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Abstract

The intestine acts as a center for nutrient and water absorption at the epithelium and plays an 

important role in immunity. Considering the complexity of its function and roles in living systems, a 

physiologically relevant gut in vitro model is desirable in both basic biology and the analysis of effects of 

some substances on functions of the gut; these analyses include the screening of drug and food candidates 

with regard to intestinal disorder at an early stage of medical development. In the present study, we 

constructed a three-dimensional (3D) gut model using human absorptive enterocytes (CACO-2 cells) by 

reconstitution of the gut epithelial sheet restricted on a high-reproducible ductal scaffold of collagen gel. 

Moreover, using the 3D gut model, we evaluated the morphology at cellular and tissue levels and 

conducted a phenotypic analysis of the intestinal physiological functions, which involved a permeability 

assay mimicking barrier disruption inducing inflammation and an absorption assay reflecting ingestive 

effects. The ductal structure, in vivo-like 3D epithelial structures, epithelial barrier, and effective 

absorptive function characterized the 3D gut model. The epithelial cells formed a villus-like buckling 

epithelium, vertical microvilli of increased density on the cell surface, and a crypt-like localized cell 

proliferating region. The mature shape of the epithelium may contribute to mimicking barrier function and 

effective absorption compared with that in the 2D gut model. Furthermore, we successfully mimicked the 

dextran sodium sulfate-induced epithelial barrier dysfunction as a trigger phenomenon of gut 

inflammation in the 3D gut model. The integrity of the epithelium and phenotypic analysis of the intestinal 

physiological functions in the simple and reproducible 3D gut model will allow for a drug screening 

system for assessing the effects on the functions of the gut epithelium from the lumen side.

Keywords

Gut; 3D model; microvilli; villus; crypt; absorption
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1. Introduction

The intestine acts as a center for nutrient and water absorption at the epithelium and plays an 

important role in immunity via coordinating interaction among the epithelial barrier, immune cells, and 

microbiome.1 Disturbances in the mechanisms of the barrier functions and altered gut microbiome are 

involved in inflammation, obesity, and metabolic disease in the gastrointestinal tract.2,3 Furthermore, 

quantification of absorption and intestinal metabolism is critical for an accurate projection of human 

pharmacokinetics following ingestion.4 Therefore, the development of an in vitro quantification system is 

necessary for analyzing the effects and toxicity of some substances on the gut functions (such as screening 

the drug and food candidates for diseases of the gut). A simple two-dimensional (2D) in vitro gut model 

has been developed for analyzing the effects and toxicity of drugs or foods in the absorption and barrier 

functions of the gut epithelium. Around the 1990s, the development of the 2D gut model had commenced 

using a culture system of gut epithelial cell line on the filter to divide the apical region (lumen side) and 

basal region (parenchymal side) of the cells.5 The traditional 2D gut model is still being used in recent 

studies for analyzing the effects of food6 and bacteria7, and the toxicity of substrate to the gut epithelial 

cells.8 The simple 2D models have been modified for shortened culture time9, paracellular absorption10 

and co-culture with other types of cells (e.g. immune cells11 and fibroblasts12). However, the 2D gut 

models have limited appendix for structure; therefore, it cannot induce 3D complex gut epithelial 

structures.

For the development of a gut microphysiological system (MPS) to analyze the functions of the gut 

epithelium, mimicking the gut epithelial 3D structure in vitro using a simple and reproducible method is 

one of the most important factors. The structure of the gut epithelium is composed of large numbers of 

self-renewing crypt-villus units. A villus is a structure of protrusion to the lumen side and mainly 

responsible for absorption by enterocytes for which microvilli are lined on the cell surface, and for the 
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secretion of mucus from the goblet cells.13 The villus is covered by a single layer composing postmitotic 

differentiated columnar epithelial cells. Several experiments of cell lineage-tracing and organoid 

formation from a single stem cell have demonstrated that these differentiated cells in villus are derived 

from stem cells at an epithelial invagination surrounded by villus (termed as crypt) that occurs in 

self-renewal of adult mouse and human cells and during regeneration.13,14 This brush border formed by the 

crypt-villus domains and microvilli on the cell surface contributes to the absorptive function via the 

amplification of the surface area.15 The epithelial cells are polarized both in the villus and crypt, and the 

apical surface of enterocytes forms microvilli and a brush border to the lumen side, wherein various 

proteins necessary for nutrient absorption and digestion are accumulated.16

To mimic the structure and function of a more natural gut organ, some types of gut-on-a-chip have 

been established using bioengineering techniques such as bio-microelectromechanical systems 

(BioMEMS), microfluidics, and tissue engineering. In one of the most effective experiments of 

gut-on-a-chip, the application of peristalsis-like movements and flow induces villus-like buckling 

epithelial sheet, crypt-like localized cell proliferating region, high epithelial thickness, and expression of 

some proteins in the differentiated cells.17–20 The chip facilitates the evaluation of the effects of 

co-cultured bacteria on the barrier function, gene expression, and structure of the gut epithelial sheet using 

a single strain17,19 or microbiome.20 Furthermore, using dextran sodium sulfate (DSS) that induces 

ulcerative colitis in mouse model21, the epithelial barrier function was controlled as an inflammatory 

milieu in the gut-on-a-chip.22 The porous hollow fibers of polyethersulfone allow the ductal shape culture 

of gut epithelial cells and accelerate the expression of intestine functions.23 Combination of tubular shape 

on the stroma equivalent composing gelatin and myofibroblasts, peristaltic-like motion and air-liquid 

interface induces villus-like buckling and region-specific differentiation of the gut epithelial cells.24 The 

ductal scaffold composed of silk protein sponge matrices enables the crosstalk of co-cultured immune 
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cells with the gut epithelial cells, resulting in the establishment of an inflammatory response that can be 

visualized in the 3D gut model.25 However, special substrates or power supplies are required for those 3D 

gut models, and no system allowed both the induction of 3D epithelial structure and co-culture with 

immune cells. Additionally, no system has evaluated the absorption values of foods and drugs via the gut 

epithelial sheet from the apical lumen side similar to the 2D gut model.

