 µL) was lower than the detection limit of ELISA (Fig. 

5-13). Therefore, highly sensitive methods are required to detect the mediators within such a small 

volume to identify the mediators that influence the interaction between Caco-2 and HepG2 cells via the 

circulation channel. 

 

Figure 5-13 ELISA to measure the secreted TNF-α. (a) The calibration plot of TNF- α. The lower 

detection limit is approx. 60 pg mL−1. (b-d) Amounts of TNF- α in the supernatants corrected from Caco-

2 (b) and HepG2 (c) cell-culture chambers and the circulation channel (d). The measured 

concentrations were below the detection limit of this TNF- α ELISA. The blue color is a 1-day treatment; 

The red color is a 4-day treatment.  Each bar and error bars represent the mean ± standard deviations. 

n=3. 

 

5.4 Discussions 

5.4.1 Physiological flow perfusion to recapitulate the GLA structure and function 

In the previous research, it was reported that mechanical stretches and flow shear stress could promote 

the Caco-2 cell barrier function and the 3D villus structure.99 In this research, we found the similar 

importance of a physiological flow stimulus on Caco-2 cells, which help generate the 3D microvillus 

structure. Also, the developed GLA-MPS achieved individual flow stimulus on gut cells and liver cells 

at the same time. We optimized the flow condition, which also help the HepG2 cells improve the 

expression of albumin. 

As known to all, a polarized  ‘crypt-villus’ structure for the gut is important to realize molecular 

absorption, transport, immune responses, and renewal.246 There are several methods to help generate 
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this 3D structure, such the 3D scaffolds and gels.247 However, these scaffolds and gels methods have 

increased the complicated interfaces, and scaffold-free cell-based tissue engineering is needed.248 In the 

previous gut-on-a-chip system, the mechanical stimulus could promote the Caco-2 cell differentiation 

with a villus structure.109 However, the specific details of how a mechanical stimulus might promote 

differentiation into a villus structure would depend on the specific conditions and parameters of the 

stimulus. The GLA-MPS device achieved the 3D structure by precisely controlling the FSS on Caco-2 

cells in the microfabricated and multilayered structure. We got flow control parameters for these villus 

generations. This was realized by individual and compartmentalized FSS stimulus. It is also applicable 

for tissue engineering for other gut epithelial cell lines, such as induced Pluripotent Stem Cell-derived 

human intestinal cells. It can improve the differentiation stage of these cells.249 

For the hepatocytes, flow perfusion importance was ambiguous. It is hard to know the exact 

physiological FSS or other mechanical stimuli on hepatocytes, due to the space of Disse.115 In previous 

research, they introduced the effect of FSS on hepatocytes. It was known that high FSS may reduce cell 

function and cell viability.116 However, the FSS may also maintain the hepatocyte's morphology for 

longer-term cell culture on chips.250 In this device, we designed the porous membrane and circulation 

flow to control the FSS within the small interstitial flow range. It maintained a 9-days cell culture with 

improved cell function and viability. Therefore, it is also applicable to the cells, which do not receive 

flow perfusion directly, like neurocytes. 

 

5.4.2 GLA-MPS for studying the inflammatory progression 

The GLA-MPS device revealed the physiological level of fluidic control and enhanced the GLA 

function with intensive interaction for inflammatory progression. In the previous research, it was 

reported that LPS induced the secretion of pro-inflammation factors (e.g. iL-6, TNF-α) in Caco-2 

cells,251 which was related to Toll-like receptor 4 (TLR4).252 In our study, we used a relatively high LPS 

concentration (1mg ml-1) (low toxicity, derived from E.coli) to induce the inflammation of Caco-2 cells 

with highly expressed iNOS as the inflammation marker.253 Even though we did not find obvious TNF-

α upregulation by ELISA testing (Fig. 5-13). We still could confirm the inflammation state of Caco-2 

cells, via comparing with Dex. Groups. The GLA communications were connected via the circulation 

channels. The medium crosstalk was nearly 10 times enhanced than traditional GLA-MPS (Section 

5.3.2), which induced inflammatory communications between Caco-2 and HepG2. To analyze their 

interaction, we recognized the LPS did not directly cause the HepG2 inflammation. First, from the view 

of the Caco-2 tight junction, we did not find the reduction and breaking of the ZO-1 marker (Fig. 5-12). 

It indicated the leakage of LPS was limited. Second, in the previous research, HepG2 cells had a 

stronger reaction with the LPS and induced the iNOS expression.254,255 If the LPS leaked into the 

circulation channel with 10 times enhanced micro-scale circulation, the HepG2 cells were supposed to 
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have a similar reaction with Caco-2 cells. However, only 4 of 9 chips presented positive iNOS 

conditions. This means only weak inflammation-inducing reactions. This is consistent with the 

observation of ELISA results. The weak interaction has a high possibility which lies in the pro-

inflammation cytokine crosstalk. It indicated the Caco-2 released pro-inflammation factors which 

caused a further inflammation effect on HepG2 cells. It demonstrated the device could be used for 

individual treatment and studying organ-to-organ communications. It holds the potential to reveal gut-

liver inflammatory communication, leading to the disease progression of NAFLD.39  

 

5.4.3 Extending the application of multilayered GLA-MPS  

Gut microbiome256 plays critical roles in the pathophysiological scenarios in the gut; they can influence 

other organs, including the liver39,169 and brain257, and the immune system258. Instead of liver cells, our 

MPS device allows the introduction of other tissue cells like neurons, and we can investigate the 

interactions with the gut microbiome. Thus, our MPS is not limited to recapitulating only GLA, but it 

is also applicable to other organs and the microbiome. 

Further, the presented GLA-MPS allows a collection of conditioned cell-culture medium from two cell-

culture chambers and circulation channels separately for investigating the underlying molecular 

mechanisms of the GLA by biochemical assays such as ELISA and mass spectroscopy. Since these 

methods for the cell-culture medium are non-invasive for cultured cells, we will be able to determine 

the transitions of molecular contents in the medium during the experimental period to explore 

interesting molecular biomarkers. At the end of the experiments, GLA-MPS allows performing invasive 

cell-analytical methods like immunocytochemistry, as shown in this chapter, as well as multi-omics 

analysis (i.e., genomics, transcriptomics, proteomics, and metabolomics) to obtain deeper insights into 

normal and diseased GLA. 

One advantage of using microfluidic technology for disease modeling is the minimization of the number 

of cells, such as the primary cells obtained from the patients. These cells are limited in their ability to 

recapitulate the patients’ pathological conditions in vitro. The presented MPS requires only 1.5 × 104 

cells for each cell culture chamber, which is considerably smaller than those of the 24-well cell culture 

inserts (3 × 105 cells). Therefore, we efficiently use precious patient samples, like biopsy specimens. In 

the present study, we used widely used cell lines (Caco-2 and HepG2) that can provide the standard 

performance of the presented GLA-MPS. Since patient-derived primary cells could have large patient-

to-patient variations, it would be beneficial to obtain such standard datasets with the use of commonly 

used cell lines. 
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5.5 Conclusions 

We developed a GLA-MPS platform, which was fabricated by multilayer soft lithography with a 

multilayered structure, capable of integrating the multilayer cell culture chamber, circulation channels, 

porous membrane, and on-chip micropump. The device can (i) cultivate gut and liver cells separately 

with applied different perfusion flows/FSS to improve their cell viabilities and functionalities, (ii) form 

3D villus barrier tissue, and (iii) interconnect GLA via circulation channels. 

The device is a more distinctive platform than the current GLA-MPS, resembling the physiological flow 

perfusion and circulation of in vivo GLA. It is also suitable for demonstrating individual accessibility 

to investigate the GLA interaction mediated by IBD and inflammation progress. However, the GLA-

MPS still has some limitations that need to be improved in the future. For example, the device can be 

integrated with the organoid structure, which could extend the gut and liver organ functions for tissue 

engineering and disease modeling. In addition, the device should have capabilities beyond FSS control 

and effectively control the molecular transport gradient across the barrier tissues in the 

microenvironment to understand the GLA interaction.  

