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Abstract 

In the evolving field of drug discovery and development, multi-organs-on-a-chip and 

microphysiological systems, are gaining popularity owing to their ability to emulate in vivo 

biological environments. Among the various gut-liver-on-a-chip systems for studying oral drug 

absorption, the chip developed in this study stands out with two distinct features: incorporation 

of perfluoropolyether (PFPE) to effectively mitigate drug sorption and a unique enterohepatic 

single-passage system, which simplifies the analysis of first-pass metabolism and oral 

bioavailability. By introducing a bolus drug injection into the liver compartment, hepatic 

extraction alone could be evaluated, further enhancing our estimation of intestinal availability. In 

a study on midazolam (MDZ), PFPE-based chips showed more than 20-times the appearance of 

intact MDZ in the liver compartment effluent compared to PDMS-based counterparts. Notably, 

saturation of hepatic metabolism at higher concentrations was confirmed by observations when 

the dose was reduced from 200 µM to 10 µM. This result was further emphasized when the 

metabolism was significantly inhibited by the coadministration of ketoconazole. Our chip, which 

is designed to minimize the dead volume between the gut and liver compartments, is adept at 

sensitively observing the saturation of metabolism and the effect of inhibitors. Using genome-

edited CYP3A4/UGT1A1-expressing Caco-2 cells, the estimates for intestinal and hepatic 
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availabilities were 0.96 and 0.82, respectively; these values are higher than the known human in 

vivo values. Although the metabolic activity in each compartment can be further improved, this 

gut-liver-on-a-chip can not only be used to evaluate oral bioavailability, but also to carry out 

individual assessment of both intestinal and hepatic availability. 

 

 

1. Introduction 

Oral bioavailability, a critical parameter for confirming the therapeutic efficacy of orally 

administered drugs, relies on the interplay between the absorption processes within the 

gastrointestinal tract and first-pass metabolism in the liver. The clinical development of 

numerous drug candidates has been hindered by their poor oral bioavailability. As a result, 

reliable predictive methods are needed to assess human oral bioavailability during the preclinical 

phase. Conventionally, such predictive strategies are based on the comprehensive exploration of 

in silico, in vitro, and in vivo animal models1-10. Given the ethical considerations surrounding 

animal welfare, interspecies variations, and the limitations of these models, an integrative 

approach employing physiologically based pharmacokinetic models and in vitro experimental 

data, such as cellular permeability and microsomal metabolism, has been frequently adopted1-3, 

11-14. 

The landscape of ADME/Tox studies is currently being reshaped by the growing interest in 

microphysiological systems15-21, which offer numerous advantages over traditional culture 

systems such as Transwell. For instance, these systems enable the simulation of tissue structures 

and fluid dynamics, which closely resemble physiological conditions. We are actively 

developing and characterizing an organ-on-a-chip that mimics various organs (e.g., the liver22-24, 
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kidney25, 26, intestine27, and tumors28) to assess ADME/Tox and drug delivery systems. Current 

research has not only pivoted to replicate the physiological functions of individual organs, but 

also to explore inter-organ interactions facilitated by microfluidic channels19, 20, 29-34. The gut-

liver-on-a-chip has been used to examine drug metabolism35-40 and the intricate network of 

inflammatory inter-tissue crosstalk41-43. The use of small-volume microfluidic channels to 

connect cells provides the distinct advantage of reducing the dilution of secreted humoral factors 

in the culture medium, which influences cellular function. Moreover, it is equally critical to 

minimize the loss of lipophilic medium components, secreted end products, and drug molecules 

owing to sorption onto the chip platform. Despite its widespread use due to ease of processing, 

polydimethylsiloxane (PDMS) is associated with extensive chemical sorption44-46. In contrast, 

perfluoropolyether (PFPE)-based elastomers, as demonstrated in our recent investigations, might 

be a more suitable material for the fabrication of an organ-on-a-chip22. 

In this study, we designed a PFPE-based gut-liver-on-a-chip to facilitate the exploration of 

first-pass metabolism and oral bioavailability of drugs. The system was composed of a co-culture 

of genome-edited Caco-2 cells, tagged as CYP3A4-POR-UGT1A1-KI Caco-2 cells (Caco-2-

3PU) owing to the engineered expression of CYP3A4, P450 oxidoreductase, and UGT1A147, 

along with human primary hepatocytes. This sophisticated gut-liver-on-a-chip model enabled us 

to examine drug metabolism during intestinal absorption and in the liver. Drugs permeating the 

epithelial layer are transported to the liver compartment via subepithelial microchannel fluid 

flow. By quantifying the drug concentrations in the liver compartment effluent, we evaluated 

both first-pass metabolism and bioavailability. Moreover, by incorporating pulse dosing 

experiments into the liver compartment inlet, we could separately evaluate the intestinal and 

hepatic metabolic processes. Using the assessment and analysis techniques developed in this 
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study, we explored the potential pharmacokinetic drug-drug interactions following oral co-

administration of perpetrator and victim drugs using the gut-liver-on-a-chip. 