We attempted to mimic the developmental process in gut-on-a-chip for constructing a 3D gut 

structure in vitro. In the developmental stage, an expansion of the epithelial sheet at the restricted ductal 

region using a smooth muscle layer generates compressive stress to itself, and the stress is necessary and 

sufficient for the induction of a epithelial buckling and folding structure of villus.26 The report suggests 

that the design of microspace is important for the formation of 3D epithelial structure in the gut-on-a-chip 

by the aspect of development. In this study, we considered the reconstitution of gut epithelial sheet that is 

restricted on the ductal scaffold of collagen gel designed using polydimethylsiloxane (PDMS) chip and 

needle. The 3D gut model was characterized by the ductal structure, in vivo-like 3D epithelial structures, 

epithelial barrier, and effective absorptive function. The epithelial cells formed a villus-like buckling 

epithelium, vertical microvilli of an increased density on the cell surface, and a crypt-like localized cell 

proliferating region. The mature shape of the epithelium may contribute to mimicking the barrier function 

and effective absorption compared with that in the 2D gut model.

2. Materials and methods

2-1. Cell culture

A human colon adenocarcinoma cell line―CACO-2 cells―was obtained from RIKEN BRC 

(Tsukuba, Japan; NO. RCB0988) and cultured in Eagle’s minimum essential medium (FUJIFILM Wako, 

Osaka, Japan) containing 20% fetal bovine serum (Biosera, Nuaille, France), 1% MEM non-essential 
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amino acid solution (FUJIFILM Wako) and 1% penicillin―streptomycin solution (FUJIFILM Wako) in a 

humidified atmosphere of 5% CO2 at 37°C. The cells were passaged using 0.25% (w/w) trypsin―5.3 mM 

EDTA solution (FUJIFILM Wako). The cells were filtered through a 35 μm cell strainer (Corning, 

Corning, NY, USA) to dissociate cell aggregates and then counted via trypan blue staining using a 

hemocytometer before using 2D and 3D gut models.

2-2. Preparation of the 2D gut model

     We slightly modified the traditional method of the 2D gut model.5 Fibronectin solution (10 μg/mL; 

FUJIFILM Wako) was poured into the inner Falcon cell culture inserts (PET membrane; pore sizes, 0.4 

µm diameter; Corning) placed into a 12-well plate and incubated at 37°C for 10 min. To initiate the 

culture at confluent state, 1×105 CACO-2 cells were seeded on the membrane and cultured in 1 mL 

medium of each well and insert in a humidified atmosphere of 5% CO2 at 37°C for 16 days with the 

medium being changed every other day.

2-3. Preparation of the 3D gut model

     The polydimethylsiloxane (PDMS)-based chips (25×25×5.0 mm: width×length×height) which 

included needle-inserting channels (250 μm square) on both sides were used. The construction method for 

the 3D microvessel model has previously been described27–29, and we modified the method to construct 

the 3D gut model. The PDMS chip was treated with O2 plasma. An acupuncture needle (300 μm diameter; 

Seirin, Shizuoka, Japan) was coated with phosphate-buffered saline (PBS) containing 1% (w/w) bovine 

serum albumin (BSA; Sigma-Aldrich, St Louis, MO, USA). Eight volumes of Cellmatrix type I-A (Nitta 

Gelatin, Osaka, Japan) were mixed with 1 volume of 10×Hanks’ buffer (Sigma-Aldrich), following which 

1 volume of 200 mM HEPES buffer (containing 262 mM NaHCO3 and 0.05 N NaOH) was added to the 
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mixture. This cold mixture was poured into the circular wells of both sides and the center chamber (square 

well, 6.0×2.5×2.0 mm: width×length×height). The BSA-coated needle was inserted via the PDMS 

channel. The mixture was allowed to gel at 37°C for 90 min, resulting in the formation of a hollow 

channel upon withdrawal of the needle. The channel was coated with 10 μg/mL fibronectin solution at 

37°C for 10 min. CACO-2 cells were harvested and resuspended in medium containing 3% dextran (from 

Leuconostoc spp. Mr 450,000-650,000; Sigma) at a density of 4×106 cells/mL. The suspension was loaded 

from side wells to the hollow channel and the cells were incubated in a humidified atmosphere of 5% CO2 

at 37°C for 20-30 min. This step was then repeated. After confirmation of cell adhesion at the confluent 

state, the remaining suspended cells were flushed by loading the medium. The 3D gut model was cultured 

in 1 mL medium in a humidified atmosphere of 5% CO2 at 37°C for 16 days with flushing to remove the 

remaining dead cells and medium change every other day. The bright-field images were captured by a 

fluorescent microscope (Axio observer Z1, Carl Zeiss, Oberkochen, Germany) equipped with a 20× 

observation lens (LD Plan-Neofluar 20×/0.4 Korr Ph 2 M27).

2-4. Optical coherence tomography (OCT) imaging

Label-free 3D imaging of the gut model (n=3-5 in 2D, n=9-12 in 3D, biologically independent) was 

performed with OCT using a Cell3 iMager Estier (SCREEN, Kyoto, Japan) as described previously.30 The 

images were processed with ImageJ (National Institutes of Health, Bethesda, MD, USA).

