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Abstract 
 

In this thesis, we aim to develop “brain-in-a-well” as high-throughput 

platform and physiologically relevant model. Considering fabrication and liquid 

patterning, we developed reliable and reproducible microfluidic platform for not 

only the basic and applied neuroscience research but also efficient drug 

development. Specifically, we developed demyelination platform, high-throughput 

brain-on-a-chip platform, and versatile organ-on-a-chip platform. 

First, we report a three-dimensional (3D) peripheral nervous system (PNS) 

disease-on-a-chip as an in-vitro demyelination and remyelination platform. We 

optimized capillary bursting valve structure for robust liquid patterning by finite 

element method. This polydimethylsiloxane (PDMS)-based platform enables stable 

microenvironment for coculture of motor neurons and Schwann cells over 40 days. 

In addition, the on-demand detachable substrate allows in-depth biological analysis. 

We demonstrated recapitulation of a full-spectrum of myelination, demyelination, 

and remyelination in a single platform. Furthermore, we observed the characteristic 

features of demyelination by ‘onion-bulb’ like formation or thin myelin structure. 

Next, we report an injection molded plastic array 3D neuron culture platform 

(Neuro-IMPACT) as a high-throughput brain-on-a-chip platform. Based on the 

experience on PNS disease-on-a-chip, we devised more advanced platform in terms 

of scale-up fabrication and high-throughput drug screening. This polystyrene (PS)-

based platform follows standardized 96 well format with a channel, which is 

fabricated by injection molding process. The microchannel in the Neuro-IMPACT 
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is patterned by spontaneous capillary flow on hydrophilic state. We recapitulated 

various in-vitro brain microenvironment such as a 3D neural circuit, blood-brain 

barrier, and myelination. 

Finally, we report an injection molded plastic array 3D universal culture 

platform (U-IMPACT) as a versatile organ-on-a-chip platform. We advanced 

Neuro-IMPACT in terms manufacturability and usability. The U-IMPACT has 

three channels and a spheroid zone with 96 well format for coculture of various 

cells, spheroid, and tissues. We developed hybrid liquid patterning with contact 

angle of materials itself and height differences of microfluidic channels, which 

integrates the principle of spontaneous capillary flow and capillary bursting valve. 

We proved that materials of platform need to be hydrophilic (contact angle of body; 

45˚ ~ 90˚, substrate; < 30˚) for robust patterning. We reconstructed 3D tumor 

microenvironment such as angiogenesis, perfusable vascular network, and 

vascularized tumor spheroid. Additionally, we cultured primary neuron and 

neurosphere from induced neural stem cells. 
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Chapter 1. Introduction 
 

1.1. Background of brain-on-a-chip 

The nervous system is essential part of the human body. This complex system 

exists throughout the body, contributing to control on all areas of life such as 

movement, learning, and cognition. The nervous system of vertebrates is 

structurally divided into two groups: central nervous system (CNS) and peripheral 

nervous system (PNS) (1). The CNS consists of brain and spinal cord, while the 

PNS consists of sensory and motor neurons, ganglia.  

Both CNS and PNS is complex collection of various types of cells and small 

organs such as neural circuit, myelination, and blood-brain barrier (BBB). The 

neural circuit is formed by synapses between presynaptic neurons and postsynaptic 

neuron, generating calcium flux within neurons (2). Especially, neurons are the 

basic unit to transmit signals by electrical or chemical excitation. In addition, 

oligodendrocytes in the CNS or Schwann cells (SCs) in the PNS forms multi-

layered sheath around the axon of neurons, which is called myelination (3). This 

myelin structure function as conduction of action potentials, support and protection 

to axon. The BBB prohibit transfer of some toxics from blood to the brain, only 

allowing nutrient and oxygen (4). The BBB is composed of capillaries, astrocytes, 

and pericytes, which have low permeability and restrict delivery of drugs. 

When these structures are damages, the ability of neurons and function of the 

nervous system is debilitated, resulting in severe temporary or permanent 

symptoms such as pain, numbness, muscle weakness, confusion and paralysis (5). 
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There are many types of neurological disorders such as Alzheimer`s disease, 

Parkinson's disease, amyotrophic lateral sclerosis (ALS), and even brain tumor. 

Unfortunately, due to insufficient understanding of mechanisms and interactions 

between cells, the cause of neurological disorders is still unclear, and little 

therapeutic drugs exist. 

Therefore, many pharmaceutical companies and hospitals have attempts to 

develop therapeutic drugs and elucidate the mechanisms with in-vivo model using 

animals and in-vitro models such as petri dish or well plate (6). Despite of extreme 

consumption of money and time, the failure rate of drug development is still high. 

Consequently, the need for a new in-vitro model have been enormously growing, 

and new technologies have emerged such as organ-on-a-chip (7), 3D bio-printing 

(8), organoids (9) to replace or complement current models.  

Organ-on-a-chip technology, which is also known as microphysiological 

system (MPS), is a new revolutionary field to help elucidating disease mechanisms 

and developing a new drug (10). This technology is fusion of microfluidics and 

tissue engineering, which recapitulates human organs in microfluidic platform such 

as lung (11), brain (12), bone (13), and intestine (14). Especially, brain-on-a-chip 

have a great potential, as the brain is so complex that interaction between neural 

cells have not yet been revealed. In other words, in-vitro brain models are essential 

tools in basic and applied neuroscience research and drug development, which can 

complement in-vivo experiments. Microfluidic system allows the control of both 

spatial and temporal microenvironments around neurons (15, 16). In early stage of 

brain-on-a-chip, neurons were cultured in the two-dimensional (2D) space made by 

polydimethylsiloxane (PDMS) and glass (17, 18). Although this 2D manner is 
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better than conventional cell culture using petri dish or coverslip, the environment 

differs from the in-vivo microenvironments in stiffness, polarity. Recently, 

reconstruction of three-dimensional (3D) nervous system have been developed to 

emulate more physiologically relevant model, which more faithfully recapitulates 

neural circuit, BBB, and myelination (19-22).  

The overall process for 3D brain-on-a-chip can be divided into three parts: 

multiscale fabrication, liquid patterning, and disease modeling. Many brain-on-a-

chip have been fabricated, based on photo and soft lithography using 

polydimethylsiloxane (PDMS) (23). As PDMS is biocompatible, transparent, and 

elastic material, PDMS-based brain-on-a-chip have been widely developed. 

Recently, another approach using electrospinning, 3D printer or milling have been 

introduced (24-26). In terms of liquid patterning, there are two major approach to 

locate liquid on desired place: hydrophilic and hydrophobic condition. In 

hydrophobic condition, the principle of capillary bursting valve was utilized by 

micro-post or bump structure to maintain integrity of liquid surface (27). In 

hydrophilic condition, the principle of spontaneous capillary flow (SCF) was 

utilized by modifying surface by plasma treatments to fill microchannel (26, 28). 

After fabrication and patterning, primary cells or induced pluripotent stem cells 

(iPSCs) are seeded and culture under optimal co-culture condition to recapitulate 

morphology and function of specific microenvironment.  
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1.2. Purpose of Research 

The brain-on-a-chips are now started to be commercialized, and its efficacy 

and potential are verified by industry (i.e. pharmaceutical companies and hospitals) 

(6, 10, 12). However, although current brain-on-a-chip models offer a chance to 

recapitulate physiological and pathological in-vivo conditions, application of 

current models is still hindered to high-throughput screening (HTS) or high-content 

screening (HCS). These limitations are related to design for manufacturability, 

usability, and low reproducibility. 

The prerequisite of high-throughput brain-on-a-chip is a capability to test 

hundreds of thousands samples in a short time. For this purpose, first, brain-on-a-

chip should follow society for laboratory automation and screening (SBS) format 

to be compatible with conventional equipment such as multi-pipette and imaging. 

Second, considering design for manufacturability, fabrication process needs to be 

simple. The more steps needed, the more defective rate occur. Third, patterning 

should be robust, regardless of user proficiency. If patterning depends on end-users 

(i.e., biologist and doctor), the use of platform is strongly limited. Beyond simple 

fabrication of standardized microfluidic platform and robust patterning with no 

user-proficiency, brain-on-a-chip needs to be validated by morphological, 

functional, protein-level, compared to in-vivo data. Taken together, a new approach 

on design, fabrication, and patterning is necessary for practical use of brain-on-a-

chip in industrial field. 



 

 ５ 

 

Figure. 1.1. Development of “brain-in-a-well” high-throughput microfluidic 

model. We developed brain-on-a-chip platform as disease model and high-

throughput platform, recapitulating various brain microenvironment. First, we 

developed PNS disease-on-a-chip, reconstructing a full spectrum of 3D segmental 

demyelination and remyelination in a single platform. Second, by injection 

molding process, we developed high-throughput and 96 well formatted platform 

(Neuro-IMPACT), recapitulating 3D neural circuit, blood-brain barrier, and 

myelination. Third, considering design for manufacturability, we developed 

versatile brain-on-a-chip (U-IMPACT) for various tissue culture. We reconstructed 

3D tumor microenvironment and neurospheres made of induced neural stem cells 

(iNSCs).  
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In this thesis, we present development of brain-on-a-chip platform for 

industrial field, focusing on fabrication and patterning. Specifically, we devise the 

microfluidic platform to be easier-to-use and more physiologically relevant for 

HCS and HTS. Therefore, we develop reliable and reproducible brain-on-a-chip. 

Specifically, we 1) designed microstructure, 2) analyzed liquid movement, 3) chose 

proper material, 4) fabricated microfluidic platform, 5) patterned liquid on desired 

place, and 6) reconstructed the morphology and function of the nervous system.  

In Chapter 2, we develop a PNS disease-on-a-chip, which is a 3D 

demyelination and remyelination microfluidic model. To enhance robust liquid 

patterning and biological assay, the platform is fabricated with PDMS and pressure 

sensitive adhesive (PSA) film which is easily detachable instead of glass substrate. 

In addition, we designed three distinct elements for robust liquid patterning and 

stable microenvironment for cell culture. We recapitulated a full spectrum of PNS 

normal, disease, and regeneration of myelination in a single platform with several 

chemicals and therapeutic drugs.  

In Chapter 3, we develop a Neuro-IMPACT, which is an injection-molded 

plastic array 3D neuron culture platform. We designed standardized platform 

compatible to SBS format for HTS and HCS. Considering design for 

manufacturability, the platform is simply fabricated with injection-molded 

polystyrene (PS) and PSA film. We easily patterned hydrogel in one channel by 

plasma treatment, and demonstrated the possibility of 3D neuron culture in plastic 

platform. Importantly, we recapitulated the brain microenvironment in a single 

platform such as neural circuit, BBB, and myelination. 

In Chapter 4, we develop a U-IMPACT (Universal-IMPACT), which is an 

advanced Neuro-IMPACT for various tissue culture. Following SBS format, we 
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fabricate the platform with PS body, double side-PSA (D-PSA), and glass for 

ready-to-use platform. In addition, we developed a new hybrid patterning method 

for three-channel patterning with a spheroid zone, by integrating SCF and capillary 

bursting valve. We established analytical model and design criteria with 

dimensions of channel, and contact angle of body and substrate. We recapitulated 

tumor microenvironment, focusing on tumor and vascular network. Additionally, 

we cultured primary neuron and neurosphere from induced neural stem cells. 
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Chapter 2. A Peripheral Nervous System-on-a-Chip 

for Disease and Regeneration Model 

 

2.1. Introduction 

Myelin is a multilayered membrane produced by glial cells, particularly 

Schwann cells (SCs) in the peripheral nervous system (PNS) and oligodendrocytes 

in the central nervous system (CNS)(29, 30). These glial cells stretch and form 

myelin sheaths along axons through numerous processes called myelination. 

Myelin structures are important for the propagation of action potentials, enhancing 

the speed and efficiency of electrical communication between neurons via 

electrical shielding. 

Demyelinating diseases involve the loss of myelin, which is caused by 

multiple factors: genetic mutations, inflammation, and other chemical or 

environmental factors(31, 32). Among demyelinating diseases, the types of PNS 

neuropathy are classified as segmental demyelination, Wallerian degeneration, and 

distal axonopathy(33). In particular, segmental demyelination leads to the loss of 

myelin sheaths without axonal damage, while the other two types affect both axons 

and SCs(34). SCs unwrapped from axons, and myelin sheaths are destroyed. 

Moreover, repetitive segmental demyelination and remyelination processes cause 

onion bulb-like structures with concentric layers of SCs around axons(35). 

Unfortunately, the mechanisms underlying these diseases (e.g., Charcot-Marie-

Tooth and Guillain-Barre syndromes) remain unclear(36, 37). Furthermore, there 
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are few treatments for regenerating lost myelin(38, 39). 

To more fully understand the relevant mechanisms and develop therapeutic 

drugs, organ-on-a-chip technology has recently emerged to recapitulate 

physiological and pathological in-vivo conditions(40, 41). Some studies have 

presented neural development models(42, 43), and disease models such as 

Alzheimer’s disease(37), Parkinson’s disease(37), and amyotrophic lateral sclerosis 

(ALS) (44). Furthermore, other research groups introduced new approaches such as 

photolithography and 3D printing, and demonstrated the relationship between 

artificial axon fibers and oligodendrocytes to understand the underlying cellular 

mechanisms and achieve efficient drug screening(45, 46). In contrast to in-vitro 

model of the CNS, there have been few studies regarding the reconstruction of PNS 

motor nerves(19, 44, 47). Human spheroid models have been widely adapted to 

reconstruct the microphysiology of the PNS(44, 47). With these models, 

development or disease stage with spheroid MN units could be reliably established, 

which allowed the confirmation of the nerve function through electrophysiological 

recording. In addition, optogenetic simulation promotes the maturation of 

myelination during the developmental process(19). Among these various models, 

to the best of our knowledge, no 3D PNS disease models have mimicked both the 

demyelination and remyelination process on a single platform while focusing on 

SCs and motor neurons (MNs). 

Here, we present an in-vitro 3D PNS disease model, consisting of primary 

SCs and MNs cocultured in a 3D hydrogel microenvironment. This platform is 

designed to recapitulate a broad range of myelination procedures, such as 

development of myelin, acute demyelination upon biochemical stimulation, and 
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subsequent recovery with the aid of pharmaceutical agents. This 3D organ-on-a-

chip platform enables long-term coculture of essential cells for PNS modeling such 

as SCs and MNs over 40 days in-vitro (DIV). It also allows in-depth biological 

analysis (e.g., western blot analysis and transmission electron microscopy) with the 

aid of on-demand detachable substrates. In terms of pathology, we established a 

robust demyelination model by the introduction of lysophosphatidylcholine (LPC) 

and a remyelination model by the application of benzatropine (Benz) or 

methylcobalamin (MeCbl). We confirmed our model at the cellular and molecular 

levels, as well as at the functional and morphological levels, by measuring 

electrophysiological signals and the thickness of the myelin sheath. Hence, our 

platform can help to clarify the underlying mechanisms of normal and diseased 

myelination. Moreover, the platform is expected to aid in the discovery of new 

therapeutic drugs for remyelination. 
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2.2. Materials and Methods 

2.2.1. Fabrication of the 3D disease microfluidic platform 

The microfluidic platform fabrication process is described in detail 

previously(41, 48). Briefly, the 3D microfluidic platform was fabricated using 

photolithography and soft lithography. A SU-8 master mold (MicroChem) on a 4-

inch silicon wafer was manipulated by photolithography. A mixture of 

polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning) and curing agent was 

prepared at 10:1 ratio. The mixture was poured onto the master mold, degassed in a 

vacuum chamber, and thermally cured to obtain a replica PDMS piece. The 

medium reservoirs and hydrogel injection ports were punched out with a biopsy 

punch (6 mm) and a syringe needle (0.5 mm). Instead of a glass coverslip for the 

substrate, a pressure sensitive adhesive (PSA) coated polycarbonate (PC) film was 

used, which is easily detachable(19, 49). The complete chip was fabricated by 

bonding the PDMS piece to the PSA coated PC film. Before the experiment, the 

chip was sterilized under UV irradiation. 

 

2.2.2. Simulation analysis 

COMSOL multiphysics software (COMSOL, Burlington, MA) was used to 

perform simulations on the 3D PNS disease platform. For finite element analysis of 

hydrogel filling, computer aided design (CAD) of the platform was imported and 

laminar flow and phase field module was applied(50, 51). Under the laminar flow 

condition, a pressure gradient of 500 Pa between the inlet and outlet pressure was 

set. Under the phase field condition, the volume fractions of air (red) and liquid 
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(blue) were simulated. The inlet was set as water and other part was set as air to 

represent the air/liquid interface. For the analysis of shear stress, a laminar flow 

module was used to simulate 50 μl medium changes. The pressure gradient of 20 

Pa was set as medium height difference of 2 mm. To analyze the biochemical 

diffusion effect that induces demyelination and remyelination, a diluted species 

transport module was used (52, 53). A porous media module was applied to 

simulate Matrigel with a porosity of 0.99. The chemical inlet was set to side 

hydrogel channel where cells were attached. The diffusion coefficient of chemicals 

was set to 5 x 10-11 m2 s-1, which is the diffusion coefficient of 5 kDa FITC-

dextran in Matrigel(54). As lysophosphatidylcholine (LPC) and methylcobalamin 

(MeCbl) have respective molecular weights of 299.26 and 1344.4 Da, the diffusion 

coefficient of these chemicals were presumed to be greater than the coefficient of 5 

kDa FITC-dextran and diffusion, which would result in more rapid diffusion. 