Finally, our approach based on GLA-MPS has the potential for applications in understanding the GLA 

mechanisms associated with individual physiological flow perfusion and multi-organ interactions for 

NAFLD progression modeling. 
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6 Chapter 6 Conclusions 

6.1 Summary of accomplishments 

This thesis reported the novel GLA-MPS devices fabricated by multilayer soft lithography, which are 

more distinctive platforms than the previous GLA-MPSs in resembling the closed-loop inter-tissue 

communications, physiological flow perfusion, and circulation of mimicking in vivo GLA interaction 

for disease progression. 

Non-alcoholic fatty liver disease (NAFLD) affected 20-30% of the adult population and has become an 

epidemic disease. Due to its ‘silent’ state, it has a heavy progression from hepatic steatosis to cirrhosis. 

Fatty liver and Inflammation of steatohepatitis (NASH) are recognized as two key steps. Currently, 

there is no available drug for curing the disease. This is mainly caused by a lack of precise disease 

progression models for new therapeutic methods and drug evaluations.  

According to the multiple-hit hypothesis, to clarify the pathological roles of GLA for NAFLD, a GLA-

MPS, recapitulating the GLA physiological organ-to-organ interaction, holds great potential for disease 

modeling. However, in the previous GLA-MPS, there is a problem with the interface between the 

macro-scale cell culture insert and the microfluidic flow perfusion. It is associated with the 

physiologically relevant flow for gut and liver cells’ cultivation, and a low tissue-to-medium ratio leads 

to low GLA interaction. Furthermore, individual accessibility is lacking, leading to hard observation of 

the disease progression from one organ to another. 

To address the issues of the previous GLA-MPSs, we used the advanced multilayer soft lithography 

method to fabricate the GLA-MPSs and controlled the cell-cultivating microenvironment (individual 

accessibility and mechanical stimulus, such as fluid shear stress) by microactuators, including 

microvalve and micropump. We aim to provide an advanced GLA-MPS for modeling NAFLD and 

related disease progression, via GLA interaction. 

For designing advanced micro components for GLA-MPS, we characterized the performance of the 

PDMS-based pneumatic microvalve with a semi-round shape channel and micropump consisting of 

three circular diaphragms. We designed the microvalve and micropump by the FEA simulation, 

applying the contact analysis and fluid-structure interaction methods. In addition, the microwaves with 

a wafer-level high-accuracy fabrication could realize the liquid channel fully closed, which could be 

used to generate a flexible valve control system for individually assessing of multi-organ cell culture 

chamber. For the micropump, we demonstrated the usage of the micropump in high external hydraulic 

flow resistance cases to mimic the case of the MPSs. We found the diffuser/nozzle structure could 

control a more wide range of the flow rate than the normal straight channel, providing a more robust 

flow for MPSs. 
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For investigating the GLA interaction and demonstrating the initiation of NAFLD, NAFLD was 

modeled on the micro-scale closed-loop circulation system to enhance GLA communications.  By 

multilayer soft lithography, we fabricated an integration of the gut–liver-on-a-chip (iGLC) platform. 

Human gut and liver cell lines were interconnected via microfluidics in a closed circulation loop. To 

model the initiation and progression of NAFLD, 1 and 7 days of free fatty acids (FFAs) treatment were 

conducted respectively. Co-cultured Caco-2 gut-like cells and HepG2 hepatocyte-like cells 

demonstrated the accumulated intracellular lipid droplets and the protective effects against apoptosis 

from FFAs treatment, whereas mono-cultured cells exhibited induced apoptosis. Gene expression 

analyses revealed that the FFA-treated liver cells showed an increase in gene expressions associated 

with a cellular response to copper ions and endoplasmic reticulum stress. Therefore, the present iGLC 

platform represents a new in vitro human model for recapitulating physiological and NAFLD 

pathological conditions with a focus on the GLA, allowing to advance in vitro model for NAFLD. 

For mimicking the in vivo-like GLA interaction and inflammation disease progression, we developed a 

multilayered GLA-MPS, which allowed separate flow stimulus and individual treatment for gut and 

liver cells. The GLA-MPS was integrated with a layer of two- separated-cell-culture-chamber for 

individually applied perfusion flows, a porous membrane for polarized cell culture, and a circulation 

channel layer for GLA interaction. The on-chip micropump for driving circulation flow was fabricated 

under the circulation channel layer. These structures were achieved by multilayer soft lithography. 

Accordingly, we analyzed the fluid shear stress (FSS) with computational fluid dynamics simulations 

and confirmed that the physiologically relevant FSS could be applied to the gut (Caco-2) and liver 

(HepG2) cells. Under this FSS, the expression of functional proteins such as zonula occludens 1 (in 

Caco-2) and albumin (in HepG2) was enhanced. Particularly, the gut villus structure was generated. 

Afterward, the inflammatory bowel disease was recapitulated by applying lipopolysaccharide for only 

Caco-2 cells, which showed inflammatory proteins of inducible nitric oxide synthase (iNOS) expression. 

Subsequently, the HepG2 cells also showed iNOS expression. This process demonstrated an 

inflammation progression from the gut to the liver, which indicated an important progression step to 

NASH of GLA. It produces a more realistic model of GLA interactions in humans.  

In conclusion, gut and liver diseases are strongly affected by environmental pathogenic factors. The 

GLA-MPS of this research presented the gut-liver disease initiation and progression. It is consistent 

with the current assumptions and findings of disease modeling. The present devices hold considerable 

potential for disease models to reveal new therapies and insights into the GLA interaction mediated by 

NAFLD and inflammation progression. 
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6.2 Limitations of this study 

Even though we have got some achievements in this research, we still have several issues and limitations, 

such as chip fabrication materials, cell lines, and industrial applications. 

First, the chips were fabricated from PDMS material. It has a high absorption of hydrophobic small 

molecules, such as fatty acids and cytokines. We have used several methods to maintain FFAs 

concentration, including surface coating and medium exchange timing control.45 But the molecular 

concentration and organ-to-organ cytokines still got lost. It limited the application for the multilayered 

GLA-MPS for NAFLD modeling. Even though we have tried using a high concentration of FFAs, it 

seems the absorption still has some side effects, like background staining.259 Therefore, we have not 

modeled the combination function of hepatic steatosis and inflammation development. Also, the micro-

scale sample was quite limited, and a highly sensitive assay method was required. It will be our future 

work to gradually increase the system's complexity and find other methods to solve the absorption issue. 

Currently, thermoplastics260, perfluoropolyether (PFPE) elastomer261, off-stoichiometry thiol-ene 

(OSTE) polymer262, or PDMS-PEG surface coating263 has been developed with microfabrication 

methods. It may hold the potential for replacing the PDMS, as new material for the GLA-MPS.  

Second, in this study, the HepG2 human hepatocellular carcinoma cell line and Caco-2 human 

colorectal adenocarcinoma cell line were used since they have been immortalized and widely used until 

now. However, such cell lines have genetic mutations and cannot express proper functions as actual 

hepatocytes264 and intestinal cells.265 In the case of hepatocytes, the HepaRG human hepatocellular 

carcinoma cell line has been used for liver disease modeling as well as toxicological research due to 

their relatively higher functionalities than those of HepG2 cells recently, but HepaRG cells also showed 

differences in lipid metabolism.266 Moreover, cell lines generally form a pure cellular population, and 

cannot represent cellular diversity. For example, the liver contains hepatocytes and non-parenchymal 

cells (NPCs) such as Kupffer cells, endothelial cells, and stellate cells. In particular, since the liver 

microphysiological system (L-MPSs) was reported to recapitulate liver steatosis using NPCs,220 NPCs 

are now recognized for their importance in hepatic disease modelling. In contrast, primary cells obtained 

from NAFLD patients showed similar cellular diversity and drug metabolic responses.267 However, 

primary cells have limited cell growth capability and often lose their functions in vitro. Moreover, it is 

difficult to identify healthy donors to obtain a control sample. In addition to primary cells, human 

pluripotent stem cells (hPSCs), such as embryonic221 and induced pluripotent stem cells,65,268,269 can 

provide multiple cell types from a single cell source after induction of differentiation by applying 

growth factors and nutrients. However, the tissue cells derived from hPSCs could not fully cover the 

entire cellular diversity nor express their functionality in vivo. Therefore, it remains challenging for 

hPSCs to fully recapitulate the pathological conditions of NAFLD in vitro.  
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Finally, although several advances have already been made in this research, gaps remain between this 

laboratory work and its successful translation to industry and clinical settings. For example, the GLA-

MPS is an in vitro assay model, and, currently, it can not directly represent the complicated networks 

of in vivo clinical data. However, this device has the potential for a therapeutic evaluation model, like 

drug screening. We also can provide proof of concept experiment data for the current assumption model 

(like multi-hit assumption) as in vitro investigation platform. For clinical application, a large amount of 

validation experiments is necessary. The microfluidic cell culture has the advantage of low cells and 

medium consumption for a multi-parallel system. It also will be our future work to improve the 

throughput of the GLA-MPS. Thus, we can calibrate our model based on a clinically relevant database 

or guidance, which will be used for the clinical prediction model. 