ImageJ was used to analyze the ductal diameter and epithelial thickness. By randomly selecting 3 

pictures per sample, the diameter of the major and minor axes and epithelial thickness at 4 regions (top, 

bottom, and both lateral sides) were measured. All the values were averaged for one sample data.

2-5. Transmission electron microscopy (TEM)
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     The 2D and 3D gut samples (n=3, biologically independent) were fixed with 2.5% glutaraldehyde in 

PBS and post-fixed with 2% osmium tetroxide in PBS at 4°C for 2 h. The samples were dehydrated with 

an ascending series of ethanol and acetone, following which they were embedded with epoxy resin. 

Cross-sections with 1 μm thickness were prepared and stained with hematoxylin and eosin or toluidine 

blue to confirm the whole image and decide the area for TEM under the light microscope. The ultra-thin 

sections were prepared and stained with 2% hafnium and 0.15% lead citrate for TEM. Six images were 

randomly captured in each sample. The cellular height and aspect ratio (height/width) of CACO-2 cells 

were measured in the TEM images using ImageJ. For analyzing of cellular height, 3 cells were randomly 

selected in an image, and the mean of the 18 cells was used as data for a sample. For analyzing aspect 

ratio, 10 cells were randomly selected. To analyze the area of microvilli, the TEM images were binarized, 

an area of 1 μm height from the top of the cell surface was selected, and the %area of microvilli was 

measured. To detect the vertical level of microvilli, 10 microvilli were randomly selected in an image, and 

the absolute angles from the surface of the cells (0°-90°) were measured.

2-6. EdU cell proliferation assay

     The 2D and 3D gut model samples cultured for 16 days (n=3, biologically independent) were 

treated with 20 μM EdU-containing medium for 24 h and then fixed by 4% (w/w) paraformaldehyde 

(PFA; FUJIFILM Wako) in PBS for 30 min. The samples were washed with PBS and 3% (w/w) 

BSA/PBS and then permeabilized in 0.5% (v/v) Triton X-100 (Sigma-Aldrich)/PBS at room temperature 

(R.T.) for 15 min. After washing with 3% BSA/PBS, the samples were incubated in reaction cocktail of 

Click-iT EdU Cell Proliferation Kit for Imaging, Alexa Fluo 594 dye (Thermo Fisher Scientific, Waltham, 

MA, USA) as per manufacturer’s instructions at R.T. for 60 min. After washing with 3% BSA/PBS, the 

nuclei were stained using Hoechst 33342 at R.T. for 15 min. The samples were washed with PBS 
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containing 0.1% (v/v) Tween 20 (PBST) 8 times and incubated in PBST at 4°C overnight. After washing 

with PBS, the EdU-positive cells were observed using a confocal microscope (LSM 700, Carl Zeiss) 

equipped with a 40× water-immersion detection objective lens (LD C-Apochromat 40×/1.1W Korr M27). 

The images were binarized by Imaris software (Bitplane, Zurich, Switzerland).

     The number of EdU-positive and Hoechst-positive cells was counted, and the distribution of the 

EdU-positive cells in the maximum intensity projection images was calculated using ImageJ. To calculate 

the distribution, the images were divided into 9 sub-areas, the EdU-positive cells were counted in the 

sub-areas, and the values of χ2 were calculated using the equation provided ahead. The p values were 

directly calculated using the values of χ2 with χ2 test:

𝜒2 =
∑9

𝑖 = 1(𝑥𝑖 ― 𝑥)2

𝑥

2-7. Immunofluorescence

The 2D and 3D gut model samples cultured for 16 days (n=3, biologically independent) were fixed 

by 4% PFA/PBS for 30 min and permeabilized with 0.5% Triton X-100/PBS at R.T. for 10 min. After 

washing with PBS, blocking was performed with 1% BSA/PBS at 4°C overnight. The samples were then 

incubated with primary antibodies in 1% BSA/PBS at 4 °C overnight. The used primary antibodies were 

rabbit monoclonal anti-human villin antibody [SP145] (Abcam, Cambridge, UK; 1:100) and mouse 

monoclonal anti-human lysozyme antibody [BGN/06/961] (Abcam; 1:100) or rabbit polyclonal anti-ZO1 

antibody [40-2200] (Thermo Fisher Scientific; 1:200). After incubation with a secondary antibody or 

Alexa Fluor 488 phalloidin (Thermo Fisher Scientific) at 4°C overnight, the nuclei were stained with 

Hoechst 33342. The images were obtained using an LSM 700 equipped with a 40× water-immersion 

detection objective lens and 3D-binarized using Imaris software. The F-actin area in the maximum 
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intensity projection images was measured by binarization using ImageJ.

2-8. RNA isolation and quantitative reverse transcript (qRT)-PCR 

Total RNAs of the 2D and 3D gut model samples were extracted by ISOGEN (Nippon Gene, 

Tokyo, Japan) (n=4, biologically independent). cDNA was synthesized from 1 µg/10 µL RNA using 

ReverTra Ace qPCR RT Master Mix (TOYOBO, Osaka, Japan). Real-time PCR was performed using the 

StepOnePlus real-time PCR system (Applied Biosystems; Thermo Fisher Scientific) with 

THUNDERBIRD SYBR qPCR Mix (TOYOBO) according to the manufacture’s protocol. The primer 

sets for actin beta (ACTB), leucine rich repeat containing G protein-coupled receptor 5 (LGR5), lysozyme 

(LYZ), mucin 2 (MUC2) and villin 1 (VIL1) were derived from the GenBank sequences (Table S1). For 

quantification, the target genes were normalized to the internal standard gene, ACTB, and the level of 

mRNA of each gene in the 2D gut model were applied for the standard (relative expression=1).