Dynamic viscosity of culture medium at 37°C of 0. 748 cP and density of 1000 kg 

m-3 was used in the simulation(55, 56). 

 

2.2.3. Preparation of the SC-MN coculture 

The preparation of SC-MN was performed as described previously(19, 57). 

SCs isolated from sciatic nerves and MNs isolated from the lumbar regions of 

spinal cords were cocultured. For the SC culture, the sciatic nerves isolated from 

CD-1mice (Postnatal 4) were treated with 2.5% trypsin (Thermo) for 30 min, 

followed by inactivation of trypsinization with 10% horse serum (Gibco). For the 

MN culture, the lumbar regions of spinal cords isolated from embryonic day 12 

mice were treated with 1% TRL trypsin solution (Worthinton) for 15 min, and then 
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1% trypsin inactivation solution was added (Sigma). MNs were purified from 

spinal cord cells using a p75NTR (Abcam) coated-immunopanning dish, and 

placed into coculture medium containing of neurobasal/B27 medium (Gibco) 

supplemented with 2% horse serum, 0.5 mM L-glutamine (Thermo), 0.5 μM 

forskolin (Sigma), 1% penicillin/streptomycin (Thermo), 1× B27 supplement 

(Gibco), 1 mg/ml bovine pituitary extract (Gibco), 10 μg/ml brain-derived 

neurotrophic factor (Gibco), and 1 mM -mercaptoethanol (Sigma). The final 

concentration of cell suspension was 2 million/ml of MNs and 1.5 million/ml of 

SCs. All procedures and experiments were approved by the Institutional Animal 

Care and Use Committee of Seoul National University (IACUC). All cells were 

cultured in a 5% CO2 incubator at 37°C.  

 

2.2.4. Cell seeding and SC-MN coculture 

The SC-MN coculture on the 3D PNS disease platform was performed as 

described previously(19, 57). The growth factor-reduced Matrigel (Corning, 

Corning, NY, USA) was injected into hydrogel channel, and incubated for 20 min 

at room temperature. After gel polymerization, each 50 µl of cell suspension was 

introduced into cell channel, respectively, and cells were attached to each side 

surface of the hydrogel channel by tilting the chip at 90° for 30-60 min. The seeded 

cells were settled and trapped very close to the N-gap between bumps. To induce 

myelination, SCs and MNs were incubated in coculture medium with 50 μg/ml 

ascorbic acid (Sigma) after DIV 7. For medium changes, 25 µl of culture medium 

was removed from all cell chambers, and 50 µl of fresh coculture medium was 

added to one side of each cell chamber at 3-day intervals (Figures. 2.2f). 
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2.2.5. Transwell coculture 

To evaluate the viability of SCs growing in a Transwells, isolated MNs were 

seeded on Transwell inserts that had been precoated with 0.5 mg/ml poly-ornithine 

hydrobromide (Sigma) and 2.5 μg/ml laminin (Invitrogen). Additionally, SCs 

plated on coverslips precoated with 10 µg/ml poly-l-lysine (Sigma) were placed in 

the bottom compartment of the Transwell coculture. To assess the viability of MNs, 

SCs were cultured on inserts precoated with 10 µg/ml poly-l-lysine, and coverslips 

seeded with MNs were placed in the bottom compartments of the transwell 

coculture. Coverslips were coated with 0.5 mg/ml poly-ornithine hydrobromide 

(Sigma) and 2.5 μg/ml laminin (Invitrogen). To assess cell viability, SCs and MNs 

were treated with different concentrations of LPC at DIV 3 and the LPC 

concentration was maintained during the culture period. 

 

2.2.6. Chemical treatments 

All chemicals including LPC (Sigma-Aldrich), Benz (Thermo Fisher 

Scientific), and MeCbl (Sigma-Aldirich) were purchased. LPC was dissolved in a 

mixture of chloroform:methanol (1:1, v/v) to a concentration of 25 mg/ml, then 

diluted in cell culture medium to final concentrations of 0.7 and 0.35 mM. Benz 

and MeCbl were respectively dissolved in DMSO to 1.5 μM and ethanol to 100 μM. 

To maintain the concentrations of the chemicals during the culture period, each 

chemical was mixed with culture medium when the culture medium was changed. 

 

2.2.7. Live and dead cell assays 
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The cell viability of SCs and MNs was assessed using a Live-Dead cell 

staining kit (Abcam, Cambridge, UK), in accordance with the manufacturer’s 

instructions. At DIV 7, SCs and MNs were washed once with phosphate-buffered 

saline (PBS), and a mixture of live (calcein-AM, green) and dead solution 

(propidium iodide, red) was added to the cells, which were then incubated for 30 

min at room temperature. Each cell was washed twice with PBS, then examined 

using confocal microscopy (IX81; Olympus). The number of stained cells was 

counted in five random fields of view under a microscope. 

 

2.2.8. Immunocytochemistry 

Cocultures were fixed with 4% paraformaldehyde (PFA, Thermo) for 20 min 

at room temperature, then treated with 0.2% Triton X-100 for 15 min. Subsequently, 

coculture samples were incubated in 4% bovine serum albumin (BSA, Millipore, 

Burlington, MA, USA) at 4°C overnight. Primary antibodies diluted in 1% BSA 

were added to cells, and the mixture was incubated at 4°C overnight. Cell were 

then incubated with secondary antibodies at room temperature for 2 h. The primary 

antibodies used were anti-c-Jun (1:500, Abcam), anti-MBP (1:500; Abcam) and 

anti-TuJ1 (1:1000; Abcam). The secondary antibodies used were goat anti-rabbit 

IgG H&L (1:500-1:1000, Abcam), goat anti-rat IgG H&L (1:500; Abcam) and goat 

anti-chicken IgY H&L (1:500; Abcam). Finally, nuclei were stained with DAPI 

(Life Technologies, Carlsbad, CA, USA) for 15 min. All images were acquired 

using an inverted confocal laser-scanning microscope (LSM 700) equipped with 

solid-state lasers (405, 488, 555, and 649 nm). 
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2.2.9. Measurement of florescence signals 

To assess c-Jun and MBP fluorescence signals, stained coculture samples were 

processed sequentially and confocal microscopy images were acquired in a single 

session using identical exposure and gain settings. A threshold was set for both c-

Jun (for Fig. 2.3.c) and MBP intensities (For Figs. 2.3.d and 2.7.c), which were 

analyzed in five random fields of view. In 2.3.f, each bar represents the average 

expression level of a protein of interest normalized to that of the control at DIV 17. 

Five regions in each condition were randomly chosen and analyzed. 

 

2.2.10. Western blotting analysis 

Expression levels of c-Jun and MBP were quantitatively analyzed using 

western blot analysis. After PC film had been detached from the 3D PNS disease 

platform, all samples were lysed in RIPA buffer (T&I, Chuncheon, Korea) 

containing protease inhibitors (aprotinin, leupeptin, pepstatin A, and 

phenylmethylsulfonyl fluoride). The protein concentrations of the coculture lysates 

were measured using the Bradford assay (Sigma). 12-15 μg protein from each 

coculture sample were loaded in SDS page gel, then transferred to a PVDF 

membrane. The membrane was incubated with anti-rabbit c-Jun (1:500, Abcam), 

and anti-rat MBP (1:500; Abcam) at 4°C overnight. The membranes were washed 

three times in TBS solution with Tween-20, then incubated with goat anti-rabbit 

IgG or anti-rat IgG conjugated with horseradish peroxidase (1:1,000; Sigma) for 2 

h. Bands were visualized using an ECL system, and the intensities of the bands 

were quantified using ImageJ software. In Figs. 2.5.c-d and Fig. 2.6., each bar 
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represents the average expression level of a protein of interest normalized to that of 

the control at DIV 17 and DIV 28, respectively. Each protein level was normalized 

against -actin, which was used as a loading control. 

 

2.2.11. Calcium imaging 

To measure the intracellular Ca2+ levels in cocultures in demyelination and 

remyelination model, Oregon Green 488 BAPTA-1AM was used, in accordance 

with the manufacturer’s instructions. Cocultures were rinsed three times with 

standard buffer (139 mM NaCl, 4 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM 

HEPES, and 10 mM glucose), followed by treatment with a mixture of 3 mM 

Oregon Green 488 BAPTA-1 AM and 10% (w/v) pluronic F-127 (at a 1:1 ratio) for 

30 min in an incubator. Cocultures were washed three times with standard buffer. 

Time-lapse images were taken for 5 min, and cocultures were excited at the same 

intensity using a 488 nm laser line. The intensity of intracellular Ca2+ in each 

coculture was measured using Zen software (lsm700), and the intracellular Ca2+ 

signals were determined by calculating the ratios between changes in fluorescence 

signal intensity (∆F) and baseline fluorescence (F). In Figs. 2.5.e-g and Figs.2.6.h-j, 

the time intervals between F0 and ∆F were adjusted to be consistent among the 

groups. 

 

2.2.12. Transmission electron microscopy 

To assess myelin sheath thickness, cocultures were fixed with 2% 

glutaraldehyde overnight at 4°C, followed by post-fixation with 1% osmium 
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tetroxide for 30 min at room temperature. After samples had been washed three 

times with ultra-filtered water, they were dehydrated in an ethanol series (50, 70, 

80, 85, 90, 95, and 100%). Using an ultramicrotome (Ultra Cut C; Leica, Wetzlar, 

Germany), samples were sectioned and mounted on copper grids. Grids were 

contrast-stained with uranyl acetate and lead citrate. Images were captured by cryo-

TEM (Tecnai F20 Cryo; FEI, Hillsboro, OR, USA). To quantitatively determine the 

relative thickness of individual remyelinated nerves, the g-ratio was analyzed with 

a g-ratio calculator plug-in for ImageJ software (available at http://gratio.efil.de/), 

which allowed semi-automated analysis of randomly selected nerve fibers(58, 59). 

At least seven remyelinated axons per group were randomly selected for 

measurement, and the mean g-ratio was calculated for each group by averaging 

across all individual g-ratios. 

 

2.2.13. Statistical analysis 

All statistical analyses were performed using Prism (GraphPad Software, 

USA). All statistical data are presented as the mean ± standard error of the mean. 

We performed the Shapiro-Wilk text to assess normality. Normal distributions were 

analyzed using parametric tests (ANOVA with Tukey’s multiple comparison test 

for comparing values among three or more groups in Figs. 2.3.e-f, 2.5. c-d, 2.6. e, g, 

j, 2.7.e and unpaired, two-tailed t-tests with Welch’s correction in Fig. 2.5.g). *, **, 

*** or †, ††, ††† in the figures denote p < 0.05, 0.01, and 0.001, respectively. n.s.; 

no statistically significant difference. Calculated p-values are specified in Table S1. 

 

http://gratio.efil.de/
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2.3. Results 

2.3.1. Design of the 3D PNS disease microfluidic platform 

Our 3D PNS disease microfluidic platform provides a method to reconstruct a 

full myelination process of normal, disease, and regeneration (Fig. 2.1.a). This 

platform is fabricated by bonding the micromolded polydimethylsiloxane (PDMS) 

compartment to a pressure sensitive adhesive (PSA)-coated polycarbonate (PC) 

film (Fig. 2.2.a). The platform consists of one hydrogel channel (cell culture area 

filled with Matrigel located in the middle, shown in sky blue), two cell-loading 

channels for SCs (left channel shown in green) and MNs (right channel shown in 

red) (Fig. 2.1.b). A micro-post array (Fig. 2.1.b, shown in white) separates the two 

cell-loading channels, thus enabling only sprouted cells to make physical contact in 

the hydrogel channel. The platform is composed of three distinct elements: a tail, a 

N-gap, and a bump (Figs. 2.1.b-d). We designated the narrow gap between micro-

posts as the N-gap (pink arrowhead in Figs. 2.1.b, d, pink circle in Fig. 2.1.c) and 

the semicircle as the bump (blue arrowhead in Figs. 2.1b, d, pink circle in Fig. 

2.1c). All microstructures have a height of 100 µm.  

The importance of those design parameter was confirmed using a COMSOL 

multiphysics simulation. A N-gap and tail structure help with successful 3D liquid 

patterning, which is defined as preservation of the 3D liquid interface integrity only 

in the hydrogel channel. Considering the Young-Laplace equation, we designed the 

N-gap, which acts as a capillary valve that resists high capillary pressure against 

the penetration of liquid into SC and MN channels(48, 60). The N-gap structure 

allows liquid pinning at the end of the micro-post. Without the N-gap, the liquid 
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interface cannot withstand pressure, which leads to bursting (Fig. 2.1.e, Fig. 2.2.c). 

The tail structure allows higher fluidic resistance, due to its serpentine structure of 

microfluidic channel. This extended fluidic channel structure helps the efficient 

filling of hydrogels within the hydrogel channel by inhibiting flowing-out of 

hydrogels during the gel-filling process (Fig. 2.1.f, Fig. 2.2.b). Therefore, 

considering the aforementioned factors, we successfully patterned Matrigel within 

the hydrogel channel for 3D cell culture (Fig. 2.1.g, Fig. 2.2.d). 

In addition, a bump structure was incorporated in this platform to establish a 

stable SC-MN microenvironment. When seeding cells or changing culture medium, 

flow inevitably occurs in the MN and SC channels, which subsequently generates 

shear stress (Fig. 2.2.e). Because shear stress affects the cell viability and MNs are 

very sensitive cells(61, 62), this mechanical stress on MNs should be minimized as 

much as possible. The simulation results revealed that the bump structure reduced 

the shear stress on the side surface of hydrogel channel to which cells were 

attached (Figs. 2.1.h, i, A-A' position). Furthermore, as the low number of MNs can 

be acquired from one mouse(63), efficient use of cells is important to reconstruct 

SC-MN model. We observed that more cells were captured on the hydrogel surface 

with the bump than without the bump, during cell seeding (Fig. 2.2.f).  

Moreover, we investigated the diffusion of chemicals from the cell channels to 

the hydrogel channel, because various chemicals are introduced to induce 

demyelination and remyelination (Fig. 2.2.g). In this platform, the concentration of 

exogenously injected biochemical becomes uniform within 240 min, suggesting a 

minimized region-to-region variability. 



 

 ２１ 

Taken together, we verified that the platform design was suitable for 3D fluid 

patterning, stable coculture environment, and diffusion of chemicals into the cell 

culture area. Considering microscale design factors in the microfluidic platform, 

we fabricated a reliable microfluidic platform that guarantees reproducible gel-

filling, reduced fluidic shear stress, and uniform distribution of exogenously added 

reagents. 
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Figure. 2.1. Design of three-dimensional peripheral nervous system (3D PNS) 

disease platform. (a) Schematic illustrations displaying the full process of 

myelination, demyelination, and remyelination. (b) Schematics of the design of the 

platform: Schwann cell (SC) channel (green), motor neuron (MN) channel (red), 

micro-post array (white) and hydrogel channel (sky-blue). (c) Enlarged 2D view of 

the microstructure of the chip with or without a N-gap (a pink circle) and bump 

structure (a blue circle). (b; bottom, d) Enlarged 3D view of the microstructure of 

the chip with the micro-post array consists of the N-gap (magenta arrowhead) and 
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bump (blue arrowhead), and tail. COMSOL finite element simulation results for 

liquid patterning in the platform without a N-gap (e) or without a tail (f), and with a 

N-gap and tail (g). The volume fractions of air (red) and liquid (blue) were 

simulated. (h) Simulation results of fluidic shear stress depending on the bump 

structure and (i) distribution of shear stress on hydrogel surface to which cells were 

attached (A-A’). Schematic diagram (j) and illustration (k) showing the time course 

of mature myelination in the SC-MN coculture model. (l) In the hydrogel channel, 

migrated SCs interacted with axons of MNs, leading to wrapping process. 

Representative microscopic images showing the process of mature myelination at 

DIV 3,7, and 14. 
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Figure. 2.2. Design optimization for a three-dimensional peripheral nervous 

system (3D PNS) disease microfluidic platform. (a) Photograph of the 3D PNS 

disease platform, which was fabricated by bonding polydimethylsiloxane (PDMS) 

to a pressure sensitive adhesive (PSA) coated polycarbonate (PC) film. COMSOL 

finite element simulations of filling hydrogel in 3D PNS disease platform without a 

tail (b) or without a N-gap (c), and with a tail and N-gap tail (d). The volume 

fractions of air (red) and liquid (blue) were simulated. Matrigel filled each gel 

channel as the fluid advanced. In the structures shown in b and c, as the hydrogel 
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burst between the micro-post array, gel patterning failed. Scale bar; 500 µm. (e) 

Schematic description of flow direction during cell seeding and medium changes. 