 

6.3 Future works 

There are still some subjects that can be extended to improve the function and application of the GLA-

MPS in future research.  

First, the FEA simulation, developed to analyze and optimize the microvalve and micropump, can be 

extended to use in other MPS systems. After converting to a 2D model, the calculation load is largely 

reduced, which increases the possibility of the simulation's complicated system. For example, the 

micropump model can be connected to a loop circulation system, and the actuating of the micropump 

generates a circulation flow, which may be used to furtherly study the molecular transport and diffusing 

model for multi-organ systems. 

Second, instead of using the HepG2 and Caco-2 carcinoma cells, the use of human pluripotent stem 

cells (hPSCs), such as embryonic221 and induced pluripotent stem cells222 (hES or iPS cells) hold 

considerable promise to obtain a variety of functional tissue cells from a single cell source. Because of 

the recent advancement of gene editing technologies, such as CRISPR/Cas systems,223 it allows the 

creation of gene-modified hPSCs used for disease modeling, for which the primary cells are not 

applicable. Therefore, hPSCs will be more suitable for establishing in vitro disease models, like NAFLD. 

It will be our future works by applying these techniques to model a human GLA-MPS model. 

Finally, the devices were fabricated using the multilayer soft lithography microfabrication method with 

a several-layered planer microfluidic structure. Owing to this feature, it holds the capability to integrate 

electrical read-out sensors in cell-culture chambers and circulation channels, which allows for 

monitoring cell conditions and behaviors during cell culture and treatments in a real-time and non-

invasive fashion.270 Such sensors will provide temporal information on tissue formation, disease 

progression, and drug treatments. In the case of the GLA, the sensor for measuring trans-epithelial 

electrical resistance (TEER) was beneficial for evaluating gut barrier formation and causing damage 
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during disease progression. Until now, gut-on-a-chips integrated with TEER measurements have been 

reported.25,68 However, the designs and fabrication processes need to be further improved for better 

accuracy and reproducibility, and integration with GLA-MPS. Currently, we are engaged in a topology 

optimization method to design the TEER electrode for high accuracy and real-time monitoring of gut 

barrier conditions and morphology changes.25 This integrative approach will lead to the advancement 

of GLA-MPS for a better understanding of disease mechanisms and applications in drug discovery. 
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8 Appendix I - Digital micromirror device-based grayscale lithography 

The semi-rounded shape fluidic channel was fabricated by grayscale lithography. The total process were 

included two steps (Supplementary Fig. S3-1 and table S3-1), grayscale lithography optimization and 

digital micromirror device (DMD) based grayscale lithography.  

First, the profile of the semi-rounded shape fluidic channel was gotten by the FEA simulation method 

(described in Chapter 3). Then, the profile data was inputted into the optimization program.133 A wafer-

scale grayscale mask pattern was formed (Supplementary Fig. S3-2). Second, after a series process of 

positive resist coating, the wafer was put under the DMD system for exposure with a digital mask 

pattern and parameters. Finally, the wafer was put into developer solution with optimized development 

time, to get the designed semi-round shape channel mold. 

 

Supplementary Fig. S3-1 |  The process of digital micromirror device-based grayscale lithography. (a) 

The grayscale lithography optimization flow chart; (b) The exposure controller of digital micromirror 

device lithography. DMD: digital micromirror device. 

 

 

Supplementary Fig. S3-2 |  Wafer-scale digital grayscale mask pattern (for chapter 4 device) 
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Supplementary Table S3-1 The grayscale lithography process for 45 μm semi-round channel mold 

fabrication 

Process Detial parameters 

(1) Wafer cleaning Pure water @10 min 

(2) Dehydrated bake Hotplate 150 @10 min 

(3) Spin coating first layers positive 

photoresist (PMER P-LA900) 

PMER P-LA900 spin coating (45 μm) 

Slope 2s  500rpm 38s  850rpm 15s 

(4) Pre-bake Oven 115℃ @ 6 min 

(5) Spin coating second layers positive 

photoresist (PMER P-LA900) 

PMER P-LA900 spin coating (45 μm) 

Slope 2s  500rpm 38s  850rpm 15s 

(6) Pre-bake Oven 115℃ @ 12 min 

(7)Room temperature Over 60 min (Moisture absorption) 

(8) Grayscale Exposure (DMD) Wave length 405 

Dose  2000 mJ/mc2 

Off set 0.02-0.0225 mm 

(9) Development P-7G positive resist developer   @ 550s 

Pure water clean              @ 1min  

 

 

 

Supplementary Fig. S3-3 |  DMD-based grayscale lithography fabricated mold (for chapter 4 device) 
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9 Appendix II - Supplementary Figures 

 
Supplementary Fig. S4-1 |  FFAs treatment for 1 day did not affect apoptotic cellular status. a, Phase 

contrast and fluorescent micrographs of Caco-2 and HepG2 cells treated with FFAs (0 and 1 mM) 

stained with the Annexin V apoptotic cell marker. The scale bars represent 100 µm. b, Box plots to 

evaluate individual apoptotic cells [Caco-2 (left) and HepG2 (right)] after FFA treatment for 24 h. For 

comparison, cells were treated with 1 µM of straurosporine (STS) for 24 h. The center lines of the 

boxplots show the medians. The box limits indicate the 25th and 75th percentiles. The whiskers extend 

1.5 times the interquartile range from the 25th and 75th percentiles. 
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Supplementary Fig. S4-2 | Single-cell profiling cell viability and t-SNE analyses of the 1-

day free fatty acids treatment. a, b, Two-dimensional t-SNE plots of microscopic single-

cell profiling of Caco-2 (c) and HepG2 (d) treated with 1 mM of FFAs or no treatment and 

stained with Calcein AM cellular and Hoechst 33258 nuclei markers.  
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Supplementary Fig. S4-3 | Boxplots comparing cellular parameters of non-treated and 

FFAs-treated Caco-2 and HepG2 cells of 7 days FFAs treatment. The centrelines of the 

boxplots show the medians. The box limits indicate the 25th and 75th percentiles. The whiskers 

extend 1.5 times the interquartile range from the 25th and 75th percentiles. p-values were 

estimated with the Tukey-Kramer test and are presented in Supplementary Table S4-11 and 

Table S4-12 in Appendix III. 
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Supplementary Fig. S4-4 | Typical electropherogram of total RNA obtained from Caco-

2 cells cultured on a chip with Agilent 2100 Bioanalyzer. The electropherogram shows that 

18S and 28S ribosomal RNA (rRNA) bands were clearly detected without smeared bands, 

and the RNA integrity number (RIN), which is used to standardize RNA quality control, was 

over 7.0. This result indicates that the total RNA harvested from the chip was sufficient to be 

applied to RNA sequencing.  
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Supplementary Fig. S4-5 | Gene expressions of the effects of FFA treatment for 1 day 

and crosstalk with the in vitro human GLA model. a, b, Heat maps for the DEGs obtained 

from the 1-day FFAs-treated Caco-2 (a) and HepG2 (b) experimental sets. Z-values of the 

expression profiles are shown. c, d, Bar charts showing gene enrichment related to certain 

GO terms and pathways for FFA-treated Caco-2 (c) and HepG2 (d) cells under mono- and 

co-cultured conditions. 
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Supplementary Fig. S4-6 | Gene-ontology (GO) terms of Clusters 1 to 4 for Caco-2 cells 
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Supplementary Fig. S4-7 | Gene-ontology (GO) terms of Clusters 5 to 10 for Caco-2 cells 
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Supplementary Fig. S4-8 | Gene-ontology (GO) terms of Clusters 11 to 14 for HepG2 

cells 
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Supplementary Fig. S4-9 | Gene-ontology (GO) terms of Clusters 15 to 18 for HepG2 

cells 
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Supplementary Fig. S5-1 | Mask pattern design of GLA-MPS.  
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10 Appendix III - Supplementary Tables 

 

Supplementary Table S4-1 | p-values by Tukey-Kramer test for single-cell profiling for 

viability staining in Caco-2 cells visualized by Calcein AM. 