2-9. Permeability assay

For permeability assay, the 3D gut model was treated with 2% (w/w) dextran sodium sulfate (DSS) 

MW36,000-50,000 (FUJIFILM Wako) in medium from 12 to 16 days of culture (n=3, biologically 

independent). The samples were set up on fluorescent microscope (Axio observer Z1) in an incubation 

chamber that maintained a humidified atmosphere of 5% CO2 at 37°C (INU Incubation System for 

Microscopes–model WSKM, Tokai Hit, Fujinomiya, Japan). The 2D or 3D samples were applied with 

200 or 7 μL of 200 μg/mL FITC-dextran (4 kDa; Sigma-Aldrich) in the medium on the insert or from the 

lumen side, respectively. The images were obtained using the Axio observer Z1 having a 20× observation 

lens every 10 min with a FITC-dextran-added medium change every 20 min. After observation, the 

samples were fixed for immunofluorescence for ZO1. The fluorescent intensity was analyzed in the 
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200×1000 μm squares at a distance of 50 μm from the edge of the gut using ImageJ.

2-10. Absorption assay

      The 2D and 3D gut model samples cultured for 16 days (n=4, biologically independent) were 

washed twice with Hanks’ buffer (pH 6.0; FUJIFILM Wako) and incubated at 37°C for 30 min. After 

washing with Hanks’ buffer, 500 or 10 μL 0.5 mM α-lipoic acid (αLA; Sigma) in pH 6.0 Hanks’ buffer 

with or without 10 mM NaN3 was applied on the insert or from the lumen side in the 2D or 3D samples, 

respectively. In the 2D samples, 1 mL of pH 6.0 Hanks’ buffer was poured into the well. After incubation 

at 37°C for 30 min, the buffer in the wells of 2D samples was collected for mass spectrometry (MS), and 

leakage via simple diffusion was then checked in the 2D and 3D samples as described ahead. In the 3D 

samples, the lumen was washed with pH 6.0 Hanks’ buffer 3 times, and the collagen gel was collected for 

MS.

     The αLA level in Hanks’ buffer of the 2D samples and in collagen gel of the 3D samples were 

measured using the Prominence UFLC system (Shimadzu Co., Kyoto, Japan) coupled to a Thermo TSQ 

Vantage triple quadrupole mass spectrometer (Thermo Fisher Scientific, Bedford, MA, USA) with a heat 

electrospray ionization (H-ESI) source. The UFLC conditions were as follows: ultraviolet absorption 

detection wavelength, 254 nm; analytical column, COSMOSIL 3C18-EB Packed Column (Nacalai 

Tesque, Inc., Kyoto, Japan); and mobile phase, gradient elution with 0.1% formic acid in acetonitrile. The 

operating conditions of H-ESI positive MS were as follows: spray voltage, 3000 V; vaporizer temperature, 

400°C; sheath gas flow rate, 50 arb; aux gas flow rate, 15arb; and capillary temperature, 250°C. The 

detected analyte ions include precursor ion (m/z: 205), which was converted to product ion (m/z: 171). 

Before analysis, the buffer solution of the 2D samples was diluted 20 times with acetonitrile, and the 

collagen gel of the 3D samples was extracted with 100 μL of acetonitrile, well stirred with a vortex mixer, 
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and centrifuged. The diluted solution and supernatants were subjected to the analysis.

To examine leakage, the samples were set up on the Axio observer Z1 in an incubation chamber 

that maintained a humidified atmosphere of 5% CO2 at 37°C. The 2D or 3D samples were applied with 

200 or 7 μL of 200 μg/mL FITC-dextran (4 kDa) in the medium on the insert or from the lumen side, 

respectively. In the 2D samples, a new 1 mL of pH 6.0 Hanks’ buffer was poured in the well. The images 

were obtained using the Axio observer Z1 with a 20× observation lens at 20 min after the application.

2-11. Statistics

     Data were expressed as mean ±standard deviation (S.D.). For single comparison, two-tailed 

Student’s t-test or Welch’s t-test was used. For multiple comparisons, differences were estimated using a 

one-way Peritz or Games―Howell test. A statistically significant difference was defined as p ≤ 0.05.

3. Results

3-1. Construction of 3D gut model using simple PDMS chip

    We developed the methods of the 3D gut model using a simple PDMS chip (Fig. 1A). The collagen 

solution was poured into the PDMS chip and the needle was inserted. Following gelation, the needle was 

withdrawn to form a hollow channel as a ductal collagen gel scaffold (φ = 300 μm). CACO-2 cell 

suspension was loaded to the hollow channel, and the cells were incubated to induce cell adhesion. A 

three-step experimental scheme was designed in this study: (i) construction of a 3D gut model on the 

restricted ductal scaffold of collagen gel using a simple PDMS chip, (ii) evaluation of the morphology at 

the cellular and tissue levels, and (iii) establishment of phenotypic analysis systems for assessing barrier 

and absorptive functions (Fig. 1B). Because the side wells were connected to the lumen and separated 

from the center chamber, we could apply some factors (e.g. fluorescent substance and αLA) only to the 
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lumen and then analyze barrier and absorptive functions solely from the lumen side.