 

2. Materials and Methods 

2.1. Materials 

Midazolam (MDZ), 1’-hydroxymidazolam (1’-OH MDZ), and ketoconazole were purchased 

from FUJIFILM Wako Pure Chemicals (Osaka, Japan), Cayman Chemical (Ann Arbor, MI), and 

Tokyo Research Chemicals (Tokyo, Japan), respectively. Dulbecco’s modified Eagle’s medium 

(DMEM), a penicillin-streptomycin mixed solution, and phosphate-buffered saline (PBS) were 

obtained from Nacalai Tesque (Kyoto, Japan). Other consumables, including William’s E 

medium, fetal bovine serum (FBS), nonessential amino acids, K8200 OptiPlate hepatocyte 

medium, and CM-4000 cell maintenance supplement, were purchased from Thermo Fisher 

Scientific Inc (Waltham, MA). Additionally, Matrigel and rat-tail collagen type I were purchased 

from Corning (Glendale, AZ). 

2.2. Fabrication of the Gut-Liver-on-a-Chip 

Our gut-liver-on-a-chip was conceptualized and fabricated using a PFPE elastomer (SIFEL X-

71-8115A/B Shin-Etsu Chemical, Tokyo, Japan). A schematic diagram of the chip mold 

arrangement is shown in Figure 1A. The microchannels had a width of 1 mm and height of 260 

μm, and fabricated using photolithography on a silicon wafer with SU-8 2100 (MicroChem, 

Westborough, MA). According to previously reported protocols, the master mold was replicated 

with epoxy resins (Epo-Tek OG142-87, Epoxy Technology, Billerica, MA), and the features 

were transferred to the PFPE layers through a soft lithography process. A PFPE layer, perforated 

with six 5-mm diameter holes at guide points, was face-to-face bonded with another PFPE layer 
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sandwiching the porous polyethylene terephthalate (PETE) membranes, and then baked at 

120 °C for 4 h. Polytetrafluoroethylene tubes (TOMBO No. 9003-PFA-SG, Nichias, Tokyo, 

Japan) with a 4 mm ID, 5 mm OD, and ~8 mm cut length were inserted into each hole to secure 

the height of the medium reservoirs. A schematic diagram and photograph of the fabricated chip 

are presented in Figure 1B. 

For comparison, PDMS-based chips were also fabricated. The soft lithography process 

mirrored that used for PFPE-based chips, except for variations in the curing temperature and 

time, which were set at 60 °C and 6 h, respectively. 

 

 

Figure 1. Mold layout (A) and appearance (B) of the current gut-liver-on-a-chip and cell culture 
timeline (C). When two blocks, created from the mold shown in Figure 1A, are placed facing 
each other with a PETE film in between and bonded, the chip shown on the left side of Figure 1B 
is created. The bottom channel on the right side is designed to connected with the top channel on 
the left side. Caco-2 cells are injected into the top channel (red, in Figure 1B) of the right side on 
day 0 and cultured for 14 days. On day 11, human hepatocytes are injected from the mid-junction 
towards the left channel and cultured. If the drug is administered to the gut-top channel, it will 
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pass through the Caco-2 cell layer and be transported from the bottom channel by the liquid flow 
towards the hepatocytes. This simulates the process of a drug being absorbed in the intestine and 
subsequently passing through the liver. 

 

2.3.Cell Culture on the Gut-Liver-on-a-Chip 

Caco-2-3PU and wild type Caco-2 cells (Caco-2-WT) were maintained in high-glucose 

DMEM supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin, and 1% 

nonessential amino acids in a humidified 37 °C and 5% CO2 incubator.  

The gut microchannels were primed with 15 μL of the coating solution, which comprised 40 

μL Matrigel and 40 μg rat tail collagen type I in 0.8 mL PBS. A cell suspension (100,000 cells in 

20 μL) was delicately introduced into the gut-top microchannel and incubated for 60 min at 

37 °C under 5% CO2. The culture medium (100 μL) was then added to each interconnected 

reservoir, and the chip was returned to the incubator. The medium was refreshed every second 

day. During days 7 to 11, the chip was placed on a seesaw rocking shaker (OrganoFlow®, 

Mimetas, Oegstgeest, The Netherlands), set to operate in 30-min cycles with a peak slope of 7°.  