This flow generates shear stress on cells, affecting the efficiency of cell capture. (f) 

Representative microscopic images showing the concentrations of trapped MNs 

with or without a bump. Yellow dot-outlined boxes indicate the regions of seeded 

MN cells. Scale bar; 300 µm. (g) Simulation results of biochemical diffusion in the 

hydrogel channel. To simulate the diffusion of chemicals such as LPC, Benz, or 

MeCbl in the 3D PNS disease platform, the concentration profiles were analyzed 

by COMSOL at different time points at 10 (left), 120 (middle) and 240 min (right) 

after introduction of chemicals to the hydrogel channels. The chemicals were 

diffused within 4 hours. 
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2.3.2. Modeling of 3D MN demyelination by LPC treatment 

We reconstructed a normal 3D PNS myelination model on the platform to be 

used in demyelination experiments. (Figs. 2.1.j,k). In the PNS motor system, the 

nuclei of MNs are located in the spinal cord and extend their axons, while SCs 

have direct contact with the axons and form the myelin sheath. To mimic these 

structures, SCs and MNs were seeded in each cell channel and incubated to induce 

myelination in the gel channel pre-filled with Matrigel at DIV 0 (Fig. 2.1.l). SCs 

rapidly proliferated grew toward the MN channel, whereas axons of MNs extended 

longitudinally into the hydrogel channel within DIV 3. SCs wrapped around the 

axons and interacted directly with the axons of MNs within DIV 7. Abundantly 

proliferating SCs and axons filled in the hydrogel channel, forming a myelin sheath 

at DIV 14.  

To model the demyelination in-vitro, we used lysophosphatidylcholine (LPC), 

a chemical compound that causes dedifferentiation of readily differentiated SCs(64, 

65). We assessed the viability of SCs or MNs upon exposure to LPC. Because of 

the low MN survival rates in the absence of SCs(66, 67), the viability of each cell 

type was confirmed in a coculture environment. To this end, we used a Transwell 

system, in which two cellular components are physically separated for individual 

cell imaging, while paracrine-mediated cell-cell interactions are promoted in a 

culture medium. Each SC or MN was plated on coverslips at the bottom 

compartment of a Transwell, with the other cell type cultured on the Transwell 

insert (Fig. 2.4.a). Two different concentrations of LPC (0.35 or 0.7 mM) were 

added to the Transwell at DIV 3. For SCs, the viability was greater than 93% under 

all conditions (ctrl: 94.7  2.4%, N.C: 93.5  4.3%, 0.35 mM LPC: 95.2  2.3%, 
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0.7 mM LPC: 96.3  0.1%) (Figs. 2.4.b, c). Similarly, MNs also exhibited greater 

than 80% viability under all conditions (ctrl: 90.5  3%, N.C: 86.1  5.4%, %, 0.35 

mM LPC: 85.8  3.3%, 0.7 mM LPC: 80.3  4.5). These results suggested that 0.35 

mM and 0.7 mM LPC did not affect the viability of SCs and MNs.  

After mature myelination at DIV 14(19, 57), LPC was added to the SC-MN 

myelination model at either of two concentrations (0.35 or 0.7 mM). We analyzed 

the effect of LPC at three incubation times (DIV 17, 20, and 23) (Fig. 2.3.a). At 

DIV 20, we observed partially broken myelinated forms, and some axons appeared 

to be unmyelinated (Figs. 2.3.b, c, yellow arrowhead). To determine the dose- and 

time-dependent effects of LPC on the completed demyelination in the 3D 

microfluidic platform, we investigated the effects of LPC on the expression of 

myelin-related proteins at the cellular level. Under demyelination conditions, 

dedifferentiation of myelinated-glial cells affects the expression levels of proteins 

such as c-Jun and myelin basic protein (MBP)(68, 69). Specifically, c-Jun is an 

important negative regulator of the myelination process, which is typically seen in 

injured nerves and demyelination, while MBP is highly expressed in myelinating 

glial cells. These indicators exhibit an inverse relationship with each other. 

The number of c-Jun+ cells was very low, and remained consistent in the 

control over time, while it increased gradually in both 0.35 and 0.7 mM LPC 

treatments (Figs. 2.3.d, e). In particular, at DIV 17, the number of c-Jun+ cells did 

not vary significantly among cocultures according to LPC treatment. After 0.7 mM 

LPC treatment, approximately half of all cells were c-Jun-positive at DIV 20, while 

74.7 % of cells were c-Jun-positive at DIV 23. Similar results were obtained under 

the 0.35 mM LPC condition, although the percentage of c-Jun+ cells was 1.3-fold 
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lower than that in the 0.7 mM LPC condition. 

In contrast to c-Jun, MBP expression decreased progressively after LPC 

treatment (0.35 or 0.7 mM), while it increased gradually in the control (Figs. 2.3.d, 

f). Specifically, 0.7 mM LPC treatment caused the MBP expression to decrease 

significantly at DIV 20 and 23. Similar results were obtained under the 0.35 mM 

LPC condition. The difference between the MBP expression under the two 

concentrations of LPC was significant at DIV 20, while it became barely detectable 

at DIV 23. Notably, the MBP expression level decreased significantly compared 

with the control, while the MBP levels under the 0.35 or 0.7 mM LPC conditions 

were 1.4- and 3.2-fold or 2.5- and 5.6-fold lower than the control at DIV 20 or 23, 

respectively. Taken together, these results demonstrate that LPC induces 

dedifferentiation of SCs and the demyelination process, showing an inverse 

relationship between increased expression of c-Jun+ and decreased MBP 

expression. 
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Figure. 2.3. Reconstruction of 3D demyelination in SC-MN coculture by 

lysophosphatidylcholine (LPC) treatment. (a) Schematic diagram displaying the 

time course of LPC introduction and demyelination analysis in the SC-MN 

myelination model. To induce demyelination, cocultures were treated with 0.35 or 

0.7 mM LPC and the demyelination of SC-MN cocultures was measured by 

immunocytochemistry at DIV 17, 20, and 23. Fixed samples were immunostained 

with antibodies against c-Jun (gray), myelin basic protein (MBP, green), tubulin 

beta III (TuJ1, red), and DAPI (blue). (b) Schematic illustrations displaying the SC-

MN coculture from myelination to demyelination. (c) Representative bright-field 

image for establishment of a demyelinating coculture system. Demyelination was 

rapidly induced by LPC treatment, and uneven nerve fiber (yellow arrowhead) was 

observed in the gel channel at DIV 20. (d) Representative confocal images of 

cocultures and quantification of c-Jun+ cells (e) and MBP intensity (f) with or 

without 0.35 or 0.7 mM LPC treatment, respectively. The graph shows mean  

SEM values from at least three independent experiments using different mice. *, **, 

***p < 0.05, 0.01, and 0.001 compared with the control, respectively. †, ††, †††p < 

0.05, 0.01, and 0.001 compared with each value at DIV 17, respectively (one-way 

ANOVA, Tukey’s multiple comparison tests).  
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Figure. 2.4. Sustained cell viability of Schwann cells (SCs) and motor neurons 

(MNs) under LPC treatment. (a) Schematic diagram of the Transwell coculture. 

For analysis of SC survival, SCs were plated on poly-l-lysine-coated coverslips in 

the bottom compartment of the Transwell, while MNs were cultured on 

polyornithine/laminin-coated porous membrane in the upper compartment of the 

Transwell. For analysis of MN survival, each cell was inversely plated, relative to 

the position for examination of SC survival. DMSO, used as a negative control, 

was added to the medium of the SC-MN Transwell coculture. Each concentration 

of LPC (0.35 or 0.7 mM LPC, as indicated) was maintained until cell viability 

analysis. Viability of SCs or MNs was determined by calcein-AM (green)/ 

propidium iodide (PI, red) double-staining at DIV 7. (b) Representative confocal 

images and (c) quantification of live SCs or MNs. The graph shows mean  SEM 

values from at least five independent experiments using different mice. Note that 

LPC did not affect SC or MN survival. Scale bar; 50 µm. 
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2.3.3. Protein-level validation of SC dedifferentiation in the 3D demyelinating 

MN model  

The cultured cells were easily accessible for the in-depth biological analysis, 

because we used a removable substrate that could be easily detached on-demand 

(Fig. 2.5.a). After detachment of PSA film from a PDMS piece, we tested the 

molecular and structural changes on the myelination model. To more precisely 

confirm demyelination by the LPC, we analyzed the expression of c-Jun and MBP 

at the molecular level using western blotting (Fig. 2.5.b). 

Consistent with our immunocytochemistry results, c-Jun expression increased 

gradually over time following treatment with LPC (both 0.35 and 0.7 mM), which 

was almost consistent with the results from the control (Fig. 2.5.c). The c-Jun 

levels were increased by 14- and 12-fold, compared with the control at DIV 20 and 

23, respectively. Notably, under the 0.7 mM LPC condition, the c-Jun expression at 

DIV 20 increased significantly. Under the 0.35 mM LPC condition, c-Jun 

expression was slightly enhanced at DIV 20, and increased further at DIV 23. 

The MBP expression was inversely correlated with expression of c-Jun under 

all conditions over time (Fig. 2.5.d). In the control, we observed a gradual increase 

in MBP expression over time. At DIV 20, the MBP expression level was slightly 

lower in the 0.7 mM LPC condition than the control, while there were no 

significant differences between the 0.35 mM LPC condition and the control. 

Notably, we detected a remarkable decrease in MBP expression at DIV 23 under 

both LPC concentrations, and the MBP level decreased by 7.1- and 6.5-fold under 

the 0.35 and 0.7 mM LPC conditions, respectively, compared with the control.  
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Together with the confirmation at the cellular and molecular level, we 

observed that demyelination of MN occurred at DIV 20 under the 0.7 mM LPC 

condition. These findings support the notion that we established a demyelination 

model with SCs-MNs by the introduction of chemicals. Next, we verified the 

disease model in terms of its electrophysiological signals. 
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Figure. 2.5. Confirmation of 3D demyelination with effective biochemical 

analysis on a 3D PNS disease platform. (a) Schematic descriptions of our easy-

to-use platform with the PSA coated PC film for efficient biological analysis (WB, 

TEM, and imaging). (b) Representative immunoblots and quantification of c-Jun 

(c) and MBP (d). *, **, ***p < 0.05, 0.01, and 0.001 compared with the control, 
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respectively. †, †††p < 0.05 and 0.001 are compared with each value at DIV 17, 

respectively (one-way ANOVA, Tukey’s multiple comparison tests). Intracellular 

Ca2+ levels of coculture with or without LPC were analyzed at DIV 20 using the 

Oregon Green™ 488 BAPTA-1 AM staining kit. (e) Representative inverted 

confocal images of BAPTA-1 AM signals in two random gel channel regions-R1 

and R2 (left)-showing the time points of the baseline (F0,) and peak (∆F) levels 

(middle and right), (f) cell recording and (g) quantification of the relative change of 

intracellular Ca2+ on coculture with or without LPC. Arrowheads indicate 

cocultured cells at F0 and ∆F levels. The graph shows mean  SEM values from 

three (in b) and at least seven independent experiments (in g) using different mice. 

In g, average of 14 cells per independent experiment was calculated. **p < 0.01 

compared with control (unpaired, two-tailed t test with Welch’s correction).  
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2.3.4. Reduced intracellular calcium level in the 3D demyelinating MN model 

Ca2+ signals play a pivotal role in our understanding of both physiological 

and pharmacological functions in neuronal networks(70). To investigate how 

neuronal networks change in both normal and diseased MN models, we measured 

the real-time intracellular Ca2+ in the SC-MN coculture model with or without 0.7 

mM LPC treatment at DIV 20 using live-cell imaging. Cultured SC-MN cocultures 

were treated with or without LPC at DIV 14 and the concentration of LPC was 

maintained throughout the culture period until calcium imaging analysis. For the 

analysis, we removed extracellular Ca2+ by washing with a standard buffer (see 

Methods section), and recorded the neural activity upon loading a Ca2+ indicator 

(Oregon Green BAPTA-1 AM). When we measured intracellular Ca2+ signals in 

two random fields in the hydrogel channel (Fig. 2.5.e, left panel), Ca2+ signals 

from SC-MN coculture with 0.7 mM LPC were considerably reduced compared 

with the control, in terms of both frequency and amplitude (Fig. 2.5.e, middle and 

right panels). Under the 0.7 mM LPC condition, there was a very small intensity 

difference between the resulting peak and the baseline (Figs. 2.5.e,f, yellow 

arrowhead). Furthermore, cell recordings revealed that intracellular Ca2+ signals 

were reduced upon LPC treatment compared with the control (Fig. 2.5.f). The 

intensity difference (maximum ΔF/F0 minus minimum ΔF/F0) was 1.99-fold lower 

than that of the control (control: 0.41  0.032, 0.7mM LPC: 0.25  0.034) (Fig. 

2.5.g). Therefore, these results revealed that LPC decreased the intracellular Ca2+ 

concentration, indicating similarity to the pathophysiological environment. 

Based on validation at the cellular, molecular, and functional levels, we 

confirmed that demyelination of MN occurred under 0.7 mM of LPC treatment at 
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DIV 20. Accordingly, we created stable and robust 3D myelinating and 

demyelinating MNs in our microfluidic platform. 
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2.3.5. Modeling of 3D MN remyelination by Benz or MeCbl treatment 

Many therapeutic candidates have been investigated to promote remyelination. 

Benz and MeCbl are known as potent differentiating chemicals for 

oligodendrocytes or SCs, accelerating remyelination after injury(48, 65). Thus, to 

induce a remyelination process in our LPC-induced demyelination model, we 

introduced Benz or MeCbl at DIV 20 after demyelination with 0.7 mM LPC 

treatment, then analyzed MBP expression 8 days later (DIV 28) (Fig. 2.6.a). 

Untreated cocultures without chemicals were used as controls. With the aid of Benz 

or MeCbl, dedifferentiated SCs were processed to redifferentiate their structures 

and many axons exhibited remyelinated morphologies (Figs. 2.6.b, c, yellow 

arrowhead). 

After treatment with the two chemicals, the 3D MN demyelinating model 

exhibited increased MBP expression (Fig. 2.6.d). Compared with LPC treatment 

only, the addition of Benz and MeCbl significantly accelerated MBP expression, 

increasing the level by 6.6- or 6.7-fold, respectively (Fig. 2.6.e). Notably, after 

Benz or MeCbl treatment, MBP expression in the demyelination model recovered, 

reaching approximately the same level as the control. The two drugs had similar 

effects, with no significant differences in the recovery rate of the MBP expression 

level.  

Furthermore, our western blotting data revealed that MBP expression was 

substantially increased compared with the LPC-induced demyelinated model, 

which is consistent with the MBP intensity data obtained from MBP 

immunostaining (Figs. 2.6.f, g). Similar levels of MBP expression were observed 



 

 ３９ 

in the three groups (control, Benz, and MeCbl), in contrast to the LPC-treated SC-

MN model. Importantly, these remarkable effects were consistent with previous in-

vivo remyelination tests of demyelinated nerve mice(48, 65).  

We also observed intracellular Ca2+ signals in the LPC-induced 

demyelination model upon application of Benz or MeCbl to demonstrate functional 

regeneration of disease model. The results showed that the initially reduced 

intracellular Ca2+ signals were considerably enhanced upon addition of Benz or 

MeCbl (Figs. 2.6.h-j). Cell recording data revealed that Ca2+ signals in Benz or 

MeCbl treatment were markedly activated, compared with the LPC treatment only 

(Fig. 4i). In addition, the signal intensity differences of Ca2+ level increased 1.9- 

and 2.0-fold, respectively, compared with the LPC treatment only (Fig. 2.6.j). 

Notably, the signal intensity differences did not differ significantly between the 

control and the Benz or MeCbl treatment, indicating that these remyelination 

reagents can aid in functional recovery of the PNS neural network. These results 

support our conclusion that we induced remyelination in our 3D PNS disease 

platform. Additionally, we were able to screen the efficacy of two therapeutic 

candidates that promote SC-MN remyelination. 
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Figure. 2.6. Reconstruction of 3D remyelination by either Benz or MeCbl 

treatment on demyelinated SC-MN coculture. (a) To verify remyelination, 

cocultures were co-treated with Benz (1.5 μM) or MeCbl (10 μM) in the presence 

of LPC at DIV 20, and analyzed at DIV 28. (b) Schematic illustrations displaying 

the coculture from demyelination to remyelination. (c) Representative bright-field 

image for establishment of a remyelinating coculture system. (d) Representative 

confocal images of cocultures with MBP (green), TuJ1 (red), and DAPI (blue), (e) 

quantification of MBP intensity, (f) immunoblots, and (g) quantification of MBP on 

cocultures with Benz or MeCbl in the presence and absence of LPC are shown. (h) 

Representative inverted confocal images of BAPTA-1 AM signals showing the 

time points of the baseline (F0) and peak (∆F) levels, (i) cell recording, and (j) 

quantification of the relative changes in intracellular Ca2+ in cocultures with LPC 

only and with LPC plus Benz or MeCbl treatment. In f, j, the graph shows mean  

SEM values from three independent experiments using different mice. In j, average 

of 13 cells per independent experiment was calculated. *, **, ***p < 0.05, 0.01, 

and 0.001 compared with the control, respectively; ††, †††p < 0.01 and 0.001 

compared with the LPC treatment, respectively (one-way ANOVA, Tukey’s 

multiple comparison tests).  
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2.3.6. Ultrastructural analysis of demyelination and remyelination 

To investigate ultrastructural changes in myelin sheaths under Benz or MeCbl 

treatment, we analyzed the thickness of nerve fibers using transmission electron 

microscopy (TEM) at DIV 40. By using TEM imaging, we frequently found ‘onion 

bulb’ formation and thin myelin structures (Figs. 2.7.a, b). These results implied 

that our model has characteristics of segmental demyelination(34, 35). These 

observations support the usefulness of our PNS demyelination/remyelination 

platform for studying the segmental demyelination.  