(Insert Fig. 1 here)

In the 3D gut model thus prepared, the ductal diameter and epithelial layer thickness increased with 

increase in culture time (Fig. 2A). The thickened epithelium appeared to form a buckling structure at 16 

days of the culture period (Fig. 2A and B, arrows). To confirm the detailed epithelial structure, the 3D 

observation was performed using the OCT imaging system30 that allows 3D time-lapse imaging without 

fluorescent cell labeling (Fig. 2C). The epithelium formed a buckling structure at 16 days in the 3D image 

(arrows), and clear buckling was often detected in the vertical plane (i.e. along the ductal axis). On the 

other hand, the epithelium was smooth in the 3D model from 4 to 12 days and the 2D model. After 

culture, the ductal diameter decreased from the original lumen diameter by 300 μm and significantly 

increased with the culture and return to the original size at 16 days (Fig. 2D). The mean value and S.D. of 

the epithelial thickness increased with the culture, indicating the ruggedness of the epithelium (Fig. 2E). 

Furthermore, the epithelium in the 3D model was significantly thicker than that in the simple 2D model in 

which the cells were cultured on the filter membrane using a conventional method (Fig. 2C and E). These 

results suggest that the epithelial cells differentiated from squamous cells into columnar cells and that the 

epithelial layer did not form a single and flat plane in the 3D gut model.

(Insert Fig. 2 here)

3-2. Formation of villus- and crypt-like domains in the 3D gut model

Induction of positional differentiation of CACO-2 cells was analyzed in the buckling epithelium of 
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the 3D gut model because the cells mainly differentiated into 2 types—invaginating crypt- and protrusive 

villus-consisting cells—in the gut epithelium in vivo. After culture for 16 days, several EdU-positive 

proliferating cells were detected in the 3D model; however, there were few in the 2D model (Fig. 3A and 

B; Fig. S1A). To evaluate the localization of proliferating cells in the epithelial tissue, maximum intensity 

projection images were divided into 9 sub-images, and the values of χ2 were calculated. The high or low 

values of χ2 indicated localized or uniform distribution of the proliferating cells, respectively. High values 

of χ2 in the 3D model indicated that the proliferating cells were significantly localized (the p values were 

directly calculated from the values of χ2) (Fig. 3C). In the 2D gut model, stress actin fibers were detected 

only in the region between the cells. On the other hand, the expression of stress actin fibers was 

significantly higher in the 3D gut model, and those were mainly detected entirely at the basal side in the 

epithelial cells after culture for 16 days (Fig. 3D and E). The localization of protein expression of villin 

was confirmed at the cell surface of the entire epithelium, and the VIL1 mRNA expression was not 

different between the 2D and 3D gut model (Fig. S1B; Fig. 1F) Lysozyme was mainly expressed at the 

bottom zone in the 2D and 3D models, and the LYZ mRNA expression in the 3D gut model was higher 

than that in the 2D gut model. MUC2 protein was not detected in the 2D and 3D gut models, and the 

mRNA expression was not different between the 2D and 3D gut model. The expression of the stem cell 

marker gene in the crypt―LGR5―was high in the 3D gut model. These results of marker protein and 

gene expression suggested that the CACO-2 cells in the 3D gut model may be differentiated to Paneth 

cells and converted to stem cells in the crypt-like structure models. Taken together, the 3D gut model 

tends to induce separated crypt- and villus-like epithelial domains within the buckling epithelial tissue 

(Fig. 3G).

(Insert Fig. 3 here)
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3-3. Epithelial differentiation at the cellular level in the 3D gut model

     We evaluated details of epithelial cell differentiation in the 3D gut model using TEM. In all the 

samples of the 2D and 3D models cultured for 4 or 16 days, CACO-2 cells were completely attached to 

the filter or collagen gel and made an epithelial sheet with a cellular junction and microvilli were present 

at the cell surface of the lumen side (Fig. 4A and B). Several microvilli were detected lined on the cell 

surface in the lumen side at 16 days of culture only in the 3D model (Fig. 4A). A clear tight junction was 

detected in the 3D model cultured for 4 days but not in the 2D model (Fig. 4B, yellow boxes). The tight 

junction was formed both in 2D and 3D models cultured for 16 days (Fig. 4B, yellow boxes). The height 

of epithelial cells in the 3D model was significantly higher than that in the 2D model cultured both for 4 

and 16 days (Fig. 4C). Furthermore, the cell aspect ratio (height/width) was 0.29 ± 0.04 in the 2D model 

and 0.91± 0.25 in the 3D model (Fig. 4D), indicating that the shape of the cells was similar to squamous 

and cuboidal epithelial cells in the 2D and 3D models, respectively. A significant increase in the density of 

microvilli on the cell surface was observed only in the 3D model cultured for 16 days (Fig. 4E). The 

angles of microvilli were widely distributed in the 2D model, indicating that the microvilli were 

misaligned (Fig. 4F). Conversely, in the 3D model, the distribution of angles was drastically shifted into a 

90°, indicating that the microvilli were vertically aligned after culture for 16 days (Fig. 4F). The mean 

values of the angles indicated that the microvilli in the 3D model were vertical type compared with that in 

the 2D model both at 4 and 16 days (Fig. 4G). Overall, CACO-2 cells in the 3D gut model 

morphologically differentiated into in vivo-like gut epithelial cells that expressed early tight junction 

formation, high cellular height, high aspect ratio (height/width), and vertical microvilli lining on the 

surface (Fig. 4H).
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(Insert Fig. 4 here)

3-4. Establishment of permeability and absorption assay system using the 3D gut model

     To explore the potential applications of the 3D gut model in the use of intestinal physiological 

function assay, we performed a phenotypic analysis of barrier and absorptive functions. DSS treatment 

induces ulcerative colitis in mouse inflammation model21, and this treatment is used to induce the 

epithelial barrier dysfunctions as a trigger phenomenon of gut inflammation in the gut-on-a-chip.22 

Therefore, we attempted to mimic epithelial barrier dysfunctions by DSS treatment in the 3D gut model. 