On day 11, after the gut-liver coupling channel was rinsed twice with pre-warmed PBS, 15 μL 

of the coating solution was injected toward the liver compartment. Two hours later, primary 

human hepatocytes (Lot. HC1-30, XenoTech, Kansas City, KS) were thawed according to the 

supplier’s protocol and suspended in K8200 OptiPlate hepatocyte medium. These cells (75,000 

cells in 15 μL) were slowly administered from the channel mid-junction toward the liver 

compartment, and then incubated for 1 h. For each of the gut-liver coupling channel and liver-

bottom channel, 100 μL of the hepatocyte plating medium was added to one of the 

interconnected reservoirs. After 6 h, the OptiPlate hepatocyte medium was substituted with 

William’s E medium containing a CM-4000 cell maintenance supplement. After 18 h (day 12), 
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the William’s E medium was replaced with culture medium containing 0.25 mg/mL Matrigel for 

sandwich culture. The chip was returned to the seesaw-rocking shaker on day 13, marking the 

initiation of dynamic cell culture, set for a 3-min cycle with a maximum slope of 12°. 

A supplementary set of experiments was performed to elucidate the impact of co-culturing 

with intestinal cells on hepatic metabolism. Briefly, hepatocytes were cultured on a gut-liver-on-

a-chip. To prevent leakage of the medium into the gut-top microchannel, a specialized chip 

equipped with thin PFPE-coated PETE membrane was used. In the absence of Caco-2 cells, 

hepatocytes were inoculated and maintained on an equivalent timeline as performed in previous 

experiments. 

2.4. Evaluation of Oral Bioavailability using Gut-Liver-on-a-Chip 

Oral bioavailability investigations were performed on day 14, using the gut-liver-on-a-chip. 

The initial culture medium in the chip were replaced with the corresponding basal medium. In 

particular, DMEM basal medium was used in the gut-top channel, while William's E basal 

medium was used in the remaining two channels. The gut-liver coupling channel underwent a 

single-pass perfusion with William’s E basal medium regulated at a flow rate of 50 μL/h via a 

peristaltic micropump. 

After a 30-min stabilization period, 1 μL of 10 μM MDZ was pulse injected into the mid-

junction of the gut-liver coupling channel using a microliter syringe (Hamilton Company, 

Bonaduz, Switzerland). Liver compartment effluents were collected 1 and 1.5 h post-injection, 

weighed, and analyzed to quantify the MDZ and 1’-OH MDZ contents using LC/MS/MS, 

adhering to previously reported conditions22. The hepatic extraction ratio (ܧு)  and clearance 

 :were computed using the following formulas (ுܮܥ)

ுܧ =
௑೘೐೟

௑೔೙೟ೌ೎೟ା௑೘೐೟
   (1) 
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ுܮܥ = ܳ ∙  ு   (2)ܧ

where ௜ܺ௡௧௔௖௧ and ܺ௠௘௧ are the quantities of intact MDZ and 1’-OH MDZ that appeared within 1 

h, respectively, and Q is the flow rate; quantities emerging between 1 and 1.5 h were considered 

negligible. 

After an additional 30-min runtime and effluent medium removal, half of the gut-top channel 

medium was exchanged with an equal volume of medium containing either 20 or 400 μM MDZ. 

For one group, the gut-top channel medium contained 50 μM ketoconazole. The effluent from 

the liver compartment was collected hourly. Upon completion of the 4 h experiment, the gut-top 

channel medium was used to determine the quantity of 1’-OH MDZ. 

Generally, oral bioavailability (F) of a drug is expressed as: 

ܨ = ௔ܨ × ௚ܨ ×  ு  (3)ܨ

where ܨ௔ is the fraction of the absorbed dose; ܨ௚ is the fraction of the drug bypassing the gut wall 

without metabolism, and ܨு is the fraction of the unmetabolized drug passing through the liver. 

Within the context of this gut-liver-on-a-chip system, ܨ௔ should be equal to unity, as the gut-top 

channel operates in a closed system. As the metabolites produced in intestinal cells are secreted 

into both the gut-top and gut-bottom channels, bioavailability was calculated using the following 

formula: 

ܨ = ௚ܨ × ுܨ =
௏೔೙೟ೌ೎೟,ಹ

௏೔೙೟ೌ೎೟,ಹା௏೘೐೟,ಹା௏೘೐೟,ಸ
  (4) 

where ௜ܸ௡௧௔௖௧,ு and ௠ܸ௘௧,ு are the effluent appearance rates for intact MDZ and 1’-OH MDZ, 

respectively, and ௠ܸ௘௧,ீ  is the average appearance rate of the metabolite within the gut-top 

channel medium over a 4-h period. Since ܨு is equal to 1 −  ௚ can be obtained using Eqs. 1ܨ ,ுܧ

and 4. 