In terms of demyelination, the LPC treatment almost completely destroyed the 

myelin structure (Fig. 5c, top right panel). Notably, even under LPC treatment, 

only SCs were damaged, whereas axons exhibited a normal ultrastructure, 

suggesting the features of segmental demyelination. By contrast, the treatment with 

Benz or MeCbel led to a considerably more compact structure, although these 

conditions required additional time to reach a level similar to that of control (Fig. 

2.7.c). Therefore, we confirmed that Benz or MeCbl treatments promote 

remyelination and significantly thicker ultrastructure, despite considerable 

demyelination by the LPC treatment.  

Next, we measured the g-ratio of the transected nerve fiber. The g-ratio is 

defined as the ratio of the axonal diameter to the total nerve fiber diameter, which 

is used as a criterion to classify remyelination (Fig. 2.7.d)(57, 71). In particular, a 

g-ratio of 0.6 serves widely as the theoretical estimated value for optimization. The 

g-ratio of the control was almost 0.6 (0.6  0.02). Surprisingly, the g-ratio of the 

nerve fibers under Benz (0.7  0.05) or MeCbl (0.7  0.04) treatment was 
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significantly smaller than LPC only (0.9  0.008), and was thus closer to the 

control (Fig. 2.7.e). No significant differences were observed between the control 

and MeCbl conditions, while differences were detected between the control and 

Benz conditions. This result was presumably due to the accelerated 

redifferentiation of dedifferentiated SCs, which was induced more robustly by 

MeCbl than by Benz. Therefore, we established a remyelination model in LPC-

induced demyelinated MNs by Benz or MeCbl treatment, validated at the cellular, 

molecular, and morphological levels. We confirmed that both Benz and MeCbl play 

critical roles in the remyelination of SC-MNs, and can be used as therapeutic 

agents.  
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Figure. 2.7. Confirmation of 3D remyelination based on myelin thickness of 

demyelinated SC-MN cocultures at DIV 40. (a) Schematic diagram of structural 

alterations of mature myelin sheaths by LPC. (b) Representative TEM images of 

nerve cross-sections of SC-MN cocultures with LPC, demonstrating segmental 

demyelination, including onion bulb formation (left and middle panels) and thin 

myelinated axons (right panel). (c) Representative TEM images of transected nerve 

fibers in the control, Benz or MeCbl conditions in the presence and absence of LPC. 

(d) Schematic illustration of the g-ratio, defined as the ratio of the axonal diameter 

to the total nerve fiber diameter. A g-ratio close to 0.6 indicated a more mature 

myelinated axon. (e) Quantification of g-ratios of transected nerve fibers in the 

control, Benz or MeCbl samples in the presence and absence of LPC. The graph 

shows mean  SEM values from at least seven independent experiments using 

different mice. *, ***p < 0.05, and < 0.001 compared with the control, 

respectively; ††, ††† p < 0.01 and < 0.001 compared with LPC, respectively; (one-

way ANOVA, Tukey’s multiple-comparison tests).  
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2.4. Discussion 

In this paper, we have presented a 3D PNS disease model that recapitulates a 

sequential demyelination and remyelination process in PNS MNs in a 3D 

microfluidic platform. After establishment of a stable long-term environment for 

SC-MN coculture (40 days), we introduced several chemical that induced 

dysfunction in myelinated MNs and subsequent recovery of myelin. The disease 

and regeneration models were demonstrated at the cellular, molecular, functional, 

and morphological levels. Therefore, our reliable and reproducible model is 

expected to aid our understanding of disease mechanisms and facilitate drug 

screening for PNS disease. 

Most importantly, we developed a full-spectrum 3D PNS demyelination and 

remyelination model process, with particular emphasis on tight SC-MN interaction. 

For demyelination, we verified the dedifferentiation of SCs and decrease in 

intracellular calcium levels. Notably, only SCs were destroyed by LPC, while MNs 

were not damaged. Thin-myelinated axons and onion-bulb-like structures were also 

observed. These results suggest that we recapitulated important features of 

segmental demyelination(34, 35). Furthermore, we expanded our disease model to 

a regeneration model using Benz and MeCbl. To the best of our knowledge, no in-

vitro PNS models have been reported that reconstruct normal to disease and disease 

to regeneration states in a single platform. Therefore, our platform serves as a 

powerful tool for both basic and applied PNS research, which would be difficult to 

undertake using conventional in-vivo or in-vitro models.  

Our model is expected to elucidate the underlying mechanisms and novel 
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biological pathways of myelination. Recent evidence suggests that Benz and 

MeCbl are effective for remyelination in multiple sclerosis or peripheral 

neuropathies(48, 65). Benz is currently approved by the FDA for treatment of 

Parkinson’s disease, and acts as a regulator of oligodendrocytes, which are 

precursors for cell differentiation and remyelination after cuprizone-induced toxic 

demyelination(72). MeCbl is a vitamin B12 analog, which promotes remyelination 

through downregulation of the Efk1/2 pathway in the rat sciatic nerve model(73). 

LPC activates protein kinase C, MAP kinase, and the JNK pathway, which 

stimulate the transcription of c-Jun(74). Taken together, we speculate that the 

activity of Benz or MeCbl may be correlated with these pathway cascades, based 

on the remyelination results in our demyelination model. Further research will be 

of interest to investigate the key pathways governing remyelination. 

Furthermore, our platform serves as a drug screening model. For an organ-on-

a-chip to be of practical use in drug screening, it must be easy to use. We used PSA 

film to develop a user-friendly platform, in terms of fabrication and analysis. PSA 

film has been adapted as a substrate in many organ-on-a-chip studies, because it is 

attachable and detachable, as well as biocompatible and transparent similar to 

glass(19, 49). Compared with conventional PDMS-based platforms, the fabrication 

process is simpler because no plasma treatment is required for bonding. 

Furthermore, the on-demand removal of substrates could facilitate in-depth 

biological assays such as western blotting and TEM, serving as a new tool for 

fundamental study. Therefore, we straightforwardly demonstrated the effects of two 

drugs by carrying out various analyses in a high-throughput microfluidic platform. 

Emerging evidence suggests the importance of SCs for both developmental 
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and pathological processes in the PNS (29, 75). SCs are essential for the growth of 

axons, regulation of myelination, and recovery of function at nerve lesions. 

Furthermore, the viability of MNs is very low without SCs in-vitro(66, 67). 

Because our model showed pathophysiological changes in SCs during 

demyelination and remyelination, glial biology will be of interest to establish the 

mechanism of demyelination, the contributions of proteins to myelin damage, and 

the factors that drive regeneration of damaged myelin, in terms of SCs. 

To improve our model, several modifications could be considered. First, 

introduction of muscle cells may broaden our model to include PNS motor units, 

especially neuromuscular units(37, 76). Many PNS diseases (e.g., ALS and 

myasthenia gravis) are related to muscle cells, as myelinated MNs propagate axon 

potentials to muscle fiber, causing muscle contractions(44). Therefore, if we 

establish a triculture environment of muscle cells with SC-MNs, our model could 

be applied to various PNS disease models, beyond segmental demyelination. 

Second, induced pluripotent stem cell (iPSC)-derived cells from patients provide 

more reliable pathological results, similar to in-vivo conditions. Indeed, recent in-

vitro models have attempted to introduce patient samples or human iPSC cells(77, 

78). If we use iPSC cells from patients, our model could be improved to mimic 

both demyelination and remyelination more accurately. 
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2.5. Conclusion 

Demyelinating diseases involve loss of myelin sheaths and eventually lead to 

neurological problems. Unfortunately, the precise mechanisms remain unknown 

and there are no effective therapies. To overcome these limitations, a reliable and 

physiologically relevant in-vitro model is required. Here, we present a novel three-

dimensional peripheral nervous system (PNS) microfluidic platform that 

recapitulates the full spectrum of myelination, demyelination, and remyelination, 

using primary Schwann cells (SCs) and motor neurons (MNs). The platform 

enables reproducible hydrogel patterning and long-term stable coculture of MNs 

and SCs over 40 days in-vitro based on three distinct design factors. Furthermore, 

the on-demand detachable substrate allows in-depth biological analysis. We 

demonstrated the possibility of mimicking segmental demyelination by introducing 

lysophosphatidylcholine, and recovery of myelin structure by independent 

application of two drugs, benzatropine or methylcobalamin. This 3D PNS disease-

on-a-chip may serve as a potential platform for understanding the pathophysiology 

of demyelination and screening drugs for remyelination. 
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Chapter 3. Neuro-IMPACT: Modeling neural circuit, 

blood-brain barrier, and myelination on a 

microfluidic 96 well plate 

 

3.1. Introduction 

The nervous system, of which neurons are the basic unit, has various distinct 

features. Neurons are connected to each other, forming synapses, and are 

myelinated by glial cells such as oligodendrocytes or Schwann cells (SCs)(1-4). 

Another feature is the blood-brain barrier (BBB), which consists of capillaries, 

astrocytes and pericytes with low permeability(4). Because nerve damage is a 

critical issue for the nervous system and neurodegenerative diseases, such as 

Alzheimer`s disease and amyotrophic lateral sclerosis, there have been numerous 

attempts to investigate the cellular and molecular mechanisms controlling these 

diseases and develop therapeutic drugs(79-82). In-vitro models are essential tools 

in neuroscience and drug development that can complement in-vivo 

experiments(83-85). 

Microfluidic systems enable the control of both spatial and temporal cellular 

microenvironments(86, 87). Specifically, microfluidic devices based on 

polydimethylsiloxane (PDMS) facilitate understanding of the nervous system, such 

as axonal biology, neurovascular units, and interactions between neurons and glial 

cells(41, 88-91). Recently, methods to construct a three-dimensional (3D) nervous 

system have been developed to approximate natural microenvironments more 
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faithfully(92-97). Therefore, PDMS-based microfluidic devices regulate the 

cellular microenvironment and allow cell culture, facilitating research in extensive 

fields including cellular and molecular biology, electrophysiological 

examination(98), and morphological inspection(99). However, these in-vitro 

platforms are difficult to apply in practice (e.g., to the pharmaceutical drug 

screening), as PDMS absorbs hydrophobic molecules and is not suitable for high-

throughput experiments(100-102).  

To overcome these limitations, several researchers have attempted to mass-

produce devices for in-vitro platforms and simplify in-vitro assays(103-105). 

Specifically, some studies have investigated the feasibility of plastic-based 

microfluidic platforms that can be mass-produced and be more suitable for drug 

screening than PDMS(106, 107). In particular, polystyrene (PS), the most 

commonly used thermoplastic, is a well-known material for injection molding and 

has less absorbability for small molecules than PDMS(102, 108). Only a few 

studies have emerged showing the possibility of culturing neurons on plastic-based 

platforms(109, 110). These platforms are still insufficient for practical applications 

due to the uncompleted reconstruction of 3D nervous systems. 

In this study, we demonstrate the utility of an injection molded plastic array 

3D neuron culture platform (Neuro-IMPACT) with a new patterning method that is 

suitable for high-throughput experiments, with potential applications to 

neuroscience research. The Neuro-IMPACT enables not only long-term 3D neuron 

culture about three weeks, but also the co-culture of neuro-endothelial cells and 

neuron-glia cells. We successfully recapitulated the nervous system, specifically 

the neuronal network and BBB of the central nervous system (CNS) and 
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myelination of the peripheral nervous system (PNS) in a single platform. We 

investigated the biological functions of each model via live-cell calcium imaging of 

neural circuits, permeability testing of the BBB model, and TEM imaging of the 

myelin sheaths. Furthermore, we isolated axons from somas. We expect that the 

Neuro-IMPACT, as a 96-well format standardized in-vitro platform, will be useful 

for neuroscience research and drug development related to the nervous system. 
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3.2. Materials and Methods 

3.2.1. Fabrication of the 3D disease microfluidic platform 

Polystyrene (PS) injection molding was conducted by R&D Factory (Korea). 

The PS piece was fabricated by an aluminium alloy mold core with machining and 

polishing. The injection clamping force was set at 130 tons, with a 15-s cycle time 

and nozzle temperature of 220 ℃. We used a pressure sensitive adhesive (PSA) 

coated polycarbonate (PC) film as a substrate, which is easily detachable. After 

applying appropriate pressure between PS piece and PSA coated PC film, the 

complete platform is fabricated. Before the experiment, the platform was sterilized 

under ultraviolet irradiation for 15 min. 

  

3.2.2. Primary cortical neuron preparation 

All procedures and experiments were approved by the Institutional Animal 

Care and Use Committee of Seoul National University. All cells were cultured in 

5% CO2 incubator at 37 ºC. Cortical neurons were cultured as described 

previously(97). Briefly, cortices were isolated from the heads of Sprague-Dawley 

rats (embryonic days 17-18) and were treated with trypsin/EDTA-HBSS solution 

(Gibco) for 12 min at 37°C, followed by addition of Dulbecco’s modified Eagle’s 

medium (DMEM, Gibco) with 10% fetal bovine serum to stop trypsin reaction. 

The supernatants were removed, and the cortices were re-suspended with 

neurobasal medium (Invitrogen) containing 2% B27 supplement (Invitrogen), 

0.25% GlutaMAX I (Invitrogen), and 1% penicillin-streptomycin (P/S). The tissues 

were triturated into small pieces with a 200 µL pipet tip until the solution was 
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homogenous. The final concentration of cortical neurons was 8 × 106 cells/mL. 

  

3.2.3. Primary Motor Neuron (MN) and Schwann cell (SC) preparation 

MNs and SCs were cultured as described previously(57). Briefly, MNs 

isolated from the spinal cord of CD-1 mice (embryonic day 12) were treated with 

1% trypsin (Worthington Inc.) for 15 min and purified using a immunopanning dish 

pre-incubated with p75NTR antibody (Abcam) solution for 45 min. To collect MNs, 

the immunopanning dish attached MNs was washed three times with neurobasal 

media with 1x GlutaMAX I to remove non-specific cells against anti-p75NTR. The 

MNs were then collected from the immunopanning dish by treatment with a 

mixture of potassium, sodium, and calcium chloride. To culture SCs, sciatic nerves 

were isolated from mice on postnatal day 4, and were trypsinized with a mixture of 

2.5% trypsin (Gibco) and 1mg/mL of collagenase A (Roche) for 30 min. The MN-

SC coculture cells were grown in neurobasal with 2% horse serum (HS, Gibco), 0.5 

mM L-glutamine (Gibco), B27 supplement (Gibco), 1 mM β-mercaptoethanol 

(Sigma), 1mg/mL pituitary extract bovine, 1% penicillin-streptomycin, and 10 

ng/mL BDNF (Gibco). MNs were seeded at 4 × 106 cells/mL concentration, and 

SCs were seeded with 3 × 106 cells/mL concentration. 

 

3.2.4. Human brain microvascular endothelial cell (HBMEC), human lung 

fibroblast (LF) and human astrocyte Preparation 

HBMECs were cultured in endothelial basal medium-2 with EGM-2 MV 

BulletKit (Lonza). Passage 4 and about 80 to 90% confluent HBMECs were used 

for the experiment. Also, LFs (Lonza) were cultured in fibroblast basal medium 
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with FGM-2 BulletKit (Lonza). Astrocytes (Lonza) were cultured in astrocyte 

growth medium (Lonza). Passages 6 and passage 4 were used for fibroblasts and 

astrocytes, respectively. All cells were detached from the cell culture dish by 

treatment with 0.25% Trypsin-EDTA (Hyclone) and suspended in EGM-MV 

medium. 

  

3.2.5. Hydrogel patterning and cell plating 

For neural network as previously described(93, 96), collagen type I gel (2 

mg/ml, corning) was injected to center hydrogel channel. After fibrillogenesis, 

cortical neuron suspensions were put into one side of center hydrogel channel, and 

the platform was tilted by 90° in a 37°C incubator for 10 min to allow the cells to 

settle on the hydrogel surface. Repeat this process on opposite side of center 

hydrogel channel.  

The BBB experiment was conducted as described previously(93, 111), but 

using different types of cells. Briefly, bovine fibrinogen (Sigma-Aldrich) was 

dissolved in Dulbecco’s phosphate-buffered saline (DPBS, Hyclone) and filtered 

(0.22 μm pore) to yield a fibrinogen solution. The solution was mixed with 

aprotinin (0.15 U/ml, Sigma-Aldrich). HBMECs or LFs were then mixed with the 

fibrinogen solution at a ratio of 3:1 to create HBMECs concentration 8 × 106 

cells/ml and LFs concentration 15 × 106 cells/ml, respectively. Finally, the 

mixtures with thrombin (0.5 U/ml, Sigma-Aldrich) were injected into the both 

hydrogel channel: center channel for HBMEC mixture and right channel for LF 

mixture. Three days later, human astrocytes were coated on the opposite side of the 

fibroblast channel with 8 × 106 cells/ml concentration and 20 μl volume as 
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described previously.  