The treatment of 2% DSS from 12 to 16 days of culture reduced the height and disrupted the buckling 

structure of the epithelium in the 3D model (Fig. 5A). Any leakage of the FITC-4 kDa dextran in the 

medium from the lumen to the collagen gel was not detected within 120 min in the 3D model, but DSS 

treatment significantly induced the increase of leakage in a time-dependent manner (Fig. 5A and B). In the 

2D model, although the increase of leakage was immediately detected by DSS treatment, the fluorescent 

intensity was not increased with time course (Fig. 5B); therefore, the epithelial barrier dysfunctions were 

not observed in the 2D model following DSS treatment. The protein consisting of tight junction ZO1 was 

expressed at the cell border in the 2D and 3D models (Fig. 5C). The DSS treatment disrupted the 

expression pattern of this protein in the 3D model, and the effect was slight in the 2D model. Therefore, 

we successfully mimicked the DSS-induced epithelial barrier dysfunctions as a trigger phenomenon of gut 

inflammation in the 3D gut model.

Further, we developed an absorption assay system with MS. Any leakage of FITC-dextran in the 

buffer from the lumen to the collagen gel was not detected within 120 min in the 3D model, but weak 

leakage was detected under the filter membrane at this time in the 2D model (data not shown). At 4 days 
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in the 3D model, leakage from the lumen side was detected between the PDMS device and collagen gel 

(Fig. S2A, arrows); therefore, absorption of αLA for 30 min was detected in the gut models cultured for 16 

days. After the absorption assay, no leakage via simple diffusion was confirmed following FITC-dextran 

treatment both in 2D and 3D models cultured for 16 days (Fig. S2A and B). The 3D model realized 

significantly higher absorption of αLA per unit area than that showed by the 2D model when the 2D and 

3D models were hypothesized as a simple sheet and duct, respectively (Fig. 5D). The absorption was 

derived from active biological transport because NaN3 co-treatment significantly decreased the αLA 

volume. Therefore, we newly established a more effective absorption analysis than the traditional ones, 

and one of the reasons for this increased efficacy was the increase of cell surface area by a high density of 

microvilli and buckling epithelium (Fig. 5E).

(Insert Fig. 5 here)

4. Discussion

We established a completely covered gut epithelial sheet on the 3D ductal scaffold of collagen gel 

using simple method without using special substrates or a power supply. The epithelial sheet had a 

villus-like buckling shape, vertical microvilli lining on the cell surface, complete barrier functions, and 

effective absorptive function. The 3D gut model would be useful for high-throughput drugs and food 

screening to analyze the effects on gut epithelial functions.

It is a biologically important finding that a 3D culture system on a ductal scaffold of collagen gel 

induced the formation of buckling structure of the gut epithelium at the tissue level and the differentiation 

of columnar epithelial cells and microvilli at a cellular level. The complex structure of epithelium is 

observed in the gut and in various types of ductal organs, and it is induced by numerous physical and 
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biological factors. In the gut, the restriction of the epithelial region by the formation of circular smooth 

muscle layer and peristalsis are the candidates of the physical factors for the induction of the epithelial 

structure at the tissue level. In the organ culture of gut tissue extracted from the smooth muscle layer, the 

epithelium develops as a simple smooth layer; however, only regional restriction using a scaffold of 300 

μm diameter induces the epithelial buckling, indicating that regional restriction is sufficient for the 

induction of gut epithelial buckling.26 The inhibition or activation of peristalsis does not affect the 

epithelial formation in this stage26, indicating that the pressure of peristaltic contraction is not required for 

the initiation of the buckling structure in the development of the gut. In mathematical models, the 

epithelial cell proliferation in the restricted region by the ductal structure induces epithelial buckling and 

controls the shape (e.g. direction of buckling).31 In the sphere scaffold of alginate gel, the forces acting 

within the epithelial monolayer were determined by measuring the elastic deformation, indicating that the 

compressive stress arising from epithelial cell proliferation is indeed sufficient to induce the buckling 

structure.32 Furthermore, the apical stiffness of the epithelial sheet and external resistance control the size 

and number of the buckling structure.33 These reports have hypothesized that the complexity of ductal 

epithelial structure is commonly derived from compress stress and from the difference in stiffness at the 

apical–basal axis of the cells caused via the restriction of the region. We simply demonstrated this theory 

using only the gut epithelial cell line and the ductal scaffolding of collagen gel. In the 3D gut model, stress 

fibers heterogeneously expressed at the basal side at the epithelial sheet (Fig. 3D and E), suggesting that 

compressive stress occurred in the epithelial duct. Analysis of the dynamics of the local pressure within 

the epithelial sheet would be interesting.

Heterogeneity of compressive stress induced by the buckling structure or ductal scaffold may 

involve in localized cell proliferating regions like a crypt. The structure of crypt is formed by apical 

contraction derived from stress fiber and myosin at the epithelial cells after birth.34 Hippo/Yes-associated 
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protein (YAP) pathway activated RhoA is essential for cell proliferation and regeneration of crypt and 

buckling epithelial structures.35–38 Furthermore, the YAP signaling pathway is important for 

crypt-villus-like asymmetric differentiation from single stem cells in the intestinal organoids.39 The YAP 

signaling is reduced by a compositional change of actin fiber derived from compressive stress.40 In the 2D 

dense epithelial sheet, the cells are cultured under the homogeneous compressive stress40. In the present 

study, few stress fibers were confirmed in the 2D gut model. These studies suggest that low cell 

proliferative ratio in the 2D gut model may be caused by the homogeneous compressive stress and low 

YAP signaling. Further, the YAP signaling is one of the candidates to control cell proliferation by the 

heterogeneity of compressive stress in the 3D gut model. Cell proliferating regions were localized and 

LGR5 and LYZ expression was increased, suggesting that the 3D gut model may include the crypt-like 

phenotype. However, the expression of differentiation marker for enterocyte and goblet cell—VIL1 and 

MUC2—was not clearly different in the 2D and 3D gut models at this time; therefore, the cell 

differentiation for those at villus region rarely occurred. Peristalsis-like motion induces regional 

differentiation revealed as the expression of specific marker proteins.18,24 Therefore, peristalsis might be 

important to induce further regional gut epithelial differentiation in this 3D gut model.