Sample A Sample B Lower Upper p value 

C:H CF C: C  CF -6.112719475 0.385090584 0.097 

C:H CF C: C  S -45.33705147 -40.09039401 0 

C: C  CF C: C  S -42.47323702 -37.22657956 0 

C: Caco-2; H: HepG2 

S: Static condition; CF: Circulated flow 

 

 

Supplementary Table S4-2 | p-values by Tukey-Kramer test for single-cell profiling for 

viability staining in HepG2 cells visualized by Calcein AM.  

Sample A Sample B Lower Upper p value 

C:H CF C: C  CF 
-9.751347416 5.209697104 0.757 

C:H CF C: C  S 
-7.954678346 7.010102229 0.988 

C: C  CF C: C  S 
-5.680112927 9.277187123 0.839 

C: Caco-2; H: HepG2 

S: Static condition; CF: Circulated flow 
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Supplementary Table S4-3 | p-values by Tukey-Kramer test for single-cell profiling of 

FFAs accumulation in Caco-2 cells for 1-day treatment visualized by AdipoRed staining 

Sample A Sample B Lower Upper p value 

0.1 mM 0.2 mM 0.223113 4.250708 0.0193 

0.1 mM 0.5 mM 3.169775 7.19737 8.99E-09 

0.1 mM 0 mM 0.185112 4.212706 0.0229 

0.1 mM 1.0 mM 1.250067 5.277662 5.79E-05 

0.1 mM 2.0 mM 2.544007 6.571602 1.08E-08 

0.2 mM 0.5 mM 0.932865 4.960459 0.000443 

0.2 mM 0 mM -2.0518 1.975796 1 

0.2 mM 1.0 mM -0.98684 3.040751 0.694 

0.2 mM 2.0 mM 0.307096 4.334691 0.0131 

0.5 mM 0 mM -4.99846 -0.97087 0.000351 

0.5 mM 1.0 mM -3.93351 0.094089 0.0719 

0.5 mM 2.0 mM -2.63957 1.388029 0.95 

0 mM 1.0 mM -0.94884 3.078753 0.659 

0 mM 2.0 mM 0.345098 4.372693 0.0109 

1.0 mM 2.0 mM -0.71986 3.307737 0.445 

 

 

Supplementary Table S4-4 | p-values by Tukey-Kramer test for single-cell profiling of 

FFAs accumulation in HepG2 cells for 1-day treatment visualized by AdipoRed staining 

Sample A Sample B Lower Upper p value 

0.1 mM 0.2 mM -0.15943 4.633305 0.0834 

0.1 mM 0.5 mM 3.120136 7.912872 0 

0.1 mM 0 mM -1.11966 3.673077 0.652 

0.1 mM 1 mM 8.310987 13.10372 0 

0.1 mM 2 mM 5.696866 10.4896 0 

0.2 mM 0.5 mM 0.883199 5.675935 0.00136 

0.2 mM 0 mM -3.3566 1.436141 0.863 

0.2 mM 1 mM 6.07405 10.86679 0 

0.2 mM 2 mM 3.459929 8.252665 0 

0.5 mM 0 mM -6.63616 -1.84343 7.14E-06 

0.5 mM 1 mM 2.794483 7.587219 9.94E-09 

0.5 mM 2 mM 0.180361 4.973097 0.0266 

0 mM 1 mM 7.034278 11.82701 0 

0 mM 2 mM 4.420156 9.212892 0 

1 mM 2 mM -5.01049 -0.21775 0.0232 
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Supplementary Table S4-5 | p-values by Tukey-Kramer test for single-cell profiling of 7 

days FFAs accumulation in Caco-2 cells visualized by AdipoRed staining 

Sample A Sample B Lower Upper p value 

0 mM-co 0 mM-mono -1.29137 0.194586 0.23 

0 mM-co 1 mM-co 5.379399 6.865359 2.41E-11 

0 mM-co 1 mM-mono 6.835213 8.321173 2.41E-11 

0 mM-mono 1 mM-co 5.927792 7.413752 2.41E-11 

0 mM-mono 1 mM-mono 7.383607 8.869567 2.41E-11 

1 mM-co 1 mM-mono 0.712835 2.198795 2.92E-06 

 

 

Supplementary Table S4-6 | p-values by Tukey-Kramer test for single-cell profiling of 7 

days FFAs accumulation in HepG2 cells visualized by AdipoRed staining 

Sample A Sample B Lower Upper p value 

0 mM-co 0 mM-mono -1.20778 0.646492 0.865 

0 mM-co 1 mM-co 4.899882 6.754151 2.41E-11 

0 mM-co 1 mM-mono 2.047212 3.90148 2.41E-11 

0 mM-mono 1 mM-co 5.180524 7.034793 2.41E-11 

0 mM-mono 1 mM-mono 2.327854 4.182122 2.41E-11 

1 mM-co 1 mM-mono -3.7798 -1.92554 2.42E-11 
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Supplementary Table S4-7| p-values by Tukey-Kramer test for single-cell profiling of 

apoptotic cells in 7-days FFAs-treated Caco-2 cells visualized by Annexin V staining 

Sample A Sample B  Lower  Upper   p value 

0 mM-Co 0 mM-Mono -0.03047 -0.01876 0 

0 mM-Co 1 mM-Co -0.01207 -0.00036 0.031 

0 mM-Co 1 mM-Mono 0.054332 0.066037 0 

0 mM-Co STS 0.000587 0.012293 0.0226 

0 mM-Mono 1 mM-Co 0.012549 0.024254 0 

0 mM-Mono 1 mM-Mono 0.078947 0.090653 0 

0 mM-Mono STS 0.025203 0.036908 0 

1 mM-Co 1 mM-Mono 0.060546 0.072251 0 

1 mM-Co STS 0.006801 0.018507 2.13E-08 

1 mM-Mono STS -0.0596 -0.04789 0 

 

Supplementary Table S4-8| p-values by Tukey-Kramer test for single-cell profiling of 

apoptotic cells in 7-days FFAs-treated HepG2 cells visualized by Annexin V staining 

Sample A Sample B Lower  Upper    p value 

0 mM-Co 0 mM-Mono -0.004368062 0.012056966 0.705 

0 mM-Co 1 mM-Co -0.002436683 0.013988345 0.307 

0 mM-Co 1 mM-Mono 0.095574898 0.111999926 0 

0 mM-Co STS 0.019753004 0.036178032 0 

0 mM-Mono 1 mM-Co -0.006281135 0.010143893 0.968 

0 mM-Mono 1 mM-Mono 0.091730446 0.108155474 0 

0 mM-Mono STS 0.015908552 0.03233358 0 

1 mM-Co 1 mM-Mono 0.089799067 0.106224095 0 

1 mM-Co STS 0.013977173 0.030402201 0 

1 mM-Mono STS -0.084034408 -0.06760938 0 
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Supplementary Table S4-9| p-values by Tukey-Kramer test for single-cell profiling of 

albumin expression in 7-days FFAs-treated HepG2 cells visualized by albumin staining 