2.5. Influence of Co-Culture on Hepatocyte Gene Expression 
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The potential impact of co-culture with Caco-2-WT or Caco-2-3PU cells on hepatocyte gene 

expression was assessed using real-time polymerase chain reaction (RT-PCR). On day 14, the 

PETE membrane in the liver compartment was carefully retrieved from the chip after removal of 

the culture media and a subsequent double wash with prewarmed PBS. The extracted membrane 

was immersed and agitated in 70 μL of lysis buffer from the RNeasy Micro Kit (Qiagen, Hilden, 

Germany). Total RNA was extracted, purified, and reverse-transcribed into cDNA using an RT 

Reagent Kit (Takara Bio, Shiga, Japan). Real-time quantitative PCR was conducted on a Step-

one Sequence Detection system, following a protocol reported previously22. 

2.6. Statistical Analyses 

The data are presented as mean ± SE of at least three independent experiments. Statistical 

significance was assessed using one-way analysis of variance (ANOVA), followed by a post-hoc 

Tukey-Kramer test. 

 

3. Results 

3.1. Comparison between PDMS and PFPE 

In this preliminary experiment, we evaluated the suitability of PFPE for the fabrication of a 

gut-liver-on-a-chip. MDZ, a widely recognized substrate of CYP3A4, was used in this study. 

Figures 2A and 2B present the kinetic profiles of intact MDZ and its metabolite, 1’-OH MDZ, in 

the liver compartment effluent following the administration of 200 μM MDZ to the gut-top 

channel. Notably, the appearance rate of MDZ in PFPE-based chips was markedly higher, i.e., 

21.5-fold than that in PDMS-based chips. We further assessed the metabolite-to-parent ratio, 

which denotes the ratio of 1’-OH MDZ to intact MDZ. The observed values were 0.043 for the 
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PFPE-based chips and 0.098 for the PDMS-based chips, indicating a lower ratio for the PFPE-

based chips. 

Figure 2C shows the concentration of MDZ remaining in the gut-top channel medium at the 

end of the experiment. A marked reduction in the concentration of MDZ in the gut-top donor 

medium was observed in the PDMS-based chips, a phenomenon that could not be entirely 

attributed to transepithelial absorption when mass balance is considered (Table 1). This result 

suggests pronounced sorption of MDZ by the PDMS resins, an effect not observed with the 

PFPE resins. Overall, this finding highlights the utility of PFPE over PDMS in drug absorption 

and metabolism studies using the gut-liver-on-a-chip. 

The observed low metabolite-to-parent ratio in the PFPE-based chips compared to the PDMS-

based chips may be attributable to the saturation of the metabolic process. This finding could 

also be attributed to the substantially higher concentration of intact MDZ observed in the PFPE-

based chips. To mitigate this effect, subsequent studies using the PFPE-based chips were 

conducted at a reduced MDZ dosing concentration of 10 μM. 

 

 

Figure 2. Effect of the fabrication materials, namely PFPE and PDMS, on the kinetic profiles of 
midazolam (MDZ) in the gut-liver-on-a-chip. Primary human hepatocytes (PHHs) were co-
cultured with wild type Caco-2 cells (Caco-2-WT) on the chip. Figures 2A and 2B show the 
time-course of MDZ and 1’-hydroxymidazolam (1’-OH MDZ) appearing in the liver 
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compartment effluent, represented by blue for PFPE and red for PDMS, respectively. Figure 2C 
shows the concentration of MDZ remaining in the gut-top donor medium at the end of the 
experiments. All data are presented as mean ± SE (n = 4). 

 

3.2. Investigation of Intestinal Metabolism and Simultaneous Perpetrator Presence 

Although Caco-2 cells are known for their limited CYP metabolic activities, the introduction 

of genome-edited Caco-2 cells, i.e., Caco-2-3PU47, enabled the creation of a gut-liver-on-a-chip 

exhibiting metabolic activities in both the gut and liver compartments. On the other hand, 

ketoconazole, a well-known CYP3A4 inhibitor, was utilized to emulate oral drug-drug 

interactions. 

 

Table 1. Appearance of midazolam (MDZ) and its metabolite (1’-OH MDZ) in the liver 
compartment effluent of the gut-liver-on-a-chip. 