For myelination, cell plating process is the same as done in neural network. 

After collagen type I gel (2 mg/ml, corning) was injected to center hydrogel 

channel, wait until fibrillogenesis is done. SCs suspensions were put into one side 

of center hydrogel channel, and the platform was tilted by 90° in a 37°C incubator 

for 10 min to allow the cells to settle to the hydrogel surface. Repeat this process 

for MNs plating on opposite side of center hydrogel channel. 

  

3.2.6. Measurement of cell viability  

The cell viability of cortical neurons was measured using a LIVE/DEADTM 

viability/cytotoxicity kit (Invitrogen), according to the manufacturer’s instructions. 

Briefly, the device was washed three times with 1× phosphate-buffered solution 

(PBS, Hyclone), and the mixture of calcein-AM and propidium iodide (PI) in PBS 

was added. The device was incubated for 1.5 h at 37°C. The Sample was washed 

once with PBS and was then examined under an inverted fluorescence confocal 

microscope (LCI). For quantitative analysis, the number of live and dead cells were 

counted under the microscope in three random fields of view and statistical 

analyses were performed for three independent experiments. 

  

3.2.7. Western blot assays 

Protein expression levels were quantitatively analyzed by western blot 

analysis. Cultures were washed with PBS once. After washing, PSA film was 

detached from the PS piece. During detachment, hydrogel and cells remained in the 
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PS piece. The hydrogel and cells lysed in RIPA buffer (T&I) containing 1× 

protease inhibitors and the protein concentrations were measured by Bradford assay. 

6 µg of protein was separated on SDS-PAGE gel (10%) and transferred to PVDF 

membranes (GE Healthcare). All membranes were blocked with 5% skim milk in 

TBST buffer (25 mM Tris, 190 mM NaCl, and 0.05% Tween 20, pH 7.5) for 1 h at 

room temperature and incubated overnight at 4°C with primary antibodies 

including chicken anti-Tau antibody (1:500, Abcam), rabbit anti-NeuN antibody 

(1:500, Millipore) and rat anti-MBP (1:500), or rabbit anti-β actin (1:1000, CST) 

antibody. After three 10-min washes with TBST, membranes were incubated with 

corresponding IgG-HRP secondary antibodies at a dilution of 1:500-1000 for 1 h at 

room temperature, washed, and then visualized using the Clarity Western ECL 

substrate (Bio-Rad). Band intensities were measured using ImageJ software. 

 

3.2.8. Intracellular calcium imaging 

After washing cells three times with PBS, the Oregon Green BAPTA-1 AM 

(OGB, Life Technologies) and Pluronic F-127 (Life Technologies) dissolved in 

dimethyl sulfoxide (DMSO) were mixed with neurobasal medium. The mixture 

entered into the device and was incubated at 37 °C for 1.5 h. After the incubation 

period, PBS washing was performed three times and KCl was introduced to 

increase the calcium level change. 

 

3.2.9. Measurement of permeability coefficient 

The culture medium was removed and washed three times by PBS. Then, 50 

μL of 70-kDa FITC-dextran solution was introduced to the narrow media channel. 
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Inverted epifluorescence microscopy (IX81, Olympus) was used to observe the 

permeability of the vascular network. Images were acquired at 25 s intervals. The 

fluorescence image of FITC- dextran was analyzed by ImageJ software and the 

equation derived from a previous study. 

 

3.2.10. Immunocytochemistry 

All chips were fixed with 4% paraformaldehyde (PFA, Thermo) for 30 min at 

room temperature, and treated with 0.2% Triton x-100 (Sigma) for 30 min before 

incubating with 3% bovine serum albumin (BSA, Millipore) overnight at 4°C. 

Samples were stained with synaptophysin (1:500, Abcam), Tau (1:300, Abcam), or 

myelin basic protein (MBP, 1:500, Abcam), as indicated, in 1% BSA at 4°C 

overnight. The secondary antibodies used were goat anti-chicken IgY H&L (1:500; 

Abcam), goat anti-rat IgG H&L (1:500, Abcam) goat anti-rabbit IgG H&L (1:500, 

Abcam). Nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI; Life 

Technologies) for 30 min. 

 

3.2.11. Transmission Electron Microscopy (TEM) 

In myelination experiment, the platform was fixed with 4% glutaraldehyde 

overnight at 4˚C. After detaching PSA coated PC film carefully, hydrogel and cells 

were attached to the PS piece. Samples were postfixed with 1 % OsO4 in PBS for 2 

h at 4 ˚C. After rinsing with cold distilled water, the samples were dehydrated 

slowly with an ethanol series (20%, 50%, 70%, 80%, 90%, 100% 3 times) and 

propylene oxide at 4 ˚C. After samples were embedded in epoxy resin, cells were 

separated form PS piece. Serial sections were cut with ultramicrotome (Ultra Cut C, 
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Leica) and mounted on formvar-coated grids. Images were acquired with the Cryo-

TEM (CryoTechnai F20, FEI). 

 

3.2.12. Statistical Analysis 

All statistical analyses were performed with Prism (GraphPad Software). The 

Kolmogorov-Smirnov test was conducted to assess normality before determining 

statistical significance. An unpaired, two-tailed t-test with Welch’s correction was 

used to compare the values between two groups. All statistical analyses involved 

data from a minimum of three independent experiments, and presented mean ± 

standard error of the mean. The levels of statistical significance were set at p < 0.05, 

0.01 and 0.001. 
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3.3. Results 

3.3.1. Design and fabrication of the Neuro-IMPACT 

The Neuro-IMPACT contains several micro-post arrays, hydrogel injection 

ports, two hydrogel channels and beams, and two media reservoirs. This design is 

similar to those of previous PDMS platforms containing several micro-pillars, 

medium and hydrogel channels(111). We designed and optimized the size of the 

platform to ensure that it would be suitable for injection-molding and 

accommodate a 96-well plate format for high-throughput experiments (Fig. 3.1.a). 

The hydrogel channel is located under the beam: the center hydrogel channel is for 

cell culture, including neural cells, endothelial cells, or Schwann cells, while the 

right channel is for fibroblast culture to reconstruct the BBB. The wall between the 

media reservoirs is constructed to allow the introduction of different media into 

each reservoir, to create an appropriate cellular environment for each chamber (Fig. 

3.1.b). Additionally, micro-post arrays were designed with diameter 0.35 mm, 

height 0.1 mm, and 0.1 mm spacings to support the formation of vascular openings 

at regular intervals in BBB experiments(93).  

The Neuro-IMPACT is fabricated by bonding a piece of injection-molded PS 

to a pressure sensitive adhesive (PSA) coated PC film (Fig. 3.2.a). This is 

convenient for cell culture and imaging because PSA coated PC film is 

biocompatible and optically clear. After creating a hydrophilic Neuro-IMPACT 

surface via plasma treatment, liquid or hydrogel solutions, such as collagen and 

fibrin, were injected through injection ports and patterned by capillary force (Fig. 

3.1.c). According to the Concus-Finn relation, the beam acts as a guideway for 
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hydrogel patterning in the hydrophilic state (Fig. 3.2.b)(49). This new patterning 

method differs from the approach used in PDMS-based platforms in hydrophobic 

states, and is easy-to-use for reliable patterning(49, 51). The media is filled after 

completion of the fibrillogenesis. In this manner, the Neuro-IMPACT serves as a 

new tool for a reliable high-throughput in-vitro platform. Furthermore, the platform 

is easy-to-use and effective for establishing several in-vivo environments of the 

nervous system, including both the CNS and PNS. Notably, we demonstrated a 3D 

neuron culture, and reconstructed a neural circuit, BBB, and myelination in the cell 

culture area (Fig. 3.1.d). 
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Figure. 3.1. Neuro-IMPACT design for replicating a 3D in-vitro nervous 

system. a) Schematic top view of the Neuro-IMPACT. The platform includes two 

hydrogel injection ports, two media reservoirs (pink), two hydrogel channels 

(yellow), and micro-post arrays. b) Schematic cross-sectional view. The platform 

consists of an injection-molded polystyrene (PS) piece (gray) and pressure 

sensitive adhesive (PSA) film (dark yellow). The cells are plated and cultured in 

the cell culture area (inner dotted line). The wall enables treatment with two 

different media on two types of cells. c) Schematic of liquid patterning. After 

plasma treatment on Neuro-IMPACT, liquid (blue) is introduced through the 

injection port and patterned in a hydrophilic hydrogel channel between the beam 

and PSA film by capillary force. d) Schematics of 3D neural circuit, BBB, and 

myelination. 
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Figure. 3.2. Process overview of Neuro-IMPACT for high-throughput 

experiment. a) After fabrication of PS piece by injection molding, the piece was 

combined with PSA film by pressure. Before hydrogel loading, a 1 min plasma 

treatment was conducted to create a hydrophilic IMPMP. Hydrogel was injected 

into the injection port and patterned in the hydrogel channel by capillary force. 

After the gel had solidified, the medium reservoirs were filled with medium. b) 

Photograph of hydrogel patterning. The hydrogel was patterned in 0.5 s in the 

IMPMP. Scale bar, 2 mm. 
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3.3.2. Isolation of axons and protein analysis 

The platform allows long-term culture over 3 weeks. It is necessary to 

maintain a stable long-term microenvironment because the formation of synapses 

and myelin sheaths take 2 weeks(57, 112). After plating neural cells in one of the 

media reservoirs, cells were attached to the surface of the hydrogel; the dendrites 

and axons extended toward the side opposite to that on which the cells were plated 

(Fig. 3.3.a). The media was changed every 3 days. This cycle of media replacement 

was the same in all experiments, including the neural network, BBB, and 

myelination experiments. Although PS and PSA coated PC film are known to be 

biocompatible(62, 113, 114), we confirmed the effects of these materials on neural 

cells by performing live/dead cell viability assays with calcein-AM (green), DAPI 

(blue) and PI (red). During 2 weeks of cell growth, 90.6 ± 1.9% of cells survived 

(Figs. 3.3.b and c). Having confirmed the cell viability, we aimed to validate the 

isolation of axons from somas, as achieved in two-dimensional (2D) CNS 

platforms(41).  

As illustrated in Fig. 3.3.b, confocal imaging revealed that some nuclei were 

present on the side opposite the somal part. We hypothesized that, as the surface of 

the hydrogel acts as a wall, only axons or dendrites can penetrate the gel, while 

somas remain on the surface. To demonstrate our hypothesis, we compared the 

Somal+Axonal part with the Axonal part by quantifying the neuronal nuclear 

marker, NeuN and the axonal marker, Tau (Fig. 3.3.d). After detaching the PSA 

coated PC film, we carried out quantitative analyses of protein expression levels 

using the western blot. Our results revealed that the NeuN/GAPDH ratio in the 

Somal+Axonal part was 5.2-fold higher than that in the Axonal part; however, 
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there was no significant difference between the Tau/GAPDH ratios of the 

Somal+Axonal and Axonal parts (Fig. 3.3.e). Some cells inside the gel were glial 

cells, such as astrocytes, which may migrate and proliferate. Thus, the platform can 

isolate axons and provides an effective means for performing the western blot by 

peeling off the film. 
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Figure. 3.3. Neuro-IMPACT for 3D neuron culture and neurobiological 

research. a) Timeline of central nervous system (CNS) neuron culture on Neuro-

IMPACT. CNS neurons were seeded on one of the media reservoirs and settled 

onto the surface of the hydrogel channel by tilting the Neuro-IMPACT by 90°. The 

cell bodies of the CNS neurons were coated on the surface of the hydrogel and the 

axons extend into the gel channel. The media was changed every 3 days. b and c) 

The viability of CNS neurons was determined by calcein AM(green)/PI(red) 

double-staining at day in-vitro (DIV) 15. Almost all CNS neurons survived; the 

percentage of live cells was 90.6 ± 1.9%. The graph shows mean ± SEM values 

obtained from eight independent experiments. Scale bar, 100 μm. d) The isolation 

of axons from CNS neurons was determined by western blot analysis at DIV 15. 

NeuN protein was only detected in the Soma+Axonal part, while Tau protein was 

detected in the Soma+Axonal as well as the Axonal parts. Note the separation of 
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somas and axons of CNS neurons through the Neuro-IMPACT. e) Quantification of 

NeuN (left) and Tau (right) protein levels. The protein levels are normalized 

against the level of GAPDH, which was used as a loading control. The graph 

shows the mean ± SEM values obtained from three independent experiments 

(unpaired, two-tailed-t test with Welch’s correction). 
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3.3.3. Reconstruction of the 3D neural network 

After confirming the basic biological performance of the Neuro-IMPACT (e.g., 

cell viability and protein-level analysis), we extended our approach to investigating 

the morphologies and functions of specific organs. First, we focused on 

reconstruction of the neural network. For this purpose, neural cells were attached to 

both sides of the hydrogel and cultured in the same manner as the cell viability test 

(Fig. 3.4.a). Fully mature synaptogenesis is essential for the reconstruction of 

neural networks. We carried out immunocytochemistry at 21 days in-vitro (DIV 21) 

using a presynaptic marker, synaptophysin, as mature synapses are induced after 12 

days (Fig. 3.4.b)(112). Synapses adjacent to the neuron marker, Tuj1, revealed that 

neural cells on both sides were connected and synapses were properly developed.  

We investigated the functional activity of the network further by carrying out 

calcium imaging. After injecting a BAPTA-AM solution into one soma part, neural 

cells in all parts generated an action potential, producing a spontaneous signal. We 

selected 12 points and measured the intensity change in fluorescence over time (Fig. 

3.4.c). We considered all of the parts to be synchronized because all of the peaks 

were recorded at almost the same time point (Fig. 3.4.d). Some slight differences in 

the peaks were inevitable because some of the cells were superimposed in the 3D 

configuration. Hence Neuro-IMPACT can be used to construct and analyze neural 

circuits. 
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Figure. 3.4. Reconstruction of 3D neural network in the Neuro-IMPACT. a) 

Timeline of 3D neural network on Neuro-IMPACT. CNS neurons were seeded on 

one media reservoir, and at DIV 3 thereafter, CNS neurons were plated on other 

media reservoirs. Axons of CNS neurons extended into the gel channel, forming 

synapses. b) Representative fluorescence confocal images of CNS neurons at DIV 

21 immunostained with Tuj1 (red), synaptophyisin (green), and DAPI (blue). Scale 

bar, 100 μm. c and d) The functional calcium activity of the 3D neural network was 

analyzed using Oregon Green 488-BAPTA-1 AM at DIV 21. Eight soma regions 

(blue) and four axon regions (yellow) were randomly selected and measured. A 

representative image of the neural network stained with BAPTA-1 AM (c). 

Changes in the fluorescence intensity at twelve selected regions (d, indicated by the 

numbers in c). Scale bar, 100μm. 
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3.3.4. Reconstruction of the 3D Blood-brain barrier 

The platform allows the co-culture of various types of cells. For 

reconstruction of the BBB, HBMECs and human astrocytes were co-cultured in 

center hydrogel channel. We also seeded fibroblasts in the right hydrogel channel 

to generate a growth factor gradient to open the vascular lumen asymmetrically. 

After the HBMECs had formed a vascular network, astrocytes were plated on the 

side opposite to the fibroblasts at DIV 3. We treated the media for each cell type 

independently so that we could reconstruct a more physiologically relevant in-vivo 

environment, as described in previous work(97). Lumens were connected in the 

right media chamber, while the vascular network spread through the center 

hydrogel channel. Astrocytes proliferated and migrated to the boundary of the 

vascular network (Fig. 3.5.a). We confirmed direct contact between the astrocytic 

endfeet and lumens by anchoring the astrocytic endfeet to the surface of the 

vascular network at DIV 9 (HBMECs) (Fig. 3.5.b). P-glycoprotein (P-gp) 

immunostaining was carried out to confirm the presence of the BBB transporter 

protein, as P-gp is well known to be an ATP-dependent transport protein that is 

present in brain capillary endothelial cells of BBB (Fig. 3.5.c). P-gp was uniformly 

expressed on membranes of HBMECs. Furthermore, ZO-1 protein expression 

confirmed the tight junction of HBMECs of the BBB (Fig. 3.5.d). After confirming 

the structural formation of the BBB through immunostaining, we investigated the 

physical function of the BBB. Low permeability is well known to be an important 

property of the BBB(115).  