Sample A Sample B Lower  Upper      p value 

0 mM-Co 0 mM-Mono -14.3585 -8.82408 0 

0 mM-Co 1 mM-Co -2.47111 3.06336 0.993 

0 mM-Co 1 mM-Mono -9.963 -4.42854 0 

0 mM-Mono 1 mM-Co 9.120202 14.65467 0 

0 mM-Mono 1 mM-Mono 1.628305 7.162773 0.000263 

1 mM-Co 1 mM-Mono -10.2591 -4.72466 0 
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Supplementary Table S4-10| 68 types of Cellular parameters for quantitative cellular 

phenotype analysis with Calcein AM and Hoechst 33258 staining 

AreaShape_Area 

AreaShape_BoundingBoxArea 

AreaShape_BoundingBoxMaximum_X 

AreaShape_BoundingBoxMaximum_Y 

AreaShape_BoundingBoxMinimum_X 

AreaShape_BoundingBoxMinimum_Y 

AreaShape_Center_X 

AreaShape_Center_Y 

AreaShape_Compactness 

AreaShape_Eccentricity 

AreaShape_EquivalentDiameter 

AreaShape_Extent 

AreaShape_FormFactor 

AreaShape_MajorAxisLength 

AreaShape_MaxFeretDiameter 

AreaShape_MaximumRadius 

AreaShape_MeanRadius 

AreaShape_MedianRadius 

AreaShape_MinFeretDiameter 

AreaShape_MinorAxisLength 

AreaShape_Orientation 

AreaShape_Perimeter 

AreaShape_Solidity 

Intensity_IntegratedIntensityEdge_Hoechst 33258 

Intensity_IntegratedIntensityEdge_Calcein AM 

Intensity_IntegratedIntensity_Hoechst 33258 

Intensity_IntegratedIntensity_Calcein AM 

Intensity_LowerQuartileIntensity_Hoechst 33258 

Intensity_LowerQuartileIntensity_Calcein AM 

Intensity_MADIntensity_Hoechst 33258 

Intensity_MADIntensity_Calcein AM 

Intensity_MassDisplacement_Hoechst 33258 

Intensity_MassDisplacement_Calcein AM 

Intensity_MaxIntensityEdge_Hoechst 33258 

Intensity_MaxIntensityEdge_Calcein AM 

Intensity_MaxIntensity_Hoechst 33258 

Intensity_MaxIntensity_Calcein AM 

Intensity_MeanIntensityEdge_Hoechst 33258 

Intensity_MeanIntensityEdge_Calcein AM 

Intensity_MeanIntensity_Hoechst 33258 
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Intensity_MeanIntensity_Calcein AM 

Intensity_MedianIntensity_Hoechst 33258 

Intensity_MedianIntensity_Calcein AM 

Intensity_MinIntensityEdge_Hoechst 33258 

Intensity_MinIntensityEdge_Calcein AM 

Intensity_MinIntensity_Hoechst 33258 

Intensity_MinIntensity_Calcein AM 

Intensity_StdIntensityEdge_Hoechst 33258 

Intensity_StdIntensityEdge_Calcein AM 

Intensity_StdIntensity_Hoechst 33258 

Intensity_StdIntensity_Calcein AM 

Intensity_UpperQuartileIntensity_Hoechst 33258 

Intensity_UpperQuartileIntensity_Calcein AM 

NucleiAreaShape_Area 

NucleiAreaShape_Compactness 

NucleiAreaShape_Eccentricity 

NucleiAreaShape_EulerNumber 

NucleiAreaShape_Extent 

NucleiAreaShape_FormFactor 

NucleiAreaShape_MajorAxisLength 

NucleiAreaShape_MaxFeretDiameter 

NucleiAreaShape_MaximumRadius 

NucleiAreaShape_MeanRadius 

NucleiAreaShape_MedianRadius 

NucleiAreaShape_MinFeretDiameter 

NucleiAreaShape_MinorAxisLength 

NucleiAreaShape_Perimeter 

NucleiAreaShape_Solidity 

 

 

 

 

 

 

 

 



135 
 

Supplementary Table S4-11| p-values by Tukey-Kramer test for single-cell profiling of 

FFAs-treated Caco-2 cells with the most distinguishable cellular parameters based on 

Calcein AM and Hoechst 33258 staining 

Items     A   B  Lower  Upper  p value 

AreaShape_EquivalentDiameter FFAs- Non- -2.36536 -0.56856 0.0014 

Intensity_MaxIntensity_Calcein AM FFAs- Non- -0.10853 -0.08029 0 

Intensity_MeanIntensity_Calcein AM FFAs- Non- -0.11294 -0.09258 0 

Intensity_MaxIntensity_Hoechst 33258 FFAs- Non- -0.086 -0.05159 0 

 

 

Supplementary Table S4-12| p-values by Tukey-Kramer test for single-cell profiling of 

FFAs-treated HepG2 cells with the most distinguishable cellular parameters based on 

Calcein AM and Hoechst 33258 staining 

Items     A   B       Lower       Upper  p value 

AreaShape_EquivalentDiameter FFAs- Non- -4.44339 -2.25715 
2.53E-

09 

Intensity_MaxIntensity_Calcein AM FFAs- Non- 0.15985 0.190296 0 

Intensity_MeanIntensity_Calcein AM FFAs- Non- 
 

0.1563806 
 

0.1764105 
 

0 

Intensity_MaxIntensity_Hoechst 33258 FFAs- Non- -0.04341 -0.00386 0.0192 
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Supplementary Table S5-1. Tukey's multiple comparison test for ZO-1 expression in 

Caco-2 cells 

levelA levelB p-values   levelA levelB                p-values 

0P0C 0P22C 1  0P61C 5P0C 1.00E-11 

0P0C 0P61C 0.999  0P61C 5P22C 1.00E-11 

0P0C 2P0C 0.00074  0P61C 5P61C 1.01E-11 

0P0C 2P22C 1.75E-05  2P0C 2P22C 0.997 

0P0C 2P61C 1.00E-11  2P0C 2P61C 1.00E-11 

0P0C 5P0C 1.00E-11  2P0C 5P0C 1.00E-11 

0P0C 5P22C 1.00E-11  2P0C 5P22C 1.00E-11 

0P0C 5P61C 1.01E-11  2P0C 5P61C 3.22E-07 

0P22C 0P61C 0.999  2P22C 2P61C 1.00E-11 

0P22C 2P0C 0.000643  2P22C 5P0C 1.01E-11 

0P22C 2P22C 1.48E-05  2P22C 5P22C 1.00E-11 

0P22C 2P61C 1.00E-11  2P22C 5P61C 2.40E-05 

0P22C 5P0C 1.00E-11  2P61C 5P0C 5.41E-06 

0P22C 5P22C 1.00E-11  2P61C 5P22C 0.493 

0P22C 5P61C 1.01E-11  2P61C 5P61C 1.01E-11 

0P61C 2P0C 2.54E-05  5P0C 5P22C 0.0376 

0P61C 2P22C 3.44E-07  5P0C 5P61C 8.91E-08 

0P61C 2P61C 1.00E-11   5P22C 5P61C 1.01E-11 

 

0P, 2P and 5P represent 0, 2 and 5 μL min-1 of the perfusion flow. 

0C, 22C and 61C represent 0, 22 and 61 nL min-1 of the circulation flow. 

 

  



137 
 

 

Supplementary Table S5-2. Tukey's multiple comparison test for ALB expression in 

HepG2 cells 

levelA levelB p-values levelA levelB p-values 

0P0C 0P22C 0.879 0P61C 5P0C 6.64E-08 

0P0C 0P61C 0.00171 0P61C 5P22C 0.412 

0P0C 2P0C 0.00577 0P61C 5P61C 2.13E-07 

0P0C 2P22C 0.666 2P0C 2P22C 0.599 

0P0C 2P61C 1.00E-11 2P0C 2P61C 1.01E-11 

0P0C 5P0C 0.554 2P0C 5P0C 4.16E-07 

0P0C 5P22C 1.86E-08 2P0C 5P22C 0.232 

0P0C 5P61C 1.01E-11 2P0C 5P61C 3.29E-08 

0P22C 0P61C 0.183 2P22C 2P61C 1.00E-11 

0P22C 2P0C 0.343 2P22C 5P0C 0.00453 

0P22C 2P22C 1 2P22C 5P22C 0.000352 

0P22C 2P61C 1.00E-11 2P22C 5P61C 1.02E-11 

0P22C 5P0C 0.0177 2P61C 5P0C 1.00E-11 

0P22C 5P22C 5.99E-05 2P61C 5P22C 1.01E-11 

0P22C 5P61C 1.01E-11 2P61C 5P61C 6.87E-05 

0P61C 2P0C 1 5P0C 5P22C 1.02E-11 

0P61C 2P22C 0.386 5P0C 5P61C 1.00E-11 

0P61C 2P61C 1.01E-11 5P22C 5P61C 0.0081 

 

0P, 2P and 5P represent 0, 2 and 5 μL min-1 of the perfusion flow. 