At a cellular level, the restricted cell region by ductal scaffolding of collagen gel induced the 

formation of apical polarity represented by vertical microvilli lining, columnar cell-like aspect ratio, and 

early tight junction formation. Apical contraction is one of the important factors for the induction of 

microvilli in the renal epithelial cell sheet.41 Inhibition of the myosin contraction reduces the aspect ratio 

(height/width) of epithelial cells in the epididymal duct.42 Therefore, apical contraction and compressive 

stress formed by the restricted region of the ductal scaffold are involved in both apical polarization and 

formation of columnar cell shape. However, the apical polarization is not induced in single intestinal 

epithelial cells cultured on collagen gel but is induced on Matrigel via the activation of RhoA signaling.43 
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The cellular height cultured on 2D hydrogel is 2-fold higher than that on the glass, and the 3D structure 

enhances this increase.44 These reports suggest that soft scaffold or its composition is sufficient to induce 

apical polarization and columnar cell shape formation in gut epithelial cells and that compressive stress in 

the epithelial sheet enhances these events. Tight junction formation was earlier in the 3D gut culture on the 

ductal scaffold than in the 2D culture. The cell–cell junction may cause no leakage following long-term 

incubation in the buffer in the 3D gut model. Overall, simple 3D culture on a ductal scaffold of collagen 

gel induced epithelial sheet integrity including a mature structure at the tissue level, complete barrier 

function, and lined microvilli formation at the polarized apical surface. The integral gut epithelial structure 

increased the apical surface area per unit area by buckling and microvilli compared with that in flat plane, 

thereby increasing the absorption of αLA.

In previous studies, the 3D gut culture systems have been developed using some methods, but 

highly reproducible ductal lumen on the scaffold of the soft gel has not been applied to the methods. In a 

gut-on-a-chip using peristalsis-like motion, the compressive stress induces buckling epithelial structure 

and cell proliferating region localization.17,18 However, in the development in vivo, the buckling epithelial 

structure is induced by the compressive stress derived from regional restriction rather than peristalsis.26 In 

mouse gut development, circular contraction is weak at embryonic day 7 (E7) and rhythmically occurs 

from E10.45 Longitudinal peristalsis is initiated from E13.5 independently of innervation, and rhythmic 

peristalsis is detected after birth.46 The buckling structure is induced from E11.5 in mouse26; therefore, the 

late occurrence of the peristalsis may be one of the reasons for the requirement of the restricted region for 

buckling in development, and the peristalsis-induced compressive stress may enhance the elongation of 

the villus- and crypt-domains in vivo. Flow is another factor that enhances the elongation of the structure.47 

Therefore, we induced buckling structure in simple in vitro culture system in mimicking in vivo 

development.
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The co-culture of gut epithelial cells with both bacteria and immune cells indicates the 

establishment of an evaluation system of an inflammatory response in vitro gut-on-a-chip. The co-culture 

system with bacteria has been developed in peristalsis-induced 3D gut epithelium cultured on 

membrane.19,20 To co-culture with immune cells in the stromal region, the use of biomaterial scaffold is a 

simple solution. In fact, a co-culture system of gut epithelial cells has been developed with immune cells 

using the ductal scaffold composed of silk protein sponge matrices in the stromal region of scaffold.25 The 

3D duct model is not completely covered by the gut epithelial cells. Complete barrier function in the gut 

epithelial sheet is required for inflammatory analysis because the inflammatory inducers are treated from 

the lumen side in this analysis. Using the completely covered 3D gut model having no leakage from lumen 

to scaffold, we successfully mimicked the triggering phenomenon of inflammation—epithelial barrier 

dysfunction—via DSS treatment.

5. Conclusions

The newly developed 3D gut model has several significances in terms of epithelial functions and 

structures compared with the traditional 2D gut model. The epithelial sheet cultured on the new 3D gut 

model had integrity in epithelial shape, barrier, absorption, cell shape, and polarization using only regional 

restriction by the ductal scaffold of collagen gel. Unprecedentedly, we established an analysis system for 

assessing absorptive functions in the 3D gut model and the efficiency of absorption was higher than that in 

the 2D model. This simple 3D gut model has several applications in combination with other culture 

systems in the future. A combination of other physical treatment systems (e.g. peristalsis-like movement 

and flow) may have the potential to mimic a more natural in vivo villus-crypt-like structure. The 3D gut 

model facilitates co-culture with bacteria and immune cells because biomaterial soft gel as a scaffold can 

include other types of cells and the completely covered epithelial sheet can inhibit bacterial infiltration to 
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the parenchymal region. In the present study, CACO-2 cells, the gut epithelial cell line, was used for the 

3D gut model. Intestinal stem cells maintained in the niche at crypt can be cultured to form self-organizing 

crypt-villus organoids.48 From the human embryonic stem cells and the induced pluripotent stem cells, 

mature intestinal cells are induced as organoids and xenografts containing crypt-villus domains.49,50 The 

structure of organoids can be controlled by the design of scaffold matrices.51 However, because these 

organoids form the apical region and the lumen at inside of them, the treatment of some substrates from 

the lumen side is difficult. For application from the lumen side, the crypt-villus-like positional 

differentiation of the organoids can be re-organized on the 2D monolayers.52 The organoids have been 

applied to the several platforms of organ-on-a-chip.53,54 Recently, the epithelial cells derived from kidney 

organoids are dissociated and reconstructed tubular structure in the organ-on-a-chip, and permeability 

assay are realized using this platform.55 Application of the epithelial cells in the gut-organoids to our new 