No. Gut cell 
Dose 
conca) 
(μM) 

Material Perpetrator 

Appearance rate in the effluentb)  Gut-top conc at 4 h Total 
Recovery 
(%) MDZ 

(pmol/h) 

1’-OH 
MDZ 
 (pmol/h) 

1’-OH 
MDZ  
ratio (%)c) 

 MDZ 
(μM) 

1’-OH 
MDZ  
(μM) 

1 Caco-2-WT 200 PDMS — 39.7±5.6 3.82±0.66 8.9±1.5§  4.56±0.77 N.D.d) 3.1±0.6 

2 Caco-2-WT 200 PFPE — 863.2±201.4 24.46±2.06 3.2±0.6  173.0±5.6 N.D.d) 104.4±11.6 

3 Caco-2-WT 10 PFPE — 53.9±2.7 6.63±0.16 11.0±0.5§,¶  4.42±0.20 N.D.d) 69.4±3.9 

4 Caco-2-3PU 10 PFPE — 48.1±7.0 9.37±1.19 16.5±1.1  4.87±0.09 0.013±0.01 72.7±7.8 

5 Caco-2-3PU 10 PFPE ketoconazole 46.9±5.2 0.76±0.04 17.0±0.2¶  5.18±0.58 N.D.d) 71.4.4±13.4 

a) Initial dose concentration of MDZ administered to the gut-top medium. 

b) The appearance rates of MDZ and 1’-OH MDZ in the liver compartment effluent 
correspond to the slopes of the kinetic profiles shown in Figures 1 and 2. 

c) Ratio of 1’-OH MDZ to the sum of MDZ and 1’-OH MDZ in the liver compartment effluent. 
The superscripts, § and ¶, indicate significant differences from conditions 2 and 4, respectively 
(p<0.05). 

d) Not detected. 
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e) The limits of quantitation for MDZ and 1’-OH MDZ were 2 nM. 

 

 

Figure 3. Effect of intestinal CYP3A4 expression and ketoconazole co-administration on the 
kinetic profiles of midazolam in the gut-liver-on-a-chip. Primary human hepatocytes (PHHs) 
were co-cultured with CYP3A4-POR-UGT1A1-KI Caco-2 cells (Caco-2-3PU, blue color) or 
wild type Caco-2 cells (Caco-2-WT, red color). Absorption and metabolism in Caco-2-3PU were 
also investigated in the presence of 50 μM ketoconazole in the gut-top donor medium (green 
color). Figures 3A and 3B represent the time-course of midazolam (MDZ) and 1’-
hydroxymidazolam (1’-OH MDZ) appearing in the hepatic outflow. Figure 3C represents the 
appearance of 1’-OH MDZ in the gut-top medium at the end of the experiments. All data are 
presented as mean ± SE (n = 4). 

 

Figure 3 shows the kinetic profiles of the quantities of MDZ and 1’-OH MDZ appearing in the 

liver compartment effluent under three distinct conditions: Caco-2-WT, Caco-2-3PU, and Caco-

2-3PU with co-administration of 50 μM ketoconazole. The appearance rate of MDZ in the 

effluent was similar across all three groups (Figure 3A). When Caco-2-3PU was employed 

instead of Caco-2-WT cells, a slight increase in the appearance of 1’-OH MDZ was observed, 

which was essentially eliminated by the co-administration of ketoconazole (Figure 3B). Table 1 

summarizes the appearance rates of MDZ and 1’-OH MDZ in the liver compartment effluent, 

which correspond to the slopes of the kinetic profiles shown in Figures 1 and 2.  When the initial 



 14

dose concentration decreased from 200 µM to 10 µM, the relative appearance of 1’-OH MDZ 

significantly increased, suggesting that hepatic metabolism becomes saturated at higher 

concentrations. 

Interestingly, 1’-OH MDZ was detected in the gut-top medium in Caco-2-3PU cells (Figure 

3C), implying that the metabolite was produced in CYP3A4-expressing cells and subsequently 

secreted into the intestinal luminal side. Notably, the difference in the quantity of 1’-OH MDZ 

secreted into the gut-top medium between the Caco-2-3PU and Caco-2-WT experiments 

exceeded the corresponding difference observed in the liver compartment effluent. Of note, the 

amount of 1’-OH MDZ found in the liver compartment effluent represents the cumulative 

metabolite production in both the gut and liver compartments. As metabolite production in the 

liver compartment is unaffected by Caco-2-3PU or Caco-2-WT cells, any observed variation in 

the liver compartment effluent can be attributed to differences in intestinal metabolism. As the 

differential quantity of 1’-OH MDZ secreted in the gut-top medium between Caco-2-3PU and 

Caco-2-WT cells exceeded that in the liver compartment effluent, the metabolites produced in 

epithelial cells may favor secretion toward the apical side. Nonetheless, these results alone do not 

rule out changes in the metabolic activity of hepatocytes due to the co-culture of different Caco-2 

cells. 