0C, 22C and 61C represent 0, 22 and 61 nL min-1 of the circulation flow. 

 

  



138 
 

 

Supplementary Table S5-3. Tukey's multiple comparison test for iNOS expression in 

Caco-2 cells 

levelA levelB ci.low ci.up p-values  

LPS _DEX_A LPS _DEX_B 0.048019962 0.071115542 0  

LPS _DEX_A LPS _DEX_C -0.0144929 0.008602681 1  

LPS _DEX_A LPS _DEX_D -0.040786656 -0.017691075 0  

LPS _DEX_A LPS _DEX_E -0.014371806 0.008723775 1  

LPS _DEX_A LPS _DEX_F -0.010886423 0.012209158 1  

LPS _DEX_A LPS_A 0.126969582 0.150065163 0  

LPS _DEX_A LPS_B 0.137727055 0.160822636 0  

LPS _DEX_A LPS_C 0.075333244 0.098452002 0  

LPS _DEX_A LPS_D 0.022710275 0.045805855 0  

LPS _DEX_A LPS_E -0.016759601 0.00633598 0.985  

LPS _DEX_A LPS_F 0.035287864 0.058383445 0  

LPS _DEX_A No_stim_A 0.018130966 0.041226547 0  

LPS _DEX_A No_stim_B -0.022435924 0.000659657 0.0922  

LPS _DEX_A No_stim_C -0.004912769 0.01819438 0.867  

LPS _DEX_A No_stim_D -0.040284222 -0.017188641 0  

LPS _DEX_A No_stim_E -0.043725597 -0.020630016 0  

LPS _DEX_A No_stim_F -0.041634876 -0.018539295 0  

LPS _DEX_B LPS _DEX_C -0.074060652 -0.050965071 0  

LPS _DEX_B LPS _DEX_D -0.100354408 -0.077258827 0  

LPS _DEX_B LPS _DEX_E -0.073939558 -0.050843977 0  

LPS _DEX_B LPS _DEX_F -0.070454175 -0.047358594 0  

LPS _DEX_B LPS_A 0.06740183 0.090497411 0  

LPS _DEX_B LPS_B 0.078159303 0.101254884 0  

LPS _DEX_B LPS_C 0.015765492 0.03888425 0  

LPS _DEX_B LPS_D -0.036857477 -0.013761897 0  

LPS _DEX_B LPS_E -0.076327353 -0.053231772 0  

LPS _DEX_B LPS_F -0.024279888 -0.001184307 0.0144  

LPS _DEX_B No_stim_A -0.041436786 -0.018341205 0  

LPS _DEX_B No_stim_B -0.082003676 -0.058908095 0  

LPS _DEX_B No_stim_C -0.064480521 -0.041373372 0  

LPS _DEX_B No_stim_D -0.099851974 -0.076756393 0  

LPS _DEX_B No_stim_E -0.103293349 -0.080197768 0  

LPS _DEX_B No_stim_F -0.101202628 -0.078107047 0  

LPS _DEX_C LPS _DEX_D -0.037841546 -0.014745965 0  

LPS _DEX_C LPS _DEX_E -0.011426696 0.011668884 1  

LPS _DEX_C LPS _DEX_F -0.007941313 0.015154268 1  

LPS _DEX_C LPS_A 0.129914692 0.153010273 0  

LPS _DEX_C LPS_B 0.140672165 0.163767746 0  
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LPS _DEX_C LPS_C 0.078278354 0.101397111 0  

LPS _DEX_C LPS_D 0.025655384 0.048750965 0  

LPS _DEX_C LPS_E -0.013814491 0.00928109 1  

LPS _DEX_C LPS_F 0.038232974 0.061328555 0  

LPS _DEX_C No_stim_A 0.021076076 0.044171657 0  

LPS _DEX_C No_stim_B -0.019490814 0.003604767 0.608  

LPS _DEX_C No_stim_C -0.001967659 0.02113949 0.255  

LPS _DEX_C No_stim_D -0.037339112 -0.014243531 0  

LPS _DEX_C No_stim_E -0.040780487 -0.017684906 0  

LPS _DEX_C No_stim_F -0.038689766 -0.015594185 0  

LPS _DEX_D LPS _DEX_E 0.014867059 0.03796264 0  

LPS _DEX_D LPS _DEX_F 0.018352443 0.041448024 0  

LPS _DEX_D LPS_A 0.156208448 0.179304029 0  

LPS _DEX_D LPS_B 0.16696592 0.190061501 0  

LPS _DEX_D LPS_C 0.10457211 0.127690867 0  

LPS _DEX_D LPS_D 0.05194914 0.075044721 0  

LPS _DEX_D LPS_E 0.012479265 0.035574846 5.23E-11  

LPS _DEX_D LPS_F 0.06452673 0.087622311 0  

LPS _DEX_D No_stim_A 0.047369832 0.070465413 0  

LPS _DEX_D No_stim_B 0.006802942 0.029898523 4.54E-06  

LPS _DEX_D No_stim_C 0.024326097 0.047433246 0  

LPS _DEX_D No_stim_D -0.011045356 0.012050225 1  

LPS _DEX_D No_stim_E -0.014486732 0.008608849 1  

LPS _DEX_D No_stim_F -0.01239601 0.010699571 1  

LPS _DEX_E LPS _DEX_F -0.008062407 0.015033174 1  

LPS _DEX_E LPS_A 0.129793598 0.152889179 0  

LPS _DEX_E LPS_B 0.140551071 0.163646652 0  

LPS _DEX_E LPS_C 0.07815726 0.101276017 0  

LPS _DEX_E LPS_D 0.02553429 0.048629871 0  

LPS _DEX_E LPS_E -0.013935585 0.009159996 1  

LPS _DEX_E LPS_F 0.03811188 0.061207461 0  

LPS _DEX_E No_stim_A 0.020954982 0.044050563 0  

LPS _DEX_E No_stim_B -0.019611908 0.003483673 0.579  

LPS _DEX_E No_stim_C -0.002088753 0.021018396 0.276  

LPS _DEX_E No_stim_D -0.037460206 -0.014364625 0  

LPS _DEX_E No_stim_E -0.040901581 -0.017806 0  

LPS _DEX_E No_stim_F -0.03881086 -0.015715279 0  

LPS _DEX_F LPS_A 0.126308215 0.149403796 0  

LPS _DEX_F LPS_B 0.137065687 0.160161268 0  

LPS _DEX_F LPS_C 0.074671876 0.097790634 0  

LPS _DEX_F LPS_D 0.022048907 0.045144488 0  

LPS _DEX_F LPS_E -0.017420968 0.005674613 0.951  

LPS _DEX_F LPS_F 0.034626497 0.057722078 0  

LPS _DEX_F No_stim_A 0.017469598 0.040565179 0  
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LPS _DEX_F No_stim_B -0.023097292 -1.71E-06 0.0499  