To measure the permeability of our BBB model and investigate the effects of 

astrocytes on the permeability, we classified two conditions: HBMECs with and 



 

 ７０ 

without astrocytes. After introducing FITC dextran-70kDa to the lumen-opened 

side of the media chamber, we measured the substance leaking out of the vascular 

network in both cases. We observed the fluorescence changes inside and outside 

the vascular network in real time (Fig. 3.5.e). The permeability of the co-culture 

was lower than that of the monoculture (monoculture; 1.7 ± 0.26 x 10-6 cm/s, co-

culture; 0.79 ± 0.31 x 10-6 cm/s, Fig. 3.5.f). Therefore, we confirmed that the 

function of the BBB was enhanced by the astrocytes. The permeability of the co-

culture was similar to that of the PDMS platform, for which the culture method 

was similar, but the cell types were different(93). 
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Figure. 3.5. Reconstruction of 3D blood brain barrier (BBB) in the Neuro-

IMPACT. a) Timeline of 3D BBB on Neuro-IMPACT. First, the mixture of 

hydrogel, human brain microvascular endothelial cells (HBMECs) and lung 

fibroblasts (LFs) was injected into the gel channel. After 3 days, human astrocytes 

were seeded into the media reservoir opposite the LFs. b) Representative 

fluorescence confocal images of HBMEC-astrocyte co-culture immunostained with 

platelet-endothelia cell adhesion molecule-1[PECAM-1] (CD31, red) and glia 

fibrillary acidic protein (GFAP, green) at DIV 9 (of HBMECs), respectively. 
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Yellow arrow heads (b, bottom) indicate the anchoring of the astrocytic endfeet on 

the vascular network. Scale bar, 50 μm. c) Representative fluorescence confocal 

images of HBMEC-astrocyte co-culture at DIV 9 immunostained with CD31 (red), 

P-glycoprotein (P-gp, yellow) and DAPI (blue) are shown. Scale bar, 100 μm. d) 

Representative fluorescence confocal images of HBMEC-astrocyte coculture at 

DIV 9 immunostained with CD31 (red), ZO-1 (green) and DAPI (blue) are shown. 

Scale bar, 25 μm. e) Representative time-lapse microscopic photographs of 

HBMECs with or without astrocytes with 70 kDa FITC-dextran at times 0 and 6 

min, respectively. f) Quantification of BBB permeability. The permeability of 

HBMECs alone is 1.7 ± 0.26, whereas that of co-culture with astrocytes is 0.79 ± 

0.31. The graph shows the mean ± SEM values obtained from ten independent 

experiments. Scale bar, 100 μm (unpaired, two-tailed-t test with Welch’s 

correction). 
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3.3.5. Reconstruction of 3D myelin sheaths 

Although interactions between MNs and SCs have been studied, there are few 

appropriate in-vitro myelination models(57, 88). Our platform offers an in-vitro 

model for study of the relationship between neurons and glial cells. MNs and SCs 

were co-cultured and survived over 20 days, while the platform was used as an in-

vitro PNS model. Three days after plating SCs onto one side of center hydrogel 

channel, MNs were seeded opposite the SCs (Fig. 3.6.a). MNs extended their axons 

into the hydrogel and SCs migrated and proliferated into the gel. SCs accumulated 

and wrapped around the axons, gradually forming a myelin sheath. We used 

immunocytochemical analysis to confirm that the expression of myelin-protein 

marker, MBP (myelin basic protein), occurred at DIV 21; MBP expression was co-

localized with Tuj1 (Fig. 3.6.b). Furthermore, we took advantage of the ability to 

detach the PSA-coated PC film by carrying out transmission electron microscopy 

(TEM) imaging. We verified that the myelin sheath was wrapped around the axon 

at DIV 21 (Fig. 3.6.c).  

We investigated the efficiency of protein analysis by evaluating the MBP 

expression level of our platform, as compared to that of a traditional 2D co-culture 

system, on a coverslip using the western blot (Fig. 3.6.d). The 2D system is based 

on previous work(57). The ratio of MBP to β-actin on our platform was 1.8–times 

higher than that on the traditional 2D co-culture system (Fig. 3.6.e). These results 

show that our platform provides a more biologically stable culture environment for 

the formation of myelin, suggesting that Neuro-IMPACT may be useful as a tool 

for supporting neuroscience research. 
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Figure. 3.6. Reconstruction of 3D formation of myelin sheaths in the Neuro-

IMPACT. a) Timeline of 3D co-culture of peripheral nervous system (PNS) 

neurons-Schwann cells (SCs) on Neuro-IMPACT. Three days after SCs were 

seeded onto one of the media reservoirs, PNS neurons were seeded onto the other 

media reservoirs. SCs migrated and proliferated, and PNS neurons extended axons 

into the gel channel. Over time, SCs contacted and wrapped around the axons of 

neurons, forming a myelin sheath. b) Representative fluorescence confocal images 

of PNS neurons-SCs co-culture immunostained with tubulin beta III (Tuj1, red), 

myelin basic protein (MBP, green), and DAPI (blue) at DIV 21. Note that the 

expression of MBP became highly localized along the axons of the PNS neurons 

(yellow arrow heads). Scale bar, 200 μm. c) The myelin sheaths were analyzed by 

transmission electron microscopy (TEM) at DIV 21. The nerve fiber is myelinated 

by SC (left). The myelin sheaths are in the same region as the enlarged yellow 

dotted box (right). Scale bar, 100nm. N, nerve fiber; m, myelin sheaths. d and e) 

The level of MBP was evaluated by western blot analysis at DIV 21. The level of 

MBP expression on 3D co-culture on the Neuro-IMPACT was compared to that of 
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a 2D co-culture on a coverslip coated with Matrigel. Representative immunoblots 

(d) and quantification of MBP levels (e) are shown. Protein levels were normalized 

against the level of ß-actin, which was used as a loading control. The graph shows 

the mean ± SEM values obtained from three independent experiments. (unpaired, 

two-tailed-t test with Welch’s correction). 



 

 ７６ 

3.4. Discussion 

Several in-vitro neuron culture platforms have been reported based on soft 

lithography using PDMS(116). Building on physiologically relevant in-vitro 

models, several approaches have emerged to facilitate drug screening 

applications(49, 117). A standardized in-vitro platform would be very useful for 

developing new therapies for neurodegenerative diseases as it would allow 

quantitative analysis based on imaging and biochemical analysis. In this paper, we 

report the development of a robust in-vitro experimental model, Neuro-IMPACT 

(injection molded plastic array 3D neuron culture platform) that is: 1) a mass-

produced standardized 3D in-vitro culture platform for reproducible formation of 

complex co-culture models for neuroscience research, 2) compatible with existing 

automated equipment for culture, biochemistry and imaging for quantitative 

analysis, and 3) allows researchers to engineer the brain microenvironment to 

facilitate both basic and applied neuroscience research.  

We reconstructed the CNS and PNS model in a single platform, including a 

3D neural network, BBB, and myelination. With the benefit of a removable 

substrate, the morphology and function of each model was verified using various 

biological analyses, including western blot, TEM, live cell imaging, permeability 

tests, and optical microscopy. 

There are several advantages to our new in-vitro platform. First, the 

standardized platform is mass-produced by injection molding. While the soft 

lithography required for conventional PDMS platforms takes a long time, the PS 

platform takes less time to produce. This increased efficiency is associated with the 
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possibility of rapid and high-throughput experiments in both laboratory and 

practical applications for organ-on-a-chip systems in pharmaceutical companies or 

hospitals. Second, the platform is user-friendly in terms of hydrogel and cell 

patterning. In the PDMS platform, the patterning takes a long time due to the 

complexity of the designs or inexperience of the users, because it depends on the 

design of the device and user proficiency and is based on capillary-bursting 

pressure under hydrophobic states(60). Although this problem may also arise in the 

Neuro-IMPACT, when bonding is not perfect, patterning in Neuro-IMPACT is 

relatively easy and takes less time because it is based on capillary action under 

hydrophilic conditions. Together with mass-productivity and usability, the platform 

facilitates highly reproducible experiments, thus, promises to be an efficient tool 

for high-throughput screening (HTS) and high-content screening (HCS). 

Neuro-IMPACT provides a method for regulating specific cellular 

microenvironments. We reproduced various parts of the nervous system in a single 

platform by co-culturing two types of cells. It is also possible to achieve tri- or 

quad-culture models that mimic more complex cellular environments in the brain. 

We demonstrated that our platform is suitable for high resolution live cell imaging 

using optical microscopy (i.e., phase contrast, confocal microscopy). Additionally, 

conventional biological analysis, such as western blot or TEM, can be carried out 

with the removable polymer substrate. We confirmed the protein expression and 

high-resolution imaging by western blot and TEM. 

Furthermore, the platform offers researchers the opportunity to study 

neuropathology by introducing chemicals or drugs to specific cells or spots. Instead 

of using FITC-dextran in BBB experiments, drugs can be introduced through the 
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intravascular lumen so that their effects and mechanisms can be investigated and 

demonstrated. Furthermore, future work on axonal biology will be of interest, 

because chemicals can be applied specifically to soma or axons. This follows from 

our demonstration that axons of neurons are isolated from somas within Neuro-

IMPACT. 

Drug discovery and the study of the development of neurodegenerative 

disease is challenging due to the lack of reliable in-vitro models that closely model 

in-vivo microenvironments. In fact, researchers have proposed various devices to 

mimic complex structures in the brain, reproducing cell-cell interactions between 

neurons, glia cells, endothelial cells and so on. However, the practical applications 

of these devices are limited, because these devices have different dimensions and 

features. Emerging evidence suggests that a standardized platform is required for 

efficient drug screening systems(109, 118). Here, we demonstrated a single 

standardized in-vitro neuron culture platform with various co-culture models. Our 

platform is compatible with existing analysis equipment. We reconstructed the 

CNS and PNS with interactions between neuron-endothelia cells and neuron-glia 

cells to aid neuroscientific research. Furthermore, instead of primary cells, induced 

pluripotent stem cells (iPSCs) can be used to establish disease models and 

investigate disease mechanisms in neural circuits, BBB, and myelination. 

Therefore, we anticipate that this platform will be a useful tool for in-vitro 

experimentation and drug screening, thus, contribute to knowledge in the fields of 

neuroscience and neuropharmacology. 
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3.5. Conclusion 

We designed a novel injection-molded microfluidic culture platform as a 

robust in-vitro neuron culture application. The Neuro-IMPACT can offer stable 

long-term 3D neuron/astrocyte/Schwann/endothelial cell co-cultures in a standard 

96-well plate format. The Neuro-IMPACT can be used to obtain biochemical 

(western blot and immunochemistry) and imaging (high resolution confocal and 

TEM) data on various neuron culture models. As Neuro-IMPACT allows precise 

control of the co-culture microenvironment (e.g., neuron-endothelia cell and 

neuron-glia cell), we recapitulated a 3D neural circuit, BBB and myelination of 

motor neurons. The biological function of the platform was investigated through 

live-cell calcium imaging of the neural circuit, permeability testing of the BBB 

model, and quantification of protein expression levels. These results confirm that 

Neuro-IMPACT offers a reliable platform for in-vitro neuron culture experiments 

with potential applications to both basic and applied neuroscience research. 
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Chapter 4. U-IMPACT: A Universal 3D Microfluidic 

Cell Culture Platform 

 

4.1. Introduction 

Organ-on-a-chip platforms recapitulate the physiological and pathological 

conditions in vivo (e.g., lung, brain, and liver) to gain a better understanding of 

disease mechanisms and allow more efficient drug development(7, 40, 119). There 

is considerable interest in the possibility of using organ-on-a-chip platforms to 

replace or complement current in vitro and in vivo models(120, 121). Therefore, 

multiple studies have been performed to develop more reliable and reproducible 

platforms, while more precisely mimicking aspects of the human body. 

The tumor microenvironment (TME) is a very complex cellular and molecular 

microenvironment, which consists of tumor tissue, blood vessels, fibroblasts, 

immune cells, and extracellular matrix (ECM)(122-124). Because vessels are 

related to the growth of cancer and act as pathways for the delivery of anticancer 

drugs and immune cells, as well as metastasis, many tumor-on-a-chip platforms 

have been developed, focusing on coculture of tumor cells (single cells or 

spheroids) and vasculature(125-127). However, the applications of current models 

to high-throughput screening (HTS) or high-content screening (HCS) remain 

limited(128). The majority of tumor-on-a-chip platforms have not followed Society 

for Laboratory Automation and Screening [formerly Society for Biomolecular 

Screening (SBS)] format, resulting in poor compatibility with multichannel pipettes 
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and HCS equipment. Furthermore, because many tumor-on-a-chip platforms are 

based on polydimethylsiloxane (PDMS), small molecule absorption and limited 

mass production capability hinder their practical use in the pharmaceutical industry 

or in hospitals(129, 130). 

To develop tumor-on-a-chip platforms for HTS, standardized organ-on-a-chip 

technology has recently emerged, consisting of a 96-well plate format microfluidic 

platform compatible with conventional equipment(28, 131, 132). These platforms 

represent new approaches in materials, fabrication processes, and patterning 

methods. Microfluidic platforms have been developed based on plastic or glass, 

rather than PDMS(26, 133). Some studies have utilized milling processes and 

fabricated simple microstructures to pattern hydrogels and cells(26, 134, 135). 

Other research groups introduced 3D printing or injection molding(19, 25, 126). 

Their movement of liquid could be controlled by modification of surface properties 

through plasma treatment or surface coating(26, 28). However, improvements to 

these platforms are necessary because of the limited design for manufacturability. 

In this study, we developed an injection molded plastic array 3D universal 

culture platform (U-IMPACT), which can be used for the TME and other human 

tissues, such as neurons. The U-IMPACT is a versatile standardized microfluidic 

platform designed to enable coculture of various cells and spheroids within three 

channels and a spheroid zone. For manufacturability and usability, we developed a 

hybrid liquid patterning method, which integrates the principles of spontaneous 

capillary flow (SCF) and the capillary burst valve in our open microfluidic 

platform. After the establishment of design criteria, we fabricated the U-IMPACT 

by bonding a polystyrene body and glass with pressure sensitive adhesive (PSA) 
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film without additional processing, such as surface treatment and coating. We 

successfully recapitulated microenvironment of angiogenesis, perfused blood 

vessels, tumor cell migration, and vascularized tumor spheroids in the U-IMPACT. 

Furthermore, we confirmed neural cell culture [e.g., differentiation of induced 

neural stem cells (iNSCs) and axonal growth of primary neurons] in our platform. 

We expect that the U-IMPACT will be useful as a versatile microfluidic platform 

for the reconstruction of various human disease models, as well as applications to 

HCS or HTS. 
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4.2. Materials and Methods 

4.2.1. Prototype of the U-IMPACT 

A prototype of the U-IMPACT was fabricated to test liquid patterning prior to 

injection molding. The prototype was designed using Solidworks (Dassault 

Systèmes) and fabricated using a 3D printer (Figure 4, 3D SYSTEMS). After 

fabrication, the prototype was rinsed with isopropyl alcohol for 25 min and post-

cured with ultraviolet light at 385 nm for 30 min. To remove water and create a 

hydrophobic surface, the printed model was cured at 60°C in an oven for 10 min. 

For biological experiments, poly(c-xylene) was deposited on the model by plasma-

enhanced chemical vapor deposition (Lavida, Femtoscience). In addition, we tested 

patterning conditions with four types of material: glass, 3M hydrophilic film, 

acrylic PET film, and PC film. 

 

4.2.2. Fabrication of the U-IMPACT 

Injection molding of polystyrene was performed by JeongWoo Corp. (Korea). 

The polystyrene compartment was fabricated using an aluminum alloy mold core 

with machining and polishing. The injection clamping force was set to 130 tons, 

with a 15-s cycle time and nozzle temperature of 220°C. The polystyrene body was 

washed with isopropyl alcohol and deionized water for 10 min each, then treated 

with O2 plasma for 10 min. After processing, the chip was maintained in an oven at 

60°C for at least 7 days. We created a custom-designed punched, D-PSA (IS 

Solution) film, which was attached to polystyrene body. Then, we attached a glass 

substrate (3 × 1 inches) to the other side of the D-PSA. The polystyrene body, D-
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PSA, and glass substrate were bonded by thermal bonding using a heat press 

machine. 

 

4.2.3. Measurement of contact angle 

The static and advancing contact angles were measured by the sessile drop 

method using a droplet analyzer (SmartDrop, Femtobiomed) with a droplet volume 

of 5 µL.  

 

4.2.4. Analytical model for patterning 

The pressure of liquid in the microchannels can be calculated based on surface 

energy changes(26). At an infinitesimal volume , the change of liquid-gas 

surface is , solid-liquid surface is , and surface tension is . 

Combining the total energy variation and Young’s equation, pressure can be 

expressed as:  

 

We analyzed two pressures, advancing interface [ )] and 

bursting interface [ )]. To simplify the calculation, we neglected the 

free surface of the liquid interface, surface roughness of the channel, and round 

edge of the channel. The liquid interface can move forward only when solid-liquid 

contact angle exceeds the critical advancing contact angle. In addition, the interface 

bulges until the contact angle with the new wall increases to the new advancing 
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contact angle; the contact angle never exceeds 180°. Because the edge angle of the 

body is 90°,  and  can be expressed as: 

 

 

 

where the symbols represent the geometries of the channel ( , width; , 

height; , length; , advancing contact angle of body; , advancing contact 

angle of substrate; , advancing contact angle of fibrin gel; and , surface 

tension). In addition, assuming that the hydrogel acts as a wall after fibrillogenesis, 

 and  can be expressed as: 

 

 

 

We established the design rules based on these equations, and plotted the 

graph with MATLAB (MathWorks) under the assumption of water at 25°C. The 

pressure difference ( ) and  were plotted with height or width 
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change, fixed at  or , respectively. When 

, the pressure difference ( ) and  were 

plotted with height or width change, fixed at  or 

, respectively. 