3.3. Determination of Intestinal Availability (۴܏) and Hepatic Availability (۴۶) 

To ascertain whether the co-culture of intestinal cells influences the metabolic functions of 

hepatocytes within the gut-liver-on-a-chip, the absorption and metabolic processes must be 

kinetically segregated. We postulated that a bolus injection at the inlet of the liver compartment 

would facilitate the evaluation of the metabolic activity of hepatocytes toward MDZ during a 

single passage. An experiment employing a bolus injection was conducted prior to the intestinal 
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absorption experiment described earlier. Figure 4 illustrates the hepatic extraction ratio (ܧு) of 

MDZ or 1 −  ு, which was calculated from the recovery of MDZ and 1’-OH MDZ in the liverܨ

compartment effluent after bolus injection into the mid-junction of the gut-liver coupling channel. 

Compared to hepatocytes alone, a minor, albeit not statistically significant, reduction in ܧு was 

observed when hepatocytes were co-cultured with Caco-2 cells; however, no discernible 

difference was found between co-culture with Caco-2-WT and Caco-2-3PU cells. The 

administration of ketoconazole to the gut-top medium 30 min prior to the bolus injection resulted 

in ܧு approaching zero, indicating substantial penetration of ketoconazole through the Caco-2 

cell layers and subsequent inhibition of the metabolic activity of hepatocytes toward MDZ. 

 

 

Figure 4. Hepatic extraction of midazolam (MDZ) following a bolus microinjection in the gut-
liver-on-a-chip. MDZ was injected into the mid-junction of the gut-liver coupling microchannel 
of the chip. The hepatic extraction ratio for primary human hepatocytes (PHHs) co-cultured with 
Caco-2-3PU or Caco-2-WT was compared with that for PHH only. Data are expressed as the 
mean ± SE of four samples. 
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Table 2. Availability of midazolam in first-pass metabolism using the gut-liver-on-a-chip chip. 

 Perpetrator Bioavailabilitya) (ܨ) 
Intestinal 
availabilitya) (ܨ௚) 

Hepatic 
availabilitya) (ܨு) 

Caco-2-WT — 0.888±0.012 1.09±0.078 0.817±0.052 

Caco-2-3PU — 0.789±0.035 0.958±0.045 0.824±0.023 

Caco-2-3PU ketoconazole 0.968±0.009 0.968±0.009 1b) 

a) The availability was calculated using Eqs. 1–4. Of note, ܨு equals 1 −  .ுܧ

b) As ketoconazole treatment prevented the appearance of 1’-OH MDZ after a bolus injection 
of MDZ in the liver compartment, ܨு was estimated to be unity. 

 

The bioavailability (F) of MDZ was estimated from the rate balance at a quasi-steady state, 

based on the assumption that the steady-state disappearance from the system comprised 

volumetric elution of MDZ and 1’-OH MDZ from the liver compartment and efflux of 1’-OH 

MDZ into the gut-top medium. In addition, the fraction absorbed was theoretically assumed to be 

unity, as the gut-top channel constituted a closed system. Table 2 summarizes the intestinal and 

hepatic availabilities, and bioavailability of MDZ under various conditions. The ܨ௚ value was 

close to unity, even when metabolite secretion into the gut-top medium was observed with Caco-

2-3PU cells. For Caco-2-WT, the ܨ௚ value exceeded unity, because the F value was higher than 

the ܨு value. As ܨு was deduced from bolus microinjection experiments performed prior to the 

absorption experiments, this result may be attributed to a decrease in hepatocyte metabolic 

activity over the duration of the experiment. However, the kinetic profiles of 1’-OH MDZ in the 

liver compartment effluent were somewhat convex but largely linear over time (Figure 3B), 

indicating that any potential loss in activity was not pronounced. Therefore, the significantly 
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smaller ܨு  than ܨ௚  suggests that the liver compartment is primarily responsible for the 

metabolism of MDZ in the gut-liver-on-a-chip. 