LPS _DEX_F No_stim_C -0.005574137 0.017533012 0.943  

LPS _DEX_F No_stim_D -0.04094559 -0.017850009 0  

LPS _DEX_F No_stim_E -0.044386965 -0.021291384 0  

LPS _DEX_F No_stim_F -0.042296244 -0.019200663 0  

LPS_A LPS_B -0.000790318 0.022305263 0.103  

LPS_A LPS_C -0.063184129 -0.040065371 0  

LPS_A LPS_D -0.115807098 -0.092711517 0  

LPS_A LPS_E -0.155276973 -0.132181393 0  

LPS_A LPS_F -0.103229509 -0.080133928 0  

LPS_A No_stim_A -0.120386407 -0.097290826 0  

LPS_A No_stim_B -0.160953297 -0.137857716 0  

LPS_A No_stim_C -0.143430142 -0.120322993 0  

LPS_A No_stim_D -0.178801595 -0.155706014 0  

LPS_A No_stim_E -0.18224297 -0.159147389 0  

LPS_A No_stim_F -0.180152249 -0.157056668 0  

LPS_B LPS_C -0.073941601 -0.050822844 0  

LPS_B LPS_D -0.126564571 -0.10346899 0  

LPS_B LPS_E -0.166034446 -0.142938865 0  

LPS_B LPS_F -0.113986981 -0.0908914 0  

LPS_B No_stim_A -0.131143879 -0.108048298 0  

LPS_B No_stim_B -0.171710769 -0.148615188 0  

LPS_B No_stim_C -0.154187614 -0.131080465 0  

LPS_B No_stim_D -0.189559067 -0.166463486 0  

LPS_B No_stim_E -0.193000442 -0.169904862 0  

LPS_B No_stim_F -0.190909721 -0.16781414 0  

LPS_C LPS_D -0.064193937 -0.041075179 0  

LPS_C LPS_E -0.103663812 -0.080545054 0  

LPS_C LPS_F -0.051616347 -0.028497589 0  

LPS_C No_stim_A -0.068773245 -0.045654488 0  

LPS_C No_stim_B -0.109340135 -0.086221377 0  

LPS_C No_stim_C -0.091816974 -0.06868666 0  

LPS_C No_stim_D -0.127188433 -0.104069676 0  

LPS_C No_stim_E -0.130629808 -0.107511051 0  

LPS_C No_stim_F -0.128539087 -0.10542033 0  

LPS_D LPS_E -0.051017666 -0.027922085 0  

LPS_D LPS_F 0.001029799 0.02412538 0.0171  

LPS_D No_stim_A -0.016127099 0.006968482 0.996  

LPS_D No_stim_B -0.056693989 -0.033598408 0  

LPS_D No_stim_C -0.039170834 -0.016063685 0  

LPS_D No_stim_D -0.074542287 -0.051446706 0  

LPS_D No_stim_E -0.077983662 -0.054888081 0  

LPS_D No_stim_F -0.075892941 -0.05279736 0  

LPS_E LPS_F 0.040499674 0.063595255 0  
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LPS_E No_stim_A 0.023342776 0.046438357 0  

LPS_E No_stim_B -0.017224114 0.005871467 0.964  

LPS_E No_stim_C 0.000299041 0.02340619 0.0371  

LPS_E No_stim_D -0.035072412 -0.011976831 1.81E-10  

LPS_E No_stim_E -0.038513787 -0.015418206 0  

LPS_E No_stim_F -0.036423066 -0.013327485 0  

LPS_F No_stim_A -0.028704689 -0.005609108 3.28E-05  

LPS_F No_stim_B -0.069271579 -0.046175998 0  

LPS_F No_stim_C -0.051748424 -0.028641275 0  

LPS_F No_stim_D -0.087119877 -0.064024296 0  

LPS_F No_stim_E -0.090561252 -0.067465671 0  

LPS_F No_stim_F -0.088470531 -0.06537495 0  

No_stim_A No_stim_B -0.05211468 -0.029019099 0  

No_stim_A No_stim_C -0.034591525 -0.011484376 5.51E-10  

No_stim_A No_stim_D -0.069962978 -0.046867398 0  

No_stim_A No_stim_E -0.073404354 -0.050308773 0  

No_stim_A No_stim_F -0.071313633 -0.048218052 0  

No_stim_B No_stim_C 0.005975364 0.029082513 1.82E-05  

No_stim_B No_stim_D -0.029396089 -0.006300508 1.06E-05  

No_stim_B No_stim_E -0.032837464 -0.009741883 2.00E-08  

No_stim_B No_stim_F -0.030746743 -0.007651162 1.03E-06  

No_stim_C No_stim_D -0.046930812 -0.023823663 0  

No_stim_C No_stim_E -0.050372187 -0.027265038 0  

No_stim_C No_stim_F -0.048281466 -0.025174317 0  

No_stim_D No_stim_E -0.014989166 0.008106415 1  

No_stim_D No_stim_F -0.012898445 0.010197136 1  

No_stim_E No_stim_F -0.009457069 0.013638512 1  

      

LPS: 1 mg mL−1 LPS treatment     

LPS_DEX: 1 mg mL−1 LPS with 200 µM Dex treatment   

No_stim: No treatment     

A~F: The sample IDs     
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Supplementary Table S5-4. Tukey's multiple comparison test for iNOS expression in 

HepG2 cells 

levelA levelB ci.low ci.up pValue 

LPS _DEX_A LPS _DEX_B -0.024905898 -0.000509754 0.0308 

LPS _DEX_A LPS _DEX_C 0.002269427 0.026665572 0.00458 

LPS _DEX_A LPS _DEX_D -0.069185166 -0.044789021 0 

LPS _DEX_A LPS _DEX_E 0.010460718 0.034856863 1.45E-08 

LPS _DEX_A LPS _DEX_F -0.066450021 -0.042053877 0 

LPS _DEX_A LPS_A 0.009487854 0.033883998 8.75E-08 

LPS _DEX_A LPS_B -0.060116674 -0.035720529 0 

LPS _DEX_A LPS_C -0.033414778 -0.009018633 2.03E-07 

LPS _DEX_A LPS_D -0.079622943 -0.055226798 0 

LPS _DEX_A LPS_E -0.083848495 -0.05945235 0 

LPS _DEX_A LPS_F 0.093657479 0.118053624 0 

LPS _DEX_A No_stim_A 0.002985504 0.027381648 0.00192 

LPS _DEX_A No_stim_B -0.060634792 -0.036238648 0 

LPS _DEX_A No_stim_C -0.029979194 -0.005583049 5.48E-05 

LPS _DEX_A No_stim_D -0.083809967 -0.059413823 0 

LPS _DEX_A No_stim_E -0.078670327 -0.054274182 0 

LPS _DEX_A No_stim_F -0.045352549 -0.020956405 0 

LPS _DEX_B LPS _DEX_C 0.014977253 0.039373397 0 

LPS _DEX_B LPS _DEX_D -0.05647734 -0.032081195 0 

LPS _DEX_B LPS _DEX_E 0.023168544 0.047564688 0 

LPS _DEX_B LPS _DEX_F -0.053742196 -0.029346051 0 

LPS _DEX_B LPS_A 0.02219568 0.046591824 0 

LPS _DEX_B LPS_B -0.047408848 -0.023012704 0 

LPS _DEX_B LPS_C -0.020706952 0.003689193 0.581 

LPS _DEX_B LPS_D -0.066915117 -0.042518972 0 

LPS _DEX_B LPS_E -0.071140669 -0.046744524 0 

LPS _DEX_B LPS_F 0.106365305 0.13076145 0 

LPS _DEX_B No_stim_A 0.01569333 0.040089474 0 

LPS _DEX_B No_stim_B -0.047926966 -0.023530822 0 

LPS _DEX_B No_stim_C -0.017271368 0.007124777 0.994 

LPS _DEX_B No_stim_D -0.071102141 -0.046705997 0 

LPS _DEX_B No_stim_E -0.065962501 -0.041566356 0 

LPS _DEX_B No_stim_F -0.032644724 -0.008248579 7.74E-07 

LPS _DEX_C LPS _DEX_D -0.083652665 -0.05925652 0 

LPS _DEX_C LPS _DEX_E -0.004006781 0.020389363 0.651 

LPS _DEX_C LPS _DEX_F -0.080917521 -0.056521376 0 

LPS _DEX_C LPS_A -0.004979645 0.019416499 0.836 

LPS _DEX_C LPS_B -0.074584173 -0.050188029 0 

LPS _DEX_C LPS_C -0.047882277 -0.023486133 0 

LPS _DEX_C LPS_D -0.094090442 -0.069694297 0 
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LPS _DEX_C LPS_E -0.098315994 -0.073919849 0 