 

4.2.5. Simulation analysis 

We utilized COMSOL multiphysics software to perform simulations on 

concentration and concentration gradient using the U-IMPACT. For finite element 

analysis of the biochemical diffusion effect, computer-aided design of the platform 

was imported, and transport of diluted species with porous properties was added to 

the U-IMPACT. Although the flow could be calculated from the height difference 

of the medium change, the height difference was equilibrated rapidly. Therefore, 

we estimated the diffusion term alone; we did not determine the convection term. 

 

4.2.6. Cell culture 

All procedures and experiments were approved by the Institutional Animal 

Care and Use Committee of Seoul National University. All cells were culture in a 

5% CO2 incubator at 37°C. We used human umbilical vein endothelial cells 

(HUVECs, Lonza) at passage 4 and normal human LFs (Lonza) at passage 5 to 

reconstruct vessel networks in the chip(126, 136). HUVECs and LFs were cultured 

in endothelial growth medium-2 (PromoCell) and fibroblast growth medium-2 

(Lonza), respectively. Human glioblastoma cells (U87MG, Korean Cell Line Bank) 

were used for tumor spheroid formation, and the cells were cultured in Dulbecco’s 

Modified Eagle’s Medium (Sigma) supplemented with 10% FBS and 1% 
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penicillin-streptomycin. Cortical neurons were cultured as described previously(19). 

Briefly, cells were isolated from Sprague–Dawley rats (embryonic days 17–18). 

After cells had been treated with trypsin for 15 min at 37°C, they were resuspended 

in Dulbecco’s Modified Eagle’s Medium with 10% FBS. The neural cells were then 

cultured in neurobasal medium (Invitrogen) containing 2% B27, GlutaMAX, and 

1% penicillin-streptomycin (Invitrogen). 

 

4.2.7. Spheroid preparation 

Tumor spheroids were formed using U87MG, HCT116, and SW480 cells, 

combined with LFs(126). The tumor cell and LF suspensions were mixed at a 1:1 

ratio (5000 total cells per well) with a 1% volume ratio to hydrogel (Matrigel, 

Corning). Spheroids were grown in 96-well plates with U-shaped wells (Sumitomo 

Bakelite) for 2 days. Each spheroid was introduced into the chip with the HUVEC 

and LF suspension, along with fibrin gel, to reconstruct a perfusable vessel network 

with a tumor spheroid. Neurosphere preparation was performed in a nearly 

identical manner(137). Briefly, iNSCs were dissociated with Accutase (Gibco) to 

generate single-cell suspensions. The iNSC suspension was plated in each well of a 

96-well plate (Corning) at 9000 cells per well. The neurospheres were incubated 

for 3 days in NSC maintenance medium described previously. 

 

4.2.8. Immunocytochemistry 

The samples were fixed with 4% paraformaldehyde (Thermo) for 20 min at 

room temperature, then treated with 0.2% Triton X-100 for 15 min. Each sample 

was then mixed with 4% bovine serum albumin (Millipore) and incubated at 4°C 
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overnight. Endothelial cells and tumor cells were marked using 488 Ulex 

europaeus agglutinin 1 (Vector Laboratories), green fluorescent protein-tagged 

cells (U87MG), and Alexa Fluor 594‐tagged variants of anti‐epithelial cell 

adhesion molecule (BioLegend) for 2 days. Nuclei were stained with DAPI (Life 

Technologies) for 15 min. Neural cells were stained with Tuj1 (1:200) and Oligo2 

(1:200). All images were acquired using a confocal microscope (Nikon Ti 2) 

equipped with lasers (excitation wavelengths: 405, 488, and 594 nm). 
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4.3. Results 

4.3.1. Design concept of the U-IMPACT  

We designed the U-IMPACT as a standardized microfluidic platform for HCS 

or HTS. The U-IMPACT consists of three parts: the body, double-sided pressure 

sensitive adhesive (D-PSA) film, and substrate (Fig. 4.1.a). Because D-PSA is an 

easily attachable/detachable film without any other processing (e.g., plasma 

treatment), we could simply conduct experiments with various body and substrate 

materials to identify suitable combinations for reliable patterning. Based on the 

results of theoretical analysis and patterning experiments, we settled on injection-

molded polystyrene (PS) for the body with a glass substrate (Fig. 4.1.b).  

For compatibility with automation and imaging equipment, the U-IMPACT 

follows 96-well plate format and slide glass size (3 × 1 inch). In addition, for 

coculture of various cells and tumor spheroid, we designed the platform with 

multiple channels and spheroid inlets. Specifically, the platform consists of three 

hydrogel channels (magenta dotted line, Fig. 4.1.a), three inlets connected to each 

channel, and a wall separating the well into two medium reservoirs (navy dotted 

line, Fig. 4.1.a). The middle inlet enables injection of hydrogel or spheroids. The 

middle channel (MC) has a lower height than two side channels (upper channel, 

UC; lower channel, LC). This height difference allows selective liquid patterning, 

acting as a capillary burst valve. The patterning sequence is that MC is filled 

through the middle inlet, while both side channels (UC and LC) are filled through 

each port (Figs. 4.1.c, d).  
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Figure 4.1. Design of the U-IMPACT. (a) Schematic illustration of the U-

IMPACT. The platform consists of two media chambers and three channels with 

each inlet. Various cells or extracellular matrix can be introduced into these 

channels through the port. The platform consists of the body (white), D-PSA (gray), 

and substrate (sky blue). (b) Photograph of the U-IMPACT. The platform follows 

96-well plate format and slide glass size. Scale bar, 1 cm. (c) Patterning process 

and results. Scale bar, 2 mm. (d) Schematic illustration of detailed patterning 

process. The MC is filled with hydrogel through the first inlet (red). After hydrogel 

fibrillogenesis in the MC, the side channel is filled with hydrogel or liquid through 

the side inlet (green and blue, respectively). 
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4.3.2. Measurement of platform material 

Our goal was to develop the U-IMPACT as a ready-to-use microfluidic 

platform. Although patterning by SCF enables robust control of liquid, it requires 

plasma treatment before experiments, which reduces manufacturability(28, 134). 

Therefore, we decided to utilize the natural properties of materials without any 

other processing, and we measured the static and advancing contact angles of 

various body and substrate materials (Figs. 4.2.a, b).  

We investigated two materials for the body: polystyrene and 3D printer (3DP). 

Polystyrene has been widely adapted as the material for Petri dishes, and 3DP is 

suitable for parameter analysis(126, 133). In addition, assuming that hydrogel in 

the MC acts as a wall during side channel pattering, the fibrin gel contact angle was 

measured. We also used five materials with different contact angles as the 

substrate: glass, 3M hydrophilic film, acrylic polyethylene terephthalate (PET) film, 

polycarbonate (PC) film, and plasma-treated PC film. These materials were tested 

to determine the contact angle most suitable for patterning, although 3M 

hydrophilic film and acrylic PET film are unsuitable for cell culture. 

Cleaning was performed by washing with isopropyl alcohol (IPA) and 

deionized water, plasma treatment, and heating at 60 °C in an oven to eliminate 

dust or oil on polystyrene and 3DP during injection molding and post-treatment 

processes. Hydrophobic recovery was examined in both polystyrene and 3DP (Figs. 

4.2.c, d). The contact angle of polystyrene reached 70° after 7 days and remained 

almost constant for more than 1 month(138). This was lower than the original 

contact angle of 96°. Therefore, we concluded that the contact angle recovered, but 
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it was difficult to reach the original angle. The same phenomenon was observed for 

3DP. Notably, the contact angles of polystyrene and 3DP after the cleaning process 

were almost identical (approximately 70°), which supported parameter analysis 

using a 3DP prototype before injection molding with polystyrene. 
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Figure 4.2. Static and advancing contact angles of materials. (a) Static contact 

angles of body and substrate. We measured material properties using the sessile 
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drop method with 5-µL droplets of deionized water. (b) Advancing contact angles 

of body and substrate. Advancing contact angles were slightly greater than static 

contact angles. Hydrophobic recovery of polystyrene (c) and 3DP (d) after plasma 

treatment. The contact angle almost recovered its original angle over 1 month. 
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4.3.3. Principle of patterning in the U-IMPACT 

We developed a new hybrid patterning method combining the principles of 

capillary burst valve and SCF. We designed a height difference (instead of 

microposts) for the capillary burst valve, then utilized the natural properties of the 

materials (i.e., the contact angle) instead of plasma treatment for SCF. Two 

patterning cases were investigated: MC and side channel patterning (Figs. 4.3.a, 

4.5.a).  

All patterning cases were balanced by capillary forces and surface tension. 

During the gel-filling process, two major pressures were created at the interface of 

the liquid (Figs. 4.3.b, 4.5.b). One pressure [ ] was generated at 

the interface where liquid advanced, while the other pressure [ )] 

was generated at the interface where the liquid was pinned. These pressures are 

determined by the geometries of the channel ( , width; , height; , length), 

advancing contact angle of the body ( ) and substrate ( ), and surface tension 

( ). We set the maximum length to 7 mm, which is the diameter of the wells in the 

96-well plate format. We assumed that the injection pressure, which is the external 

force applied to flow liquid, was satisfied within the range between  and 

. The pressure difference ( ) must be maximized to maintain the 

integrity of the liquid interface between channels by means of the capillary burst 

valve, while  must be minimized to allow complete filling of the desired 

channel by SCF(26, 139). Therefore, we defined successful hybrid patterning only 

when these two conditions were satisfied. 
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4.3.4. Liquid patterning in the U-IMPACT 

We analyzed the effects of contact angle and dimension on liquid patterning. 

With respect to first patterning, the liquid was injected through the first inlet and 

filled the MC (shown in blue, Fig. 2a). The MC can be defined with two solid-

liquid interfaces (ceiling and floor) and two air-liquid interfaces (open surface to 

UC and LC). Using the total interfacial energy of the system (see Methods section 

below), we evaluated the two pressures,  and  (Fig. 4.3.b)(134).  

The pressure difference ( ) is expressed as a function of contact 

angle of the body and dimension (Figs. 2c, S2b). Because the pressure difference 

must be maximized to maintain the liquid interface by the capillary valve, lower 

height and wider width are preferred. In addition, a hydrophilic body is more 

suitable for patterning, compared with a hydrophobic body. However, for contact 

angle < 45°, SCF occurs and liquid flows into a corner or wedge in accordance 

with the Concuss–Finn relationship (Fig. 4.4.a). Therefore, we concluded that a 

body contact angle in the range of 45–90° was suitable. Next, the pressure  

is expressed as a function of dimension and contact angles of body and substrate 

(Figs. 4.3.d, 4.4.c–e). Because  must be minimized for complete filling of 

the desired channel by SCF, a substrate contact angle closer to 0° is preferred. In 

addition, similar to the pressure difference, lower height and wider width are more 

suitable for patterning. 

We performed experiments with heights and materials (green circles, success; 

red triangles, failure in Figs. 4.3.d, 4.4.d). Specifically, we conducted a parameter 
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analysis with body (3DP body with or without plasma treatment) and substrate (PC 

film with plasma treatment, 3M hydrophilic film, and acrylic PET film). The 

results indicated that the success rate of pattering was high when (1) body contact 

angle was between 45° and 90°, (2) substrate contact angle was close to 0°, and (3) 

height was low. Based on the results of the experiments, we empirically determined 

 of −200 Pa as the maximum threshold for successful patterning. From the 

analytical model and experiment, we established a design rule for the first liquid 

patterning in terms of dimension and contact angles of body and substrate (Fig. 

4.3.e). If the dimension or substrate does not satisfy these conditions, liquid cannot 

be pinned at the edge of the body or advanced toward the end of the channel, and 

patterning is expected to fail (Fig. 4.3.f). 

For analysis of second patterning, the liquid was injected through the side 

inlet and filled the UC after hydrogel fibrillogenesis in the MC (shown in red, Fig. 

3a). Assuming that the hydrogel in the MC acts as a solid wall, the UC can be 

defined with three solid-liquid interfaces and one air-liquid interface (open surface 

to medium reservoir). Accordingly, we evaluated two pressures,  and 

 (Fig. 4.5.b). The pressure difference ( ) and  showed 

tendencies similar to the results in the first patterning (Figs. 3c, d, S3a–d). 

Patterning improved with decreasing height and increasing width. In addition, the 

body contact angle was appropriately in the range of 45–90°, while the substrate 

contact angle was closer to 0°. After parameter analysis, we experimentally set 

 of −50 Pa as the maximum threshold for patterning (Figs. 4.5.d, 4.6.c). 

Therefore, we established design rules for both the first and second liquid 
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patterning (Fig.4.5.e). If the dimension or substrate exceeded these conditions, 

patterning failed (Fig. 4.5.f). 

Taken together, we developed a new hybrid multichannel patterning system by 

integrating SCF and capillary burst valve principles. We utilized the channel height 

difference for the capillary valve and the material contact angle for SCF. Based on 

the analytical model and experiments, we established design criteria for dimension 

and contact angle. Based on our results, we constructed a platform comprising a 

polystyrene body (70°) and glass substrate (20°) (black line and gray area in Figs. 

4.3.e, f). Specifically, MC was designed with a width of 2 mm and height of 0.25 

mm, while side channels (UC and LC) were designed with a width of 1 mm and 

height of 0.45 mm (yellow star in Figs. 4.5.e, f). The diameter of the middle inlet 

was 0.6 mm for injection of cell spheroids, while the diameter of the side inlet was 

1.3 mm. We finely tuned the volume to be 6 μL for the first patterning; both side 

channels required 11 μL to fill the channel completely. 
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Figure 4.3. Liquid patterning on MC. (a) Schematic illustration of filling MC 

through the first inlet. Under specific conditions, liquid can be pinned on the body 

structure and proceed toward the end of the channel. (b) There are two major 

pressures at the liquid interface during the gel-filling process: capillary burst 

pressure ( ) and internal pressure at the liquid front ( ). (c) Graph of the 

pressure difference ( ) with a width of 2 mm. The pressure difference 

must be maximized to maintain the interface at the desired channel without 

bursting to the side channels. (d) Graph of  with a body contact angle of 70° 
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and width of 2 mm. The  must be minimized for complete filling. After 

parameter analysis, we empirically set  to −200 Pa for robust patterning 

(green circles, success; red triangles, failure). (e) Patterning conditions in the MC. 

We established design rules for contact angles and dimensions. The gray area and 

yellow star indicate contact angles (body, 70°; substrate, 20°) and dimensions 

(width, 2 mm; height, 0.25 mm) of the U-IMPACT. (f) Experimental results of 

liquid patterning (green). 
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Figure 4.4. Experimental patterning results on the MC. (a) Experimental results 

with body contact angle of 45° using the 3DP prototype. The liquid tended to 

invade other regions in accordance with SCF. (b) Graph of pressure difference 

( ) with a height of 0.25 mm. (c) Graph of  with a height of 

0.25 mm and body contact angle of 70°. Graph of  with a width of 2 mm (d) 

or height of 0.25 mm (e) and body contact angle of 94°. Based on parameter 
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analysis results, we experimentally set  of −200 Pa as the maximum threshold 

for robust first patterning (green circles, success; red triangles, failure). 
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Figure 4.5. Liquid patterning on side channel. (a) Schematic illustration of side 

channel filling through the side inlet. (b) Two major pressures ( ) at the 

liquid interface during the gel-filling process. (c) Graph of the pressure difference 

( ) with a width of 1 mm. (d) Graph of  with a body contact 

angle of 70° and width of 1 mm. After parameter analysis, we empirically set 

 to −50 Pa for robust patterning (green circles, success; red triangles, failure). 

(e) Patterning conditions in the side channel. The gray area and yellow star indicate 

contact angles (body, 70°; substrate, 20°) and dimensions (width, 1 mm; height, 
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0.45 mm) of the U-IMPACT. (f) Experimental results of liquid patterning (green). 

After hydrogel fibrillogenesis in the MC (white), liquid was patterned in the side 

channel. 
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Figure 4.6. Experimental patterning results on the side channel. (a) Graph of 

the pressure difference ( ) under 0.45 mm height. (b) Graph of the 

 under 0.45 mm height and 70° of body`s contact angle. Graph of the  

under 1 mm width (c) or 0.45 mm height (d) and 94° of body`s contact angle. 

Based on parameter study, we experimentally set  of -50 Pa as the maximum 

threshold for robust first patterning (green circle; success, red triangle; failure). 



 

 １０６ 

4.3.5. The reconstruction of TME in the U-IMPACT 

Using three channels and a spheroid zone in a single platform, we 

reconstructed various TME models, such as angiogenesis, vasculogenesis, 

vascularized tumor, and tumor migration. Because a stable concentration gradient 

is essential for TME, we performed COMSOL simulation to determine whether the 

design of the U-IMPACT was suitable for cell culture. To determine the critical 

limit of the concentration gradient, we analyzed the PDMS-based platform 

previously developed by our group for angiogenesis and vasculogenesis(26, 27). 

The mean concentration gradient in which endothelial cells (ECs) were seeded (B-

B′, Figs. 4.8.a–c) in the PDMS-based platform was 0.078%/mm; therefore, we 

regarded this as the minimum value. 

