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PREFACE 

Recently, increasing attention has been paid to microphysiological systems (MPS). These 

systems incorporate microfluidics, microengineering, and biomimetic theories to fabricate 

artificial bioreactors that aim to simulate the essential functions of human organs in a small 

volume [1]. Compared to conventional static cell culture, microphysiological systems provide 

more physiologically relevant conditions. Perfusion culture can be utilized to provide nutrients 

and oxygen to the cells and to remove metabolic wastes from their surface [2]. Biochemical and 

biomechanical stimuli given by the system provide an in-vivo like microenvironment and allow 

to improve the function of the cells [3]. In addition, co-culture with different organs or tissues on 

the multi-organs-on-a-chip could be used to simulate the complicated structures, 

microenvironments, and physiology of the human body.  

The liver is a complex, multi-functional organ that plays a vital part in the synthesis, 

metabolism, storage, filtration, and removal of important substances in the body. Several in vitro 

liver systems have been designed to replicate liver function and pathology. Among them, a 

number of liver-on-a-chip have been developed for the research of drug development, 

personalized medicine, disease mechanisms, and drug organogenesis [4]. However, there are still 

some challenges in the current research. Currently, polydimethylsiloxane (PDMS) is mainly used 

to fabricate microphysiological systems, but it is not suitable for drug metabolism and toxicity 

studies. Since most of the drugs that undergo hepatic disposition and metabolism are hydrophobic, 

the hydrophobic and porous nature of PDMS causes extensive absorption of these drugs [5]. 

 To solve this problem, researchers have been exploring alternative, non-absorbent materials in 

the last decade [6]. Perfluoropolyether (PFPE), which has been used for sealing, coating and 

bonding in automotive and aerospace applications, shows a variety of unique properties, including 

chemical inertness and resistance to both solvents and high temperatures. In addition, it is 

optically transparent and biocompatible enough to be used in corneal inlays [7]. All these 

advantages make it possible to use PFPE as a material to fabricate a chemically repellent 
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microphysiological system for ADME/Tox studies. 

This thesis consists of three chapters. In the first chapter, primary rat hepatocytes were cultured 

in the PFPE-based microfluidic device and the effect of shear stress on hepatic metabolism was 

investigated. Since some of the substrates used in the metabolic experiments were still absorbed 

by PFPE, the Hansen solubility parameter (HSP) theory was used to elucidate the mechanism of 

this sorption. In the second chapter, the PFPE-based microfluidic device was applied to drug 

toxicity studies. The liver is an important site not only for metabolism but also for detoxification, 

thus the feasibility of toxicity testing using this device was subsequently explored. In the final 

third chapter, a gut-liver-on-a-chip device was constructed to evaluate first-pass metabolism and 

oral bioavailability of drugs. In addition, the contribution of intestinal and liver metabolisms under 

the co-culture condition was also evaluated by combining pulse dosing experiments to the liver 

compartment inlet. 
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CHAPTER 1 

Application of perfluoropolyether elastomers in 

microfluidic drug metabolism assays 

 

I-1 INTRODUCTION  

In recent years, the use of microphysiological systems for the evaluation of liver metabolism 

and toxicity has gained attention [8, 9]. Microphysiological systems can be considered miniature 

systems of artificial liver bioreactors that have been studied. Similar to bioreactors, the perfusion 

culture system can supply nutrients and oxygen to wash out metabolic waste [2]. Furthermore