LPS _DEX_C LPS_F 0.07918998 0.103586124 0 

LPS _DEX_C No_stim_A -0.011481996 0.012914149 1 

LPS _DEX_C No_stim_B -0.075102292 -0.050706147 0 

LPS _DEX_C No_stim_C -0.044446693 -0.020050548 0 

LPS _DEX_C No_stim_D -0.098277466 -0.073881322 0 

LPS _DEX_C No_stim_E -0.093137826 -0.068741681 0 

LPS _DEX_C No_stim_F -0.059820049 -0.035423904 0 

LPS _DEX_D LPS _DEX_E 0.067447812 0.091843956 0 

LPS _DEX_D LPS _DEX_F -0.009462928 0.014933216 1 

LPS _DEX_D LPS_A 0.066474947 0.090871092 0 

LPS _DEX_D LPS_B -0.003129581 0.021266564 0.458 

LPS _DEX_D LPS_C 0.023572316 0.04796846 0 

LPS _DEX_D LPS_D -0.022635849 0.001760295 0.207 

LPS _DEX_D LPS_E -0.026861401 -0.002465257 0.00363 

LPS _DEX_D LPS_F 0.150644573 0.175040717 0 

LPS _DEX_D No_stim_A 0.059972597 0.084368742 0 

LPS _DEX_D No_stim_B -0.003647699 0.020748446 0.572 

LPS _DEX_D No_stim_C 0.0270079 0.051404044 0 

LPS _DEX_D No_stim_D -0.026822874 -0.002426729 0.0038 

LPS _DEX_D No_stim_E -0.021683233 0.002712911 0.371 

LPS _DEX_D No_stim_F 0.011634544 0.036030688 1.49E-09 

LPS _DEX_E LPS _DEX_F -0.089108812 -0.064712667 0 

LPS _DEX_E LPS_A -0.013170936 0.011225208 1 

LPS _DEX_E LPS_B -0.082775464 -0.05837932 0 

LPS _DEX_E LPS_C -0.056073568 -0.031677424 0 

LPS _DEX_E LPS_D -0.102281733 -0.077885589 0 

LPS _DEX_E LPS_E -0.106507285 -0.082111141 0 

LPS _DEX_E LPS_F 0.070998689 0.095394833 0 

LPS _DEX_E No_stim_A -0.019673287 0.004722858 0.794 

LPS _DEX_E No_stim_B -0.083293583 -0.058897438 0 

LPS _DEX_E No_stim_C -0.052637984 -0.02824184 0 

LPS _DEX_E No_stim_D -0.106468757 -0.082072613 0 

LPS _DEX_E No_stim_E -0.101329117 -0.076932973 0 

LPS _DEX_E No_stim_F -0.06801134 -0.043615195 0 

LPS _DEX_F LPS_A 0.063739803 0.088135948 0 

LPS _DEX_F LPS_B -0.005864725 0.01853142 0.941 

LPS _DEX_F LPS_C 0.020837171 0.045233316 0 

LPS _DEX_F LPS_D -0.025370993 -0.000974849 0.0192 

LPS _DEX_F LPS_E -0.029596545 -0.005200401 9.62E-05 

LPS _DEX_F LPS_F 0.147909428 0.172305573 0 

LPS _DEX_F No_stim_A 0.057237453 0.081633597 0 

LPS _DEX_F No_stim_B -0.006382843 0.018013301 0.973 

LPS _DEX_F No_stim_C 0.024272755 0.0486689 0 
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LPS _DEX_F No_stim_D -0.029558018 -0.005161873 0.000102 

LPS _DEX_F No_stim_E -0.024418378 -2.22E-05 0.049 

LPS _DEX_F No_stim_F 0.0088994 0.033295544 2.50E-07 

LPS_A LPS_B -0.0818026 -0.057406456 0 

LPS_A LPS_C -0.055100704 -0.030704559 0 

LPS_A LPS_D -0.101308869 -0.076912724 0 

LPS_A LPS_E -0.105534421 -0.081138276 0 

LPS_A LPS_F 0.071971553 0.096367698 0 

LPS_A No_stim_A -0.018700422 0.005695722 0.926 

LPS_A No_stim_B -0.082320719 -0.057924574 0 

LPS_A No_stim_C -0.05166512 -0.027268975 0 

LPS_A No_stim_D -0.105495893 -0.081099749 0 

LPS_A No_stim_E -0.100356253 -0.075960108 0 

LPS_A No_stim_F -0.067038476 -0.042642331 0 

LPS_B LPS_C 0.014503824 0.038899969 0 

LPS_B LPS_D -0.031704341 -0.007308196 3.72E-06 

LPS_B LPS_E -0.035929893 -0.011533748 1.82E-09 

LPS_B LPS_F 0.141576081 0.165972226 0 

LPS_B No_stim_A 0.050904105 0.07530025 0 

LPS_B No_stim_B -0.012716191 0.011679954 1 

LPS_B No_stim_C 0.017939408 0.042335553 0 

LPS_B No_stim_D -0.035891365 -0.011495221 1.97E-09 

LPS_B No_stim_E -0.030751725 -0.00635558 1.70E-05 

LPS_B No_stim_F 0.002566052 0.026962197 0.00322 

LPS_C LPS_D -0.058406237 -0.034010093 0 

LPS_C LPS_E -0.062631789 -0.038235645 0 

LPS_C LPS_F 0.114874185 0.139270329 0 

LPS_C No_stim_A 0.024202209 0.048598354 0 

LPS_C No_stim_B -0.039418087 -0.015021942 0 

LPS_C No_stim_C -0.008762488 0.015633656 1 

LPS_C No_stim_D -0.062593262 -0.038197117 0 

LPS_C No_stim_E -0.057453621 -0.033057477 0 

LPS_C No_stim_F -0.024135844 0.000260301 0.0633 

LPS_D LPS_E -0.016423624 0.00797252 0.999 

LPS_D LPS_F 0.16108235 0.185478494 0 

LPS_D No_stim_A 0.070410374 0.094806519 0 

LPS_D No_stim_B 0.006790078 0.031186223 8.57E-06 

LPS_D No_stim_C 0.037445677 0.061841821 0 

LPS_D No_stim_D -0.016385097 0.008011048 0.999 

LPS_D No_stim_E -0.011245456 0.013150688 1 

LPS_D No_stim_F 0.022072321 0.046468465 0 

LPS_E LPS_F 0.165307902 0.189704046 0 

LPS_E No_stim_A 0.074635926 0.099032071 0 

LPS_E No_stim_B 0.01101563 0.035411775 5.02E-09 
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LPS_E No_stim_C 0.041671229 0.066067373 0 

LPS_E No_stim_D -0.012159545 0.0122366 1 

LPS_E No_stim_E -0.007019904 0.01737624 0.992 

LPS_E No_stim_F 0.026297873 0.050694017 0 

LPS_F No_stim_A -0.102870048 -0.078473903 0 

LPS_F No_stim_B -0.166490344 -0.142094199 0 

LPS_F No_stim_C -0.135834745 -0.111438601 0 

LPS_F No_stim_D -0.189665519 -0.165269374 0 

LPS_F No_stim_E -0.184525878 -0.160129734 0 

LPS_F No_stim_F -0.151208101 -0.126811956 0 

No_stim_A No_stim_B -0.075818368 -0.051422224 0 

No_stim_A No_stim_C -0.04516277 -0.020766625 0 

No_stim_A No_stim_D -0.098993543 -0.074597398 0 

No_stim_A No_stim_E -0.093853903 -0.069457758 0 

No_stim_A No_stim_F -0.060536125 -0.036139981 0 

No_stim_B No_stim_C 0.018457526 0.042853671 0 

No_stim_B No_stim_D -0.035373247 -0.010977102 5.41E-09 

No_stim_B No_stim_E -0.030233607 -0.005837462 3.75E-05 

No_stim_B No_stim_F 0.003084171 0.027480315 0.0017 

No_stim_C No_stim_D -0.066028846 -0.041632701 0 

No_stim_C No_stim_E -0.060889205 -0.036493061 0 

No_stim_C No_stim_F -0.027571428 -0.003175283 0.00151 

No_stim_D No_stim_E -0.007058432 0.017337713 0.993 

No_stim_D No_stim_F 0.026259345 0.05065549 0 

No_stim_E No_stim_F 0.021119705 0.04551585 0 

     

LPS: 1 mg mL−1 LPS treatment    

LPS_DEX: 1 mg mL−1 LPS with 200 µM Dex treatment  

No_stim: No treatment    

A~F: The sample IDs    
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