In the angiogenesis model, fibrin gel was injected into the MC (Fig. 4a). After 

the mixture of lung fibroblasts (LFs) and fibrin gel was injected into the LC, the 

EC suspension was injected into the UC. The LC became the source of growth 

factors, because LFs released vascular endothelial growth factor and induced ECs 

to sprout toward areas of higher vascular endothelial growth factor 

concentration(9). The 3D simulation results revealed that a mean concentration of 

40% (Figs. 4.7.b, c) and concentration gradient of 0.17%/mm (Figs. 4.8.d, e) were 

generated in the EC suspension channel. Compared with the PDMS-based platform, 

the concentration gradient was sufficient to generate angiogenesis. After 6 days, we 

observed that ECs grew toward the LC in which LFs had been seeded (Fig. 4.7.d). 

Furthermore, upon seeding of three cancer cell lines (i.e., U87MG, HCT116, and 

SW 480), with LFs in the LC, we confirmed that cancer cells also showed 

angiogenesis (Fig. 4.10.a). In the vasculogenesis model, a mixture of fibrin gel, 
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LFs, and ECs was injected into the MC (Fig. 4.9.a). After 4 days, the EC 

suspension was seeded into both LC and UC. We confirmed the formation of a 

perfusable vascular network by microbead assay (Fig. 4.9.b). The 2 μm microbeads 

were only perfused through the lumen of an approximately 30-µm vascular 

network.  

After demonstrating that the design of the U-IMPACT allows the formation of 

a 3D vascular network, we conducted vascularized tumor modeling experiments. 

After injection of fibrin gel with LFs, ECs, and tumor spheroid into the MC, the 

spheroid was placed in the middle of the MC because of the confined geometry 

(Fig. 4.9.c). After 4 days, the EC suspension was attached to both LC and UC. The 

simulation results showed that a mean concentration of 35% (Figs. 4.9.d, e) and 

concentration gradient of 0.12%/mm (Figs. 4.8.f, g) were generated in the EC 

suspension channel. We confirmed various vascularized brain and colon cancer 

tumor models by confocal imaging (Figs. 4.9.f, 4.10.b). In addition, we 

investigated tumor cell migration (Fig. 4.10.c). After injection of blank fibrin gel 

into the MC, tumor cell suspension was injected into the side channel. After 2 days, 

2% fetal bovine serum (FBS) in medium was introduced into the first inlet. At 6 

days, we found that tumor cells had migrated toward the first inlet. 
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Figure 4.7. Modeling of 3D angiogenesis. (a) Timeline of angiogenesis model. 

We injected hydrogel into the MC, introduced LFs with hydrogel into the LC, and 

added the EC suspension into the UC. (b) Simulation results of growth factor 

concentration in the U-IMPACT. The growth factor source was the LC in which 

LFs or tumor cells were seeded. (c) Distribution of growth factor concentration in 

the middle of the U-IMPACT (A-A′). (d) Confocal imaging of ECs growing 

toward the LF channel. Scale bar, 500 μm. 
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Figure 4.8. Simulation result on growth factor concentration and 

concentration gradient. Simulation results of growth factor concentration (a) and 

concentration gradient (b) in the PDMS-based platform developed previously by 

our group. (c) Distribution of growth factor concentration where ECs were seeded 

(B-B′). (d) Simulation results of concentration gradient in the angiogenesis model. 

(e) Distribution of concentration gradient in the angiogenesis model (B-B′). (f) 

Simulation results of concentration gradient in the vascularized tumor model. (g) 

Distribution of concentration gradient in the vascularized tumor model (B-B′). 
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Figure 4.9. Modeling of vascularized tumor spheroid. (a) Timeline of 

vasculogenesis model. The mixture of LFs, ECs, and hydrogel was injected into the 

MC. After 4 days, the EC suspension was added to both side channels. (b) 

Confocal imaging of perfusable vascular network (green) on day 6. Scale bar, 50 

μm. (c) Timeline of vascularized tumor model. The mixture of LFs, ECs, tumor 

spheroid, and hydrogel was injected into the MC. After 4 days, the EC suspension 

was added to both side channels. (d) Simulation result of growth factor 

concentration in the U-IMPACT. The tumor spheroid was the main source of 
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growth factors. (e) Distribution of growth factor concentration in the middle of the 

U-IMPACT (A-A′). (f) Confocal imaging of vascularized tumor spheroid (green, 

U87MG; red, EC). Scale bar, 250 μm. 
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Figure 4.10. 3D tumor and neural cell culture model in the U-IMPACT. (a) 

Confocal imaging of angiogenesis toward UC in which tumor cells and LF were 

seeded. We used three types of tumor spheroids composed of U87MG, HCT116, 

and SW 480 cells. Scale bar, 250 μm. (b) Confocal imaging of vascularized tumor 

spheroid. Scale bar, 400 μm. (c) Timeline (left) and confocal imaging (right) of 

tumor cell migration. We injected collagen type I gel into the MC and seeded the 

tumor cell suspension in the side channels. We then injected 2% FBS in medium 

through the first inlet on day 2. Tumor cells (green) migrated toward the first inlet. 

Scale bar, 500 μm. (d) Timeline (left) and confocal imaging (right) of cortical 

neurons. We injected hydrogel (Matrigel) into the MC, then seeded neural cells in 

the side channels. Axons and dendrites were extended in the gel channel. Scale bar, 

500 μm. (e) Timeline (left) and confocal imaging (right) of neurosphere with 

iNSCs. We injected the neurosphere and hydrogel (Matrigel) into the MC. The 

iNSCs differentiated into neurons and oligodendrocytes (Tuj1, orange; Oligo2, 

green; DAPI, blue). Scale bar, 250 μm. 
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4.4. Discussion 

Here, we presented the U-IMPACT, a 3D versatile standardized microfluidic 

platform for recapitulation of various organs, as well as applications in HTS and 

HCS. We optimized the design for manufacturability by fabricating the U-IMPACT 

with a polystyrene compartment, D-PSA, and glass substrate without additional 

processing (i.e., surface treatment). Furthermore, we developed a hybrid patterning 

method by integrating SCF and capillary burst valve principles, then established 

design criteria to pattern three channels and one spheroid zone. After demonstrating 

a concentration gradient by finite element methods, we reconstructed a part of 3D 

TME such as angiogenesis, tumor migration, and vascularized tumor. We believe 

that our platform is a reliable and reproducible platform, enabling not only 

reconstruction of diverse cellular and molecular microenvironment but also HTS 

and HCS. 

Multiple organ-on-a-chip platforms have recently been developed for practical 

use in hospitals and the pharmaceutical industry(17, 28). Although many 

laboratories developed novel in vitro platforms, improvements in reliability, 

reproducibility, and usability remain necessary(12). Considering these issues, we 

designed the U-IMPACT as follows. First, it is a mass-produced standardized 

platform (96-well plate format) that is compatible with existing equipment (e.g., 

multichannel pipettes and high-throughput imaging). Second, it comprises a ready-

to-use microfluidic platform that will allow simple fabrication and robust 

patterning with spheroids, regardless of user proficiency. Third, it constitutes a 3D 

in vitro culture platform that will enable a stable growth factor concentration 

gradient to recapitulate the TME. The U-IMPACT allows reliable and reproducible 
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fabrication and patterning, lowering the barrier to access and use of organ-on-a-

chip technology. 

For simple fabrication and robust pattering, we developed a new hybrid 

patterning method by facilitating the natural material properties and height 

differences. Our new approach to patterning has several advantages, compared with 

conventional methods, such as SCF by plasma treatment in the hydrophilic state or 

micro-post array in the hydrophobic state(19, 25, 29, 30). First, our design has 

improved manufacturability and the total fabrication time is reduced due to the 

omission of the plasma treatment step. Second, in terms of the shelf-life of the 

product, it is no longer necessary to sustain the hydrophilic state by vacuum 

packing. Because hydrophobic recovery is a natural phenomenon, it is difficult to 

maintain a hydrophilic condition(24, 31). Third, design freedom is enhanced by 

eliminating the micro-post array, leading to various new designs for injection 

molded platforms. We developed and confirmed an analytical model by 

experiments involving alterations in body and substrate materials, then established 

design rules for dimensions and contact angles for successful patterning. 

Consequently, the U-IMPACT is a ready-to-use platform in industrial fields. 

Importantly, our platform allows various coculture models using the 

combination of the three channels. This represents an advance over our previous 

tumor spheroid-on-a-chip model, Sphero-IMPACT, which had only one channel; 

the U-IMPACT has three channels to allow diverse patterning of different types of 

cells in the desired channels(10). In addition, simulation analysis demonstrated that 

the design of the U-IMPACT allows the formation of a stable concentration 

gradient for 3D co-culture. Because our model showed the potential for 
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reconstruction of vascularized tumor spheroids with different types of gel or cell 

suspension, vascular physiology or TME will be of interest to establish how 

spheroid size affects the vascular network, which types of fibroblasts (e.g., cancer-

associated fibroblasts) contribute to angiogenesis, and which factors drive 

angiogenesis in the stable 3D coculture microenvironment. In addition, we 

demonstrated neural cell culture models, such as primary neurons and neurospheres 

from iNSCs. Axons and dendrites of primary neurons were extended longitudinally 

into the hydrogel within 18 days in vitro. Finally, confocal imaging analysis 

confirmed that neurospheres differentiated into neurons and oligodendrocytes (Figs. 

4.10.d, e). 
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4.5. Conclusion 

We developed a versatile standardized 3D microfluidic culture platform, 

designated as U-IMPACT, with three channels and one spheroid zone for various 

microenvironments. Designed for manufacturability, the U-IMPACT enables 

simple and robust pattering without any surface treatment or other additional 

processing by bonding polystyrene and glass with D-PSA. In addition, the U-

IMPACT facilitates a new hybrid pattering method combining the SCF and 

capillary burst valve principles. We established design rules for contact angle and 

dimensions. We recapitulated elements of the TME, such as angiogenesis, 

vasculogenesis, and vascularized tumor spheroid. Furthermore, we cultured neural 

cells, including primary neurons and iNSCs. The U-IMPACT is a versatile 

microfluidic platform for investigation of the TME and other human tissue. 
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Chapter 5. Conclusion 

The three important features of the nervous system are neural circuit, BBB, 

and myelination, which contributes neural transmission, and protection of neurons 

and glial cells from external substance. Many neurological disorders are related to 

these features, and its mechanisms or interconnection are still unknown. Therefore, 

there have been many attempts to recapitulate this elaborate system, but the system 

is so complex that the design and fabrication of brain-on-a-chip is still challenging. 

Furthermore, current brain-on-a-chip have still limitation to apply in HCS or HTS 

in pharmaceutical companies and hospitals, due to its low productivity in 

fabrication and patterning. 

In this thesis, we presented three microfluidic platforms: PNS disease-on-a-

chip, Neuro-IMPACT, and U-IMPACT. First, in the PNS disease-on-a-chip, as we 

designed the Tail, N-gap, and Bump structure for robust patterning and stable 

microenvironment, we recapitulated a full spectrum of myelination, demyelination, 

and remyelination in a single platform. As we introduced several chemicals and 

drugs, we believed that more advanced platform is needed to perform HTS and 

HCS. Second, we fabricated 96 well plate-formatted microfluidic 3D neuron 

culture platform, Neuro-IMPACT. We enhanced design for manufacturability via 

mass-production by injection-molding, instead of a series of photo and soft 

lithography. We reconstructed the brain microenvironment such as neural circuit, 

BBB, and myelination in one channel microfluidic device. Third, we advanced 

Neuro-IMPACT, and developed U-IMPACT (Universal-IMPACT), which is a 

platform for reconstruction of various microenvironment. Without surface 
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treatment or micro-post array, we developed a new patterning method for robust 

multi-channel patterning and spheroid injection, which improved design for 

manufacturability. Focusing on tumor and vascular network, we reconstructed 

perfusable tumor microenvironment. 

The results described in this thesis indicated development of brain-on-a-chip 

for high-throughput microfluidic in-vitro model. We designed micro-structure, 

analyzed liquid movement in micro-channel, chose proper material for fabrication 

and patterning, fabricated microfluidic platform, patterned liquid on desired place, 

and recapitulated the morphology and function of human body. As we developed 

standardized microfluidic platform with multi-channel and spheroid inlet (U-

IMPACT) under the consideration of fabrication, patterning, and modeling, our 

brain-on-a-chip can be expected as a high-throughput and versatile organ-on-a-chip, 

contributing not only the basic and applied neuroscience but also HTS and HCS. 
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국문 초록 
  

본 논문에서는 체내 신경계와의 유사성을 높이고 고효율 약물 스크

리닝이 가능한 뇌 모사 칩인 브레인-인-어-웰 (brain-in-a-well) 제

작을 목표로 하였다. 이를 위해, 공정, 패터닝, 분석의 효율성을 고려하

여 높은 신뢰성 및 재현성을 가진 미세유체 플랫폼을 개발하였다. 구체

적으로, 탈수초화 플랫폼, 고효율 뇌 모사 칩 플랫폼, 다용도 뇌 모사 칩 

모델을 개발하였다. 

먼저, 탈수초화 및 재수초화 체외 모델로서 말초신경계 질병 모사 

칩 (PNS disease-on-a-chip) 을 개발하였다. 안정적인 패터닝을 위

해서, 시뮬레이션을 통해 모세관 밸브 구조물을 설계 및 최적화하였다. 

제작된 PDMS 플랫폼 내에서 40일 이상 운동 신경 세포와 슈반 세포의 

안정적인 공배양 환경을 구축하였다. 나아가, 쉽게 탈부착 가능한 바닥

면을 이용하여 효율적인 바이오 분석이 가능한 플랫폼을 제작하였다. 플

랫폼 내에서 여러 약물을 통해 수초화, 탈수초화, 재수초화의 모든 과정

을 모사하였으며, 각 세부 과정을 세포, 단백질, 기능 단위에서 검증하였

다. 뿐만 아니라, 탈수초화 질병의 특징인 양파 모양 및 얇은 수초화를 

확인하였다. 

다음으로는 뉴로 임팩트 (Neuro-IMPACT) 라는 표준화된 3차원 

신경 세포 배양 플랫폼을 개발하였다. 앞서 개발한 질병 모사 칩에서의 

경험을 통해, 고효율 약물 스크리닝을 위해서 표준화된 플랫폼 및 대량 

생산 공정의 필요성을 알 수 있었다. 사출 공정을 도입하여 96 웰 플레

이트 기반의 플라스틱 플랫폼을 개발하였다. 플라즈마 및 자발적 유체 

흐름을 이용하여 플랫폼 내 미세유체 채널을 패터닝하였다. 플랫폼 내 

하나의 채널을 이용하여, 뇌의 미세환경인 신경 회로, 혈액-뇌 장벽, 수

초화 현상을 모사하였으며, 각각의 형태학적, 기능학적 특징들을 확인하

였다. 
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마지막으로 유 임팩트 (U-IMPACT) 라는 신경계 이외에도 다양한 

미세환경을 모사할 수 있는 다재 다능한 장기모사칩을 개발하였다. 앞서 

개발한 뉴로 임팩트에서의 경험을 통해, 사용성 및 제조가능성을 고려한 

새로운 플랫폼의 필요성을 알 수 있었다. 유 임팩트는 세 개의 채널과 

한 개의 스페로이드 구역으로 이루어져, 다양한 세포, 스페로이드, 조직

을 공배양할 수 있도록 설계하였다. 나아가 모세관 밸브와 자발적 유체 

흐름, 2가지 원리를 이용하여, 재료의 접촉각 및 채널의 높이차를 이용

한 새로운 하이브리드 패터닝 방식을 개발하였다. 이런 패터닝 방식에 

대해 이론적 모델 및 실험을 통하여, 플랫폼이 친수성일 때 안정적인 패

터닝이 되는 것을 확인하였다 (본체 접촉각; 45˚~90˚, 바닥면; < 30˚). 

제작된 플랫폼 내 혈관 신생, 관류화된 혈관, 혈관화된 종양 등 다양한 

종양 미세환경을 모사하였다. 또한, 유도 신경 줄기 세포를 통한 뉴로스

피어 (Neurosphere) 및 동물 신경 세포를 통해 신경 세포 배양 가능성

을 확인하였다. 
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사합니다. 대학원 때 만난 값진 친구인 영택이, 어떤 일이든 자신의 일

처럼 먼저 도와주고 힘이 되어주어 감사합니다. 항상 바로 옆에 있어준 
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히 학위를 마칠 수 있었습니다. 

마지막으로, 언제나 큰 정신적 버팀목이 되어준 가족들에게 감사드

립니다. 비록 머무는 곳이 달랐지만, 누구보다도 저를 아끼고 사랑해주

시는 마음이 바로 곁에 있는 것처럼 느껴졌습니다. 오랜 기간 동안 항상 

믿음으로 지켜 봐주시고 응원해주셨던 아버지와 어머니의 깊은 사랑이 
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사드립니다. 그리고 사랑합니다. 끝으로 지난 6년 간 항상 제 가장 가까
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이제 평생 함께하게 될 강다혜에게 깊은 사랑과 감사를 전합니다. 

10년의 관악 생활을 끝으로, 이제 새로운 걸음을 시작하려 합니다. 

앞으로 제 앞에 어떠한 길이 펼쳐질지 설레면서도 두렵지만, 감사한 분

들 앞에 그리고 하나님 앞에 부끄럽지 않도록 노력하겠습니다. 

 

2021년 8월 화창한 여름, 

관악산 301동에서 
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