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Abstract

We describe an expanded modular gastrointestinal (GI) tract - liver system by co-culture of 

primary human intestinal epithelial cells (hIECs) and 3D liver mimic. The two organ body-on-chip 

design consisted of GI and liver tissue compartments that were connected by fluidic medium flow 

driven via gravity. The hIECs and HepG2 C3A liver cells in the co-culture system maintained high 

viability for at least 14 days in which hIECs differentiated into major cell types found in native 

human intestinal epithelium and the HepG2 C3A cells cultured on 3D polymer scaffold formed a 

liver micro-lobe like structure. Moreover, the hIECs formed a monolayer on polycarbonate 

membranes with a tight junction and authentic TEER values of approximately 250 Ωcm2 for the 

native gut. The hIEC permeability was compared to a conventional permeability model using 

Caco-2 cell response for drug absorption by measuring the uptake of propranolol, mannitol and 

caffeine. Metabolic rates (urea or albumin production) of the cells in the co-culture GI-Liver 

system were comparable to those of HepG2 C3A cells in a single-organ fluidic culture system, 

while induced CYP activities were significantly increased in the co-culture GI tract-Liver system 

compared to the single-organ fluidic culture system. These results demonstrated potential of the 

low-cost microphysiological GI-Liver model for preclinical studies to predict human response.

INTRODUCTION

The current drug development process with animal models as the main pre-clinical models is 

costly, time consuming and the success rate is low 1–3. One of the major barriers is that 

animal research does not translate well to the human condition 4, 5. Human-based in vitro 
systems could provide the key technologies necessary to speed up the drug discovery 

process by developing function-based human cell models that accurately capture and predict 
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multi-organ complexity 6, 7. Model microphysiological systems that combine different cell 

types, while maintaining normal physiological response and month-long cell viability in a 

defined medium, are needed to achieve this goal 8, 9.

The use of 3D multiorgan devices with interconnecting flow has become popular because a 

dynamic system can mimic physiological organ interactions and can be coupled to 

physiologically based pharmacokinetic-pharmacodynamic models (PBPK-PD)10–14. Some 

systems use a pump or multiple pumps to create flow13, 15–17, while other systems use 

continuous rocking platforms18, 19 or programmable rocker platforms (Next Advance, 

Averill Park, NY)20, 21. Others have used the osmotic pressure of polyethylene glycol (PEG) 

solution in a PDMS chamber sealed with a cellulose membrane to drive flow into a device 

with an external tubing connection22, 23 or used surface tension with a continuous supply of 

liquid to generate flow in a device24. For our experiments, we chose to use a pumpless 

system of continuous rocking platform, in which devices with multiple-organ models can be 

placed on a rocker platform with fluid driven bidirectionally through the platform by gravity 
13, 24–26. This gravity-flow design not only provides communication between organs as 

parental compounds and metabolites are exchanged, but also achieves a wide range of flow 

rates dependent primarily on the cross sectional area of a channel, it’s length and the height 

differential. In addition, this pumpless design offers the advantages of potentially higher 

throughput and lower cost. We have constructed prototype pumpless systems with up to 14 

tissue/organ compartments in correct physiological ratios21.

Furthermore, our lab and collaborators have succeeded in establishing primary cultures of 

human intestinal epithelial cells (hIECs) and intestinal myofibroblasts from patient colonic 

biopsies7. Immortalized by insertion of hTERT (human telomerase reverse transcriptase) 

gene27, hIECs retain a subset of stem cell like cells positive for marker Lgr5 and giving rise 

to the major intestinal epithelial cell types in a realistic ratio, e.g., enterocyte, 

enteroendocrine cells, Goblet and Paneth like cells. Co-cultured with primary intestinal 

myofibroblasts, hIECs are able to form tight junctions with authentic transepithelial electric 

resistance (TEER) values for the upper part of the native gut28. The GI barrier functionality 

has been demonstrated by testing the permeability of 3 common drugs (mannitol, 

propranolol, and caffeine) using the colon cancer cell line Caco-2 as control.

By integrating the two advanced biological and engineering techniques, we constructed 

integrated models of GI tract-liver modules with multiple types of human intestinal and liver 

cells, maintained normal physiological response and month-long cell viability in defined 

medium with low serum condition. We have demonstrated the function of these modules in 

evaluating enzyme activities of P450 1A1 and P450 3A4 and the levels of urea and albumin. 

Our results have shown the potential of this microphysiological system in evaluating 

absorption and metabolism of chemical or nutrients.