3.4. Influence of Co-Culture on Hepatocyte Gene Expression 

Real-time PCR was performed to investigate prospective alterations in the gene expression of 

hepatocytes that could be associated with their co-culture with Caco-2-3PU in the gut-liver-on-a-

chip. The study focused on a group of genes associated with hepatic metabolism, specifically α1-

antitypsin, albumin, hepatocyte nuclear factor 4α (HNF4α), MRP2, CYP1A2, CYP2C9, 

CYP2C19, CYP3A4, CYP3A5, and UGT1A1. Besides CYP2C19, no statistically significant 

difference in gene expression was observed relative to co-culture with Caco-2-3PU (Figure 5). 

Thus, the magnitude of these changes was insignificant, and no clear pattern emerged. 

 

Figure 5. Gene expression of primary human hepatocytes (PHHs) cultured in the gut-liver-on-a-
chip. Comparisons were made with and without co-culture with Caco2-3PU. Gene expression of 
each hepatic marker was corrected based on that of GAPDH, and further normalized by the 
relative expression in the PHH only group. All data are presented as mean ± SE (n = 4). 

 

 



 18

4. Discussion 

Compared with previous developed chips38-42, the gut-liver-on-a-chip fabricated in this study is 

noteworthy, particularly in its specialized ability to evaluate the first-pass effects of drugs. A key 

factor in its functionality is the minimization of the dead volume arising from the connection 

between the gut and liver compartments. Physiologically, approximately 80% of the blood 

flowing into the liver is portal blood48. Therefore, substances secreted or absorbed from the gut 

into the bloodstream may be channeled directly to the liver with minimal dilution by the hepatic 

arterial blood. When a substantial amount of a drug is absorbed orally, its hepatic metabolism 

can reach saturation, leading to increased oral bioavailability49-51. Another crucial design feature 

of our gut-liver-on-a-chip is its open system, which ensures that drugs pass through the liver 

compartment only once. Oral bioavailability can be directly evaluated by sampling and analyzing 

the effluent from the liver compartment. Circulating drugs can re-enter the liver in living 

systems; however, because their concentration is diluted owing to their distribution throughout 

the body, the impact of this re-entered drug on the hepatic first-pass effect is generally negligible. 

Most of the gut-liver-on-a-chips developed to date38-42 employ closed systems in which drug 

metabolism recurs. Such systems may not always be optimal for evaluating oral bioavailability. 

In the present study, MDZ was selected as the model drug. By reducing the initial dose 

concentration of MDZ in the gut-top channel from 200 µM to 10 µM, the ratio of the metabolite 

to the intact form in the liver compartment effluent significantly increased. This result suggests 

that at higher concentrations, the absorption rate of MDZ increases proportionally, leading to the 

saturation of its metabolism in the liver compartment. However, of note, this observation is only 

relevant when low-sorption PFPE is used as the chip material. The use of PDMS caused intense 
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sorption of MDZ during the experiment (Table 1), complicating the accurate evaluation of the 

absorption and metabolism kinetics. 

A distinctive feature of the current gut-liver-on-a-chip is its ability to evaluate the hepatic 

metabolism of drugs by introducing the drug as a bolus injection into the liver compartment inlet. 

The estimated hepatic availability (ܨு) of MDZ using this chip was approximately 0.8, which 

was higher than the human ܨு of 0.5652. The ܨு  value is determined by the balance between 

flow rate and metabolic clearance. Halving the flow rate to double the passage time within the 

liver compartment or doubling the number of liver cells to increase metabolic clearance can 

achieve hepatic availability comparable to that under in vivo conditions. However, a significant 

concern is the decrease in the metabolic activity of hepatocytes during cultivation, a challenge 

that persists even with Matrigel overlay sandwich culture53-55 and fluid shear stress56, 57. This 

concern has been a long-standing issue, and a solution to this inherent problem in primary 

hepatocyte culture is still anticipated. 

In this study, kinetic analyses were conducted by measuring only the primary metabolite of 

MDZ, 1’-OH MDZ. However, it is also known that 1’-OH MDZ can undergo further 

glucuronidation, as well as MDZ undergoing N-glucuronidation58,59. In a preliminary experiment, 

the effluent samples were thus divided and treated with glucuronidase60 to assess the increase in 

intact and 1’-OH MDZ compared to untreated samples (Supplementary Figure S1). As a result, 

there was little observed increase in their amount thought to be due to deconjugation, suggesting 

the contribution of glucuronide conjugation be minimal in this experimental system. Since this 

experiment evaluates metabolism in a single pass, increases may not be adequately detected due 

to short contact time with cells. It is presumed that diffusion into the extracellular space 

surpassed subsequently occurring glucuronidation for 1’-OH MDZ. The use of kinetic data for 
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only intact and 1’-OH MDZ would be supported by the deconjugation experiments with 

glucuronidase. 