3D gut model will allow for a drug screening system for assessing the effects on gut epithelial functions 

from the lumen side.
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Figure captions 

Figure 1. Proposed in vitro 3D gut model using a ductal scaffold-based culture system. (A) Construction 

protocol for the 3D gut model. (B) Experimental design of this study. In comparison with 2D and 3D gut 

models, we characterized the morphological changes at the tissue level (i.e. crypt- and villus-like domains) 

and cellular level (i.e. microvilli, cellular height, and tight junction formation). Phenotypic analyses, such 

as permeability and absorption assays, were established using the 3D gut model and these functions were 

then compared in the 2D and 3D models.

Figure 2. Morphological changes of the epithelial tissue in the 3D gut model. (A) Time-course 

bright-field images of the 3D gut model. Arrows: area showing epithelial buckling. Scale bar: 500 μm. (B) 

Magnified image of the black square of (A). Scale bar: 200 μm. (C) Time-course 3D observation of the 

3D or 2D gut model using optical coherence tomography (OCT) imaging system. Arrows: area showing 

epithelial buckling. (D) The ductal diameter and (E) epithelial thickness of the 3D gut model measured 

using the obtained OCT images. *: p ≤ 0.05 compared with the 2D gut model. Different alphabet indicates 

p ≤ 0.05 in time series groups of the 3D gut model. Dash line: original lumen diameter (300 μm) in the 3D 

model.

Figure 3. Localization of cell proliferating region in the 3D gut model observed by confocal microscope.  

(A) 3D images and maximum intensity projection images (MIP) images at X-Y plane of EdU assay in the 

2D and 3D gut models cultured for 16 days. Red: EdU-positive nuclei. Blue: nuclei. Scale bar: 50 μm. (B) 

The ratio of cell proliferation calculated as (EdU-positive nuclei)/(all nuclei). *: p ≤ 0.05. (C) The χ2 

values of the proliferating cells calculated in 9 sub-areas. A larger value indicates the distribution of the 

proliferating cells in a localized manner. (D) Maximum intensity projection (MIP) images at X-Y plane 
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and cross-sectional images at X-Z plane of phalloidin staining for detection of fibril actin (F-actin; green) 

in the 2D and 3D gut models cultured for 16 days. Nuclei were visualized with Hoechst 33343 (blue). In 

the 3D model, the apical surface of the cells was indicated as the white dot line. Scale bar: 50 µm. (E) The 

quantitative analysis of F-actin area in the 2D and 3D gut models cultured for 16 days. *: p ≤ 0.05. (F) The 

mRNA expression of stemness and differential marker genes in the 2D and 3D gut model by qRT-PCR. *: 

p ≤ 0.05. (G) Schematic image of the distribution of the proliferating cells and F-actin (green) in the 2D 

and 3D models.

Figure 4 Morphologically differentiated epithelial cells in the 3D gut model. (A) The transmission 

electron microscopy (TEM) images of CACO-2 cells cultured in the 2D and 3D models for 4 or 16 days. 

(B) Yellow squares and high-magnification images were highlighted as tight junctions. The top of the 

images showed the lumen side in the 2D and 3D model, whereas the bottom of images showed the filter 

membrane side in the 2D model and collagen gel side in the 3D model. Scale bar: 2 μm. Cellular height 

(C), aspect ratio (height/width) (D), and density of microvilli of CACO-2 cells (E) were measured in the 

TEM images. (F) The distribution of angles of microvilli divided into each 10° was listed as the maximum 

value, 90°. (G) The mean angles of microvilli were calculated. *: p ≤ 0.05. (H) Schematic image of the 

morphology of the gut epithelial cells in the 2D and 3D models. Gray lines on the cell surface: microvilli. 

Red lines: tight junctions.

Figure 5 Phenotypic analysis of the intestinal physiological functions using the 3D gut model: a 

permeability assay mimicking barrier disruption that induces inflammation and absorption assay reflecting 

ingestive effects. (A) Permeability assay after dextran sodium sulfate (DSS) treatment. Bright-field images 

of the 3D gut models treated with 2% DSS from 12 to 16 days (upper). Fluorescent images at 20 min after 
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FITC-4 kDa dextran treatment in the 3D gut models treated with 2% DSS from 12 to 16 days (bottom). 

White dash line: the edge between the epithelial surface and lumen. Scale bar: 200 μm. (B) Time-course 

fluorescent intensity in the 2D and 3D gut models cultured for 16 days. *: p ≤ 0.05 compared with the 

control. (C) Immunofluorescent images for ZO1 (green) in the 2D and 3D gut models cultured with or 

without 2% DSS from 12 to 16 days. Blue: nuclei. Scale bar: 20 μm (D) Absorption rate of αLA under the 

filter and in collagen gel (mol/mm2 of cell surface) with or without 10 mM NaN3 treatment in 2D and 3D 

gut models cultured for 16 days, respectively. *: p ≤0.05. (E) Schematic image of absorption function in 

the 2D and 3D models. The increase of surface at cellular and tissue levels may be due to the increase of 

the amount of absorption/unit epithelial area.
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Figures

Figure 1
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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A new 3D gut-on-a-chip on the ductal scaffold induced differentiated epithelial layer and 

allowed permeability and absorption assay. 
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