MATERIALS AND METHODS

System Design

The dimensions of our microfluidic cell culture device were calculated so that the size of the 

liver tissue construct was scaled down by a factor of 51,300 compared to in vivo liver of an 

Chen et al. Page 2

Lab Chip. Author manuscript; available in PMC 2019 July 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



average male human29. The completely assembled cell culture device (Figure 2) consisted of 

polycarbonate frame (top and bottom), silicone gaskets to line the frame and prevent leaking, 

2 sets of silicone chamber gaskets that sandwich a porous polycarbonate nucleopore track-

etch 0.4 μm pore size membrane or a scaffold set on the polycarbonate nucleopore track-etch 

membrane for the cells, 3 layers of silicone channel gaskets that supply fluid above and 

below the cell chambers and 4 stainless steel pan head phillips machine screws (thread size 

4–40, length 7/16″) (McMaster-Carr, ILL #91735A105) to hold the platform together. The 

frame of this device was milled out of a polycarbonate sheet (13 mm thick) on a CNC 

Bridgeport Milling Machine (MA).

Specifically, the 3D liver tissue construct was prepared by using a 0.42 mm thick polymer 

scaffold that was 6.0 mm in diameter. This scaffold was previously used in static cell 

cultures by Kostadinova et al30. The scaffold was placed into a liver cell culture chamber 

that was constructed by sandwiching a polycarbonate nucleopore track-etch membrane with 

0.4 μm pore size (Whatman, MA #111707) between from two silicone gaskets (0.8mm 

thick) (Sigma, MO #GBL664572) and autoclaved before use.

The GI cell construct was prepared by placing a polycarbonate nucleopore track-etch 0.4 μm 

pore size membrane between 2 silicone gasket rings (0.5 mm thick) (Sigma #GBL664571) 

for the initial growth period in transwell plates (6 well) and then sandwiching this between 

two silicone gaskets (1 mm thick) to create the GI chamber gasket (all autoclaved before 

use).

Fluidic channels were manually cut from of silicone gaskets (0.5 mm thick) (Sigma 

#GBL664571) and positioned so that there was fluid flow above and below each chamber 

from the reservoir wells. The GI channel located below the GI chamber was connected 

directly to the Liver chamber for first pass effect. The bidirectional flow was achievesd by 

using a rocker that was set at 3 cycles/minute. All materials were autoclaveable, fairly inert, 

easy to manipulate, helped prevent leaking, and not detrimental to the cells.

Intestinal Cell Culture

Culture of primary human intestinal cells—Normal intestinal biopsies (0.5–1 cm3) 

mainly from large intestines without visible adenomas by pathology were obtained from 

patients undergoing colonoscopy screening (with patient consents and approval by the 

Institutional Review Board (IRB) of Weill Cornell Medicine, Cornell University), The 

protocol of isolation and culture of human intestinal epithelial cells (hIEC) were slightly 

modified from previous studies27, 31–33. Briefly, intestinal specimens were immersed in cold 

X medium (HyClone, MA) supplemented with 2% penicillin/streptomycin, immediately 

after the patient’s operative procedure and rinsed with sterile PBS with antibiotics/

antimycotic (Invitrogen, NY) 5 times. The tissues were minced into small pieces (~1 mm3 in 

size) and crypts were gently extracted by digestion in X medium containing 150 U/ml 

collagenase type XI (Sigma, MO), 40 μg/ml dispase neutral protease (Roche Applied 

Science, CA), with stirring at 37°C for 15–30 min. The crypt cells were then cultured in X 

medium with growth supplements of 5% FBS, 25 ng/ml EGF (R&D systems, MN), 5.0 

μg/ml insulin (Sigma), 1.0 μg/ml hydrocortisone (Sigma), 2 μg/ml transferrin (Sigma), 50 

μg/ml BPE (Sigma), B27 supplement (Invitrogen), 200 ng/ml R-spondin 1 (R&D systems) 
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and 50 ng/ml Noggin (Peprotech, NJ) in collagen-I coated flasks (BD scientific, NJ) and 

incubated in a humidified incubator at 5% CO2 and 37°C. After 48 hour culture, fibroblast 

inhibitory reagent (Human Colon FibrOut™, CHI Scientific, MA) was added to the culture 

medium for 2 days to reduce fibroblast growth. After cell colonization was observed, cells 

were transfected with retroviral hTERT (hTERT immortalization kit, ATCC, VA). The 

hIECs were then dissociated to single cell density, grown in 3D matrigel culture using the 

same medium and culture conditions in above 2D culture and checked for their ability to 

form organoids.

Culture of human intestinal myofibroblast—Human intestinal myofibroblasts were 

cultured from colonic biopsies (with patient consents and approval by the Institutional 

Review Board (IRB) of Weill Cornell Medicine, Cornell University), with slightly modified 

conditions from a previous study34. Briefly, biopsies were placed in ice-cold DMEM 

supplemented with 3% FBS, 2 mmol/L L-glutamine, 1 mmol/L sodium pyruvate, 2% 

penicillin and streptomycin immediately after the patient’s operative procedures and then 

rinsed with sterile PBS with antibiotics/antimycotic (Invitrogen) 5 times. Then biopsies were 

minced into small pieces of 1 mm3 sizes and dispersed by mechanically by pipetting. The 

tissue mixture was washed 3 times in medium and followed with centrifugation at 2,000 rpm 

for 5 min. The tissue explants including the tissue fragments were then placed on culture 

dishes and covered with DMEM supplemented with 3% FBS, 2 mmol/L L-glutamine, 1 

mmol/L sodium pyruvate, 1% penicillin and streptomycin, and maintained in a humidified 

incubator at 5% CO2 and 37°C. Once fibroblast-like cells appeared and began to colonize, 

the remaining tissue fragments were discarded. The fibroblast strains were characterized by 

immunostaining of human α-smooth muscle actin (Abcam, MA # ab5694) and used for 

follow-up experiments within 5 passages.

Tight junction formation—2D co-culture with human intestinal fibroblasts was required 

to develop tight-junctions (determined with anti-TJP1, Sigma #HPA001636) in hIECs. On 

Day 0, a polycarbonate membrane (Whatman #111707) that was adhering to two silicone 

rings was coated with 50 μg/ml collagen-I for 1 hour and rinsed 3 times with PBS. Then 1 × 

104 human colon epithelial cells were seeded onto the polycarbonate membrane (5.0 × 103 

cells/cm2) and cultured with hIEC medium at 5% CO2 and 37°C for 4–5 days in the insert 

portion of transwell plates (VWR, PA #3412), then hIEC medium was added, and the cells 

were allowed to grow for 6 days. The medium was refreshed every other day. On Day 6, 2–3 

× 104 human colonic fibroblasts were then seeded in the bottom wells (1.0 × 104 cells/cm2) 

where hIEC cells were growing on the membrane in the insert portion of the transwells. The 

transwell plates were maintained in a 50:50 mixture of hIEC medium and fibroblast medium 

in a humidified incubator at 5% CO2 and 37°C. These transwell plates were fed every other 

day for 14 more days until assembled into the device on Day 20 or for 22 more days until 

used in a drug permeability study on Day 28.

Permeability Assay—According to the established method of permeability assay35, 36, on 

Day 28, 100 μl of the test compounds (1 μM propranolol, 10 μM mannitol or 10.3 μM 

caffeine) were added to the apical side of the transwell membrane with a confluent 

monolayer of hIECs or Caco-2 cells and the transport of the compound across the monolayer 
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was monitored over an 8 hour time period by taking the medium samples from the apical 

and basolateral compartments at 1 hour, 2 hours, 4 hours and 8 hours. The compound 

concentrations in the sample medium were measured using Propranolol ELISA test kit 

(Neogen), D-mannitol Colorimetric assay kit (Sigma) and Caffeine/Pentoxifylline ELISA 

test kit (Neogen), respectively. The permeability coefficient (P app) is calculated from the 

following equation:

P app = ( dQ/dt
C0 × A )

Where dQ/dt is the rate of permeation of the compounds across the cells; C0 is the apical 

compartment initial concentration at time zero and A is the area of the cell monolayer.

Immunohistochemistry—Living cells cultured in transwells were directly fixed in 4% 

paraformaldehyde for 25 min, followed with 15 min permeabilization in 1% triton X-100. 

For immunofluorescence, cells were immunostained with antibodies (anti-MDR1, Cell 

Signaling, Clone E1Y7S, Cat# 13978; anti-CYP 3A4, Abcam, Cat# ab3572) and 

counterstained with 4,6-diamidino-2-phenylindole (DAPI).

Liver Cell Culture

A human hepatocellular carcinoma cell line (HepG2 C3A)(ATCC) that was maintained in 

Eagle’s Minimum Essential Medium (ATCC #30-2003) plus 10% fetal bovine serum 

(EMEM) (Invitrogen #26140) was used in the liver cell culture chamber. These cells were 

split or the medium was refreshed every 3–4 days during normal maintenance. Confluent 

cell cultures were washed with Dulbecco’s Phosphate Buffered Saline (DPBS) (Invitrogen 

#14190), detached using 0.25% trypsin-0.53 mM EDTA solution (Invitrogen #25200), 

subcultured into culture flasks and maintained in a humidified incubator, at 5% CO2 and 

37°C.

On Day 13 of the experiment, 50 μl HepG2 C3A cells (at a concentration of 107 cells/ml) 

were seeded onto each scaffold (approximately 8.8 × 106 cells/cm2) that was placed on the 

polycarbonate membrane of the liver chamber gasket, incubated at 5% CO2 and 37°C for 60 

min in a 60 mm dish, 5 ml of EMEM medium was added underneath the membrane, and the 

cells were allowed to grow until device assembly on Day 20. The medium was refreshed 

every other day until the device was assembled.

Device Experiments

The common circulating medium used for testing the pumpless device was a 50:50 mixture 

of the intestinal cell medium and the HepG2 C3A medium with 3% FBS. All of our 

experiments were done in this medium. Each device was run with 1 ml of the 50:50 mixture 

total volume.

On Day 20, the 12 separate devices (three different groups of four devices each (two 

replicates – induced for P450 vs. control)) were assembled as described in Figure 2A, and 

were tested per experiment: (1) Combination of Liver and GI, (2) Liver alone and (3) GI 

alone. Three sets of these experiments were completed. Each device was assembled sterilely 
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by alternating channel silicone gaskets, medium, and chamber silicone gaskets together onto 

the top frame which temporarily had a gasket and polycarbonate plate on top of its wells to 

maintain sterility during assembly. Sterile half toothpicks were used as guides to keep all 

layers in alignment. Sterile forceps were used to transfer the gaskets into the top frame 

piece. When all gaskets were layered the toothpicks were removed and the bottom frame 

was screwed in place. The device was cleaned and flipped over so that the gasket/

polycarbonate plate could be removed. Then more medium added to the well reservoirs and 

gentle pipetting helped to release any bubbles.

The device was transferred into 100 mm sterile petri dish and placed onto a Rocker Platform 

(VWR #200) in a humidified incubator, at 5% CO2 and 37°C. The rocking platform tilted 

between the angles of +12° at a rate of 3 cycles per minute in a continuous rocking program. 

The rocker provided the recirculation of the cell culture medium by creating height 

differences between the well reservoirs that were connected by fluidic channels. Therefore, 

we achieved a gravity-induced bidirectional flow. The following equations were used to 

calculate the approximate channel sizes needed to provide a flow rate when the rocker was at 

a 12° angle that was close to the physiological rates13:

Ƭ = V/Q (1)

Q = (ρgπ/8η) ∗ (Δh(RH)4/(L)) (2)

SA = π(RH)2 (3)

Where Ƭ is the residence time (s), V is the organ volume (m3), Q is the volumetric flow rate 

(m3 s−1), ρ is a density (kg m−3), g is the gravity constant (m s −2), η is a fluid viscosity (Pa 

s), Δh is the height difference (m), RH is the hydraulic radius of a channel (m), and L is the 

length of a channel (m). RH was then used to calculate the corresponding channel surface 

area (SA). Since our channels were rectangular we used SA to appropriate the desired height 

and width. The flow rate through the channels ranged from zero to the desired flow 

(bidirectionally) because we used a continuously rocking platform.

These assembled devices were maintained for 14 days. The medium was refreshed with a 

50% medium exchange every day until the end of the experiment.

Measurement of Urea and Albumin

250 μl of cell culture medium was collected from the cell culture devices on Day 7 and Day 

14 post device assembly and frozen at −80°C to measure urea and albumin (Day 1 was the 

first day of cell culture in the device). Urea concentrations in the medium were measured 

using a DIUR assay kit (BioAssay Systems, CA #DIUR-500). Briefly, 50 μl of spent 

medium was transferred into the wells of a 96 well plate (VWR #353046) and 200 μl of the 
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chromogenic reagent was added to form a stable colored complex specifically with urea. 

After incubating the plate for 20 minutes at room temperature, the optical density was read 

at 520 nm using a VERSAmax microplate reader (Molecular Devices, CA). The results were 

compared to a standard curve and were expressed in mg/dl.

Albumin concentrations in the medium were measured using an Enzyme-Linked 

Immunosorbent Assay (ELISA) kit (Bethyl Laboratories, TX #E80-129). Briefly, wells of a 

96 well plate (VWR #71000-078) were coated with goat anti-human antibody for 1 hour, 

washed with buffer, blocked with blocking buffer for 1 hour, and washed with buffer again. 

Then 100 μl of the medium samples were pipetted into the wells and incubated for 1 hour. 

After the incubation, the wells were washed again and the secondary antibody (HRP-

conjugated goat anti-human antibody) was added to the wells and incubated for 1 hour. 

Following another wash step with buffer, 100 μl of enzyme substrate (tetramethylbenzidine) 

was added to the wells, incubated for 15 min, and the reaction was stopped by adding 100 μl 

stopping solution. All incubations were carried out at room temperature. The absorbance 

was read at 450 nm using a VERSAmax microplate reader. The results were compared to a 

standard curve and were expressed in ng/ml.

Analysis of P450 enzyme activity

P450 enzyme activity was measured by using Promega Glo assay kits (Promega, WI #V8752 

for CYP1A1 and #V9002 for CYP3A4). Initially, the P450 “Induced” Groups were 

refreshed with medium containing induction reagents (final concentration of 25 μM 

rifampicin (Fisher #BP2679250) for CYP3A4 and 1 μM 3-methyl-cholanthrene (Sigma 

#442388) for CYP1A1) on the 5th, 6th, 12th, and 13th day post assembly of the devices, in 

order to obtain an induction of 48 hours for the 7th day and 14th day post device assembly. 

The P450 “Control” Groups were refreshed with the normal medium used for the devices. 

On the 7th and 14th day post assembly, we washed the reservoirs of both groups three times, 

added CEE-luciferin (100 μM final concentration) in serum-free EMEM medium, and 

incubated the device for 3 hours at 5% CO2 and 37°C. Medium samples were collected and 

stored frozen at −80°C until we ran the CYP1A1 assay. The device was washed again, IPA-

luciferin (3 μM final concentration) in serum-free EMEM was added, and the device 

incubated for 1 hour at 5% CO2 and 37°C. Medium samples were collected and stored 

frozen at −80°C until we ran the P450 assays. For the second part of the assays we thawed 

the samples, transferred 50 μl of the samples into the wells of an opaque white luminometer 

plate (Corning, NY #3912), added 50 μl of luciferin detection reagent specific for the desired 

enzyme, and incubated the plates for 20 min at room temperature. Luminescence was read 

with a Veritas luminometer (Promega, WI). Results were expressed as multiples of the level 

of inductions observed in controls that were not treated with induction reagents.

Viability Assay

After 14 days of culturing the cells in the device, we gently disassembled the devices and 

stained the cells for viability using Invitrogen’s live/dead staining kit (Invitrogen #L3224). 

Briefly, the cells were washed with DPBS, added staining solution (2 μM calcein AM and 2 

μM ethidium homodimer-1 final concentration in DPBS), incubated for 45 min at 5% CO2 

and 37°C, and then the cells were imaged under a fluorescent microscope using FITC filter 
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(494 nm excitation/517 nm emission) and RFP filters (528 nm excitation/617 nm emission). 

The Live/Dead Stain discriminated live from dead cells simultaneously because the green-

fluorescent calcein-AM indicated intracellular esterase activity (live) and red-fluorescent 

ethidium homodimer-1 indicated loss of plasma membrane integrity (dead). Micrographs 

were assessed using ImageJ to determine viability based on areas of cells that picked up the 

fluorescent dyes.

RESULTS

The GI Tract Model

A key feature that makes the in vitro GI tract model an ideal system to functionally mimic 

native human intestine is that it has a cellular and genetically defined epithelium, which 

retains major cell types (Lgr5+ stem cells and differentiated functional cells) in human 

intestinal epithelium, and is free of malignant origins7, 27.

Using our previously developed method6, 7, we generated primary culture of human 

intestinal epithelial cells (hIECs) from routine colonoscopy patient samples. DNA 

sequencing of these cells indicated no mutations in hotspot regions of APC, KRAS and 

TP53 genes (data not shown), the common mutations in human colorectal cancer diseases. 

Immortalized with protein expression of the human ribonucleoprotein enzyme telomerase 

(hTERT), the hIEC formed organoids with microcrypt structure in 3D matrigel culture, and 

were capable of self-renewal and multilineage differentiation into the various major types of 

functional epithelial cells7, 37 (Figure 1A).

Using cellular monolayers in transwells, we achieved tight junction formation with hIECs by 

co-culturing with myofibroblasts and 5 nM GSK-3beta inhibitor (Figure 1B) and measured 

sustained TEER values of 255 ± 5.1 Ωcm2 in these systems (Figure 1C). These systems have 

operated for at least 28 days with continuation of tight junction formation. We believe that 

this is the first example of a primary/stem cell derived GI tract module with sustained 

physiologic TEER values around 200 Ωcm2, the value close to that in native human GI.

Since a central objective of developing the microphysiological GI system is to evaluate 

absorption and metabolism of chemical or nutrients, we tested on our system for expression 

of the drug transporter, multi-drug resistance protein (MDR1/ABCB1), and metabolizing 

enzyme cytochrome P450 3A polypeptide 4 (CYP3A4), which are known to be present on 

human intestinal wall. The results of immunocytochemistry indicate that the monolayers 

formed with hIECs in transwells actively express MDR1 and CYP3A4 proteins at 

substantially higher levels than that on the monolayers formed with Caco-2 cells38, a colon 

carcinoma cell line regularly used for drug permeability study (Figure 1D). Next, we 

demonstrated the GI barrier functionality as permeability assay by measuring the rate of 

transport of a compound across the cellular monolayers formed with hIECs in transwell 

plates, an established method for predicting the in vivo absorption of drugs across gut wall. 

We have shown the permeability coefficient (P app) of hIECs on uptake of mannitol, 

propranolol, and caffeine, compared to colon cancer cell line Caco-2. (Figure 1E). Our 

results indicate substantially different values of permeability between hIECs and Caco-2 

cells in uptake of propranolol and caffeine. The primary cell derived monolayers with 
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malignancy free origin may improve in vitro drug absorption studies, allowing for a better 

predictability when compared to the conventional Caco-2 monolayers 28.

The Liver culture

To develop liver model that functionally exchanges enzymes and metabolites with the GI 

compartment, a primary culture of liver cells containing stem cell like cells would be an 

ideal system to use, as we have done elsewhere20. However, we chose HepG2 C3A cells 

(liver cell line) because it is an immortal cell line, easy to handle and compatible with the 

co-culture condition of the 50:50 mixture of the intestinal cell medium and the HepG2 C3A 

medium. Our results showed that HepG2 C3A cells were distributed evenly and fully 

populate the two layers of nylon scaffold to form a dense 3D tissue structure of micro-liver 

lobes (Figure 3D, E). The cells maintained high viability in all experiments displayed 

normal morphology for at least 28 days, based on phase-contrast microscopic examination 

(Figure 3C–E), and actively produced both P450 1A1 and P450 3A4, the important 

metabolizing enzymes present in native human liver (Figure 5).

GI-LIVER 2-chamber co-culture model

Furthermore, we attempted to develop a microphysiological system that accommodates both 

GI and liver tissues using the pumpless system. We co-cultured the primary intestinal cells 

with liver HepG2 C3A cells in a 2-chamber device (Figure 2) under medium circulation by 

gravity for 14 days, to generate an in vitro GI tract -LIVER model (Figure 3). In this model, 

both hIECs and C3A cells retained high viability (> 90% live cells by live/dead dye staining) 

(Figure 3A and C). During the system operation, the primary intestinal cells formed a 2D 

monolayer with tight junctions (Figure 3B) and the four major cell types in human GI 

epithelium; enterocytes, enteroendocrine, goblet and paneth-like cells were present in a 

realistic ratio in the GI chamber (Figure 3F). In the liver chamber, HepG2 C3A cultured on a 

3D scaffold formed micro-liver lobe-like structures in high viability (Figure 3D and E).

We further measured the concentrations of urea and albumin released by the co-cultures 

(Figure 4) and their enzyme activities of P450 1A1 and P450 3A4 (Figure 5) to test the 

functionality of GI-liver tract. We compared the results from the co-culture device to the 

results from Liver alone and GI alone devices. Substantial amounts of urea and albumin 

were detected in both co-culture and the culture of hIECs or HepG2 C3A alone. 

Interestingly, both P450 1A1 and P450 3A4 were significantly increased (2–4 fold) in the 

GI-Liver co-culture system compared to GI cell alone or Liver cell alone system, indicating 

synergistic effects of the co-culture model (Figure 5). These results demonstrated that the 

co-cultures of hIECs and HepG2 C3A cells are viable in the device for at least 14 days with 

improved metabolic activities compared to the cultures of single organ systems.

DISCUSSION

We have developed and characterized an integrated GI-Liver system that were populated 

with normal human cells in the GI layer, and recapitulated key aspects of human GI-liver 

physiology. In the present studies, we demonstrate the long-term growth of adult human 

colonic epithelial cells, bypassing telomere-controlled senescence through inserting 
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exogenous hTERT to maintain telomere length. Primary human cells immortalized with 

hTERT alone tend to have a relatively normal phenotype without cancer-associated changes 
39–41. The immortalized hIECs retain normal differentiation patterns, and are contact-

inhibited, non-tumorigenic and anchorage dependent. They are diploid, genomically stable, 

and possess functional cell cycle checkpoints7. These properties make them ideal for 

applications in tissue engineering. The immortalized primary cells derived models, can be 

produced in useful quantities with malignancy free origins and this allows adoption of well-

characterized cells for drug discovery/toxicology, improves assay reproducibility and 

enables data comparison across individuals. The utilization of patient derived primary cells 

also enables the potential stratification of patients with favorable and non-favorable 

responses to drug exposure and absorption, potentially leading to personalized medicine.

Another key aspect is the “pumpless” design in our system (US patent #8,748,180.B2) 

13,18,39, which significantly reduces cost by eliminating a pump and greatly simplifying set 

up and increasing operational reliability. One ‘rocker’ platform can accommodate many 

units simultaneously increasing potential throughput at a much reduced cost compared to 

pump systems, and the use of gravity as a motive force reduces problems of gas bubble 

formation and retention during operation ensuring robust operation. Two reservoirs are used 

and flow is bidirectional either from GI to liver tissues or liver to GI tissues according to 

different drug testing goals.

The flow through our channels ranged from zero to the desired flow bidirectionally because 

we used a continuously rocking platform. These experiments confirmed that it is possible to 

run bidirectional studies with a continuously rocking platform, as initially demonstrated by 

Sung, et al13. This operation is not ideal however and it is more desirable to have a 

unidirectional constant flow rate through a multiorgan device. Other groups have and are 

presently making modifications to address unidirectional constant flow rates by using a 

programmable rocker platform and changing channel or reservoir designs20, which we may 

adopt to improve our system in further studies.

This GI-liver module can be operated in low serum medium (~3% serum) for up to 14 days, 

in which the main cell types of both primary intestinal cells and liver HepG2 C3A cells were 

retained at high viability. Epithelial tight junction authentic to native GI was achieved and 

substantially higher levels of metabolites and enzymes were released in the co-cultures 

compared to separate cultures of GI or liver alone. Synergistic functions were indicated 

through the co-culturing of GI and liver cells. Compared to Caco-2 cells, hIECs are able to 

maintain relatively higher expression of drug transporter MDR1 protein and metabolizing 

enzyme CYP3A4, indicating primary intestinal cells may provide better prediction for drug 

absorption and metabolism in human intestine than Caco-2 cells. The physiological 

properties of our GI-liver model design suggest a stronger predictive capability for 

preclinical testing than other in vitro models with only a single cell type and in a static 

culture, and also keep the overall cost reasonable to facilitate widespread utilization by 

academic, governmental, industrial and technological drug discovery. Since animal data is 

not always a strong predictor of a drug’s toxicity or efficacy, complimenting or replacing 

animal studies with such human surrogates should ultimately lead to better decisions about 

which compounds to take into human clinical trials.
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CONCLUSION

We described a fluidic GI tract – Liver system that supports at least 14-day co-culture of 

human primary intestinal epithelial cells and HepG2 C3A liver cells in 3D scaffolds. This 

system consists of major cell lineages in human intestinal epithelium and primary intestinal 

cells derived from monolayers that formed tight junctions with authentic TEER values for 

the native human gut.

Our device is easy to operate and relies on gravity to create oscillatory bidirectional fluidic 

flow that enhances the metabolic activity of the co-culture GI-Liver system. The primary 

cells derived intestinal epithelium model represents a microphysiological GI system in 

malignant free origin and is expected, in combination with the liver compartment, to be an 

improved model for drug metabolism and toxicity studies.
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Figure 1. Culture of hIECs on 3D matrigel and transwell plates
A. In matrigel cultures, individual hIECs progressively formed organoid-like structures (left 

to right). Black arrows denote micro-crypt domains formed with the multicellular cyst-like 

structure, which is the typical behavior of physiologically active intestinal stem cells grown 

in 3D culture. B. Tight junction formation on a polycarbonate membrane that was coated 

with Collagen-I; Red: ZO-1; Blue: DAPI (nuclear). Scale bars are present on the 

micrographs C. The hIECs derived tight junctions can be sustained for at least 28 days with 

a TEER value close to that in native human GI. D. Expression of MDR1 and P450 3A4 in 

hIECs and Caco2 cells, detected by immunostaining using antibodies against human MDR1 

or P450 3A4; Red: MDR1 or P450 3A4; Blue: DAPI (nuclei). Scale bars are present on the 

micrographs E. hIECs or Caco2 cells were cultured on the polycarbonate membrane inserts 

of transwell plates for 28 days and the permeability coefficient (P app) of propranolol, 

mannitol or caffeine from the apical-to-basolateral (A to B) direction was measured as a 

correlation with intestinal drug absorption. Cell-free Transwell plates were used for negative 

control of non-specific binding. P app values are presented as mean (ng/ml) ± SEM (n = 3). 

Significant differences (P<0.05) between hIECs and Caco2 cells were observed in the 

absorption of propranolol and caffeine, noted with an asterisk. (by one-way ANOVA).
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Figure 2. The GI-Liver model
A. The schematic of the two chamber of GI-Liver module which allows for 3D culture of 

liver tissue and interaction between GI tract and liver through porous membrane 

(SolidWorks). B. Assembled device in the upright position with GI tract on the up-level and 

liver on the low-level; C. Gasket Assembly from top (left) to bottom (right). D. procedure of 

cell culture on the device (SolidWorks).
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Figure 3. Co-culture of hIECs and C3A cells on the GI-Liver module
The devices were cultured with a 1:1 mixture of medium from each of the 2 cell types with 

addition of 3% serum. After co-culture for 14 days, the devices were disassembled and 

stained with Invitrogen’s Live/Dead Stain or stained for tight junctions (ZO-1, green) and 

the nuclei counterstained with DAPI (blue). Cells were imaged under a fluorescent 

microscope. Scale bars are present on the micrographs. A. hIECs formed a monolayer in the 

GI-chamber and was stained with 2 μM calcein AM for live/dead cell assays. B. hIECs were 

stained with ZO-1 and DAPI. C. HepG2 C3A cells were plated on 3D construct and stained 

with 2 μM calcein AM. D. and E. The apical and basolateral surfaces of the 3D liver culture 

on a scaffold in which the C3A cells formed micro-liver lobe structure. F. Characterization 

of the hIECs cultured in the GI-chamber: cells expressed the stem cell marker Lgr5, 

epithelial markers (cytokeratin 18, colon epithelial cell-specific marker A33, β-Catenin in 

WNT signaling) and differentiation markers (villin (absorptive cells), mucin 2 (goblet cells) 

and chromogranin A (enteroendocrine cells)), detected by immunostaining. Nuclei were 

counter-stained (DAPI, blue). A bright field micrograph was included.
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Figure 4. Urea and Albumin concentrations in the GI-Liver model
The groups consisted of (1) COMBO = device with HepG2 C3A cells and hIEC cells plated 

in their appropriate chambers (2) LIVER = HepG2 C3A cells plated in its chamber without 

hIEC cells plated in its chamber (3) GI = hIEC cells plated in its chamber without HepG2 

C3A cells plated in its chamber. These groups were either induced for CYP 450 (I) or not 

induced for CYP 450, shown separately just in case there were differences. Medium samples 

were taken on Day 7 and Day 14 to measure urea and albumin concentrations. (A) Urea 

results are presented as mean (mg/dl) ± SEM (n = 3). Significant differences (P<0.05) from 

the Combo Group for that day were observed and noted with a red asterisk. B) Albumin 

results are presented as mean (ng/ml) ± SEM (n = 3). Significant differences (P<0.05) in 

urea concentrations from the Combo Group for that day were observed and noted with an 

asterisk. Significant differences (P<0.10) in Albumin concentrations from the Combo Group 

for that day were observed and noted with an asterisk. (by one-way ANOVA).

Chen et al. Page 17

Lab Chip. Author manuscript; available in PMC 2019 July 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Induced activity of CYP 1A1 and CYP 3A4 enzyme values in the GI-Liver model
Medium samples were taken on Day 7 and Day 14 to measure CYP 1A1 and CYP 3A4 

enzyme values. The both enzyme values are shown as a percent increase when compared to 

uninduced devices. Values are means ± standard errors, (n=3) with each separate experiment 

consisting of two replicates for each group. The groups consisted of (1) COMBO= device 

with HepG2 C3A cells and hIEC cells plated in their appropriate chambers (2) LIVER = 

HepG2 C3A cells plated in its chamber without hIEC cells plated in its chamber (3) GI = 

hIEC cells plated in its chamber without HepG2 C3A cells plated in its chamber. Significant 

differences (P<0.05) from the Combo Group were observed and noted with an asterisk. (by 

ANOVA test).
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