Several studies have evaluated changes in hepatocyte gene expression and metabolic ability 

due to co-culture with gut cells. In this study, co-culture with Caco-2 cells did not significantly 

alter the metabolic clearance of MDZ (Figure 4). Moreover, no notable variations in gene 

expression were observed (Figure 5). Shinohara et al.39 reported increased gene expression of 

various CYPs and UGTs when hepatocytes isolated from chimeric humanized liver mice (PXB 

mice) were co-cultured with intestinal cells derived from human iPS; however, the mechanism 

was not revealed. In contrast, Arakawa et al.37, using the same gut-liver-on-a-chip as Shinohara 

et al39, found no effect of co-culture on CYP gene expression. Notably, Arakawa et al.37 selected 

different cell types, namely Caco-2 and HepaRG cells, and a shorter co-culture duration37. In our 

study, primary human hepatocytes were utilized, and owing to metabolic activity concerns, the 

co-culture duration was limited to three days. Owing to the use of Caco-2 cells, our experimental 

setup aligns more closely with that of Arakawa et al37 than Shinohara et al.39. 

Known in vivo interactions in the gut-liver axis include the regulation of CYP by gut bacterial 

metabolites61-63 and the suppression of gluconeogenesis and bile acid synthesis by gut-derived 

FGF15/1964, 65. Although the gene expression results did not reveal a strong humoral gut-liver 

interaction, our chip design, with minimized dead volume and the capability to deliver high 

concentrations of gut-derived substances to the liver compartment, holds potential for such 

investigations. We observed the inhibition of the hepatic metabolism of MDZ when co-

administered with ketoconazole, a potent CYP3A4 inhibitor. Only few reports have highlighted 

drug-drug interactions in the gut-liver-on-a-chip, making the findings of this study particularly 

significant. 
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Caco-2 cells, which are often used as a model for drug absorption, are associated with 

challenges due to their low metabolic activity. Recently, Negoro et al.66 introduced Caco-2-3PU, 

in which the CYP3A4 and UGT1A1 genes were incorporated using genome editing. Although 

not as high as that in the human small intestine, Caco-2-3PU cells show significant metabolic 

activity, which is entirely absent in Caco-2-WT66. Using Caco-2-3PU cells in our gut-liver-on-a-

chip resulted in an increase in 1’-OH MDZ in the liver compartment effluent compared to that 

observed with Caco-2-WT cells. Further, we detected a significant amount of the metabolite in 

the gut-top channel. However, the calculated intestinal availability (ܨ௚ ) was close to unity, 

suggesting that MDZ was primarily absorbed in its intact form. With oral bioavailability and 

hepatic availability (ܨு) values of 0.30 and 0.56, respectively, for MDZ in humans52, assuming a 

fraction absorbed (ܨ௔) of one yields a human ܨ௚ value of 0.54. The metabolic activity of Caco-2-

3PU cells remained relatively low, indicating the need for further improvements of the small 

intestine model. 

However, developing organs-on-a-chip that faithfully reproduce clinical pharmacokinetics 

appears challenging. Realistically, extrapolating results from organs-on-a-chip using scaling 

factors seems more feasible. Empirical methods, such as modeling the correlation between in 

vitro and in vivo data, could be considered for this purpose, yet human clinical data are far from 

sufficient. Utilizing mechanistic approaches, akin to physiologically based pharmacokinetic 

models, is imperative37. Hence, it is crucial to dissect individual processes even in evaluations 

conducted with organs-on-a-chip. We propose a method to separately evaluate intestinal 

absorption and hepatic metabolism by integrating the administration method into the gut-liver 

chip system. Such an approach to devising dosing modes undoubtedly proves beneficial for 

extracting information from organs-on-a-chip. 
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5. Conclusion 

Although the metabolic activity within the gut and liver compartments can be improved, our 

gut-liver-on-a-chip can not only be used to evaluate oral bioavailability, but through combination 

with different administration methods, can be used to carry out individual assessment of both 

intestinal and hepatic availability. Moreover, this chip confirmed the inhibition of hepatic 

metabolism when co-administered with metabolic inhibitors, suggesting its potential for 

evaluating drug-drug interactions. 

 

 

SUPPORTING INFORMATION.  

Method S1. Evaluation of glucuronide conjugation in the gut-liver-on-a-chip 

Table S1. HPLC conditions in LC-MS/MS 

Table S2. Ionization mode and multiple-reaction monitoring (MRM) transition in LC-MS/MS 

Table S3. Primers used for qPCR 

Figure S1. Contribution of glucuronidation to the absorption and metabolism of midazolam in 

the gut-liver-on-a-chip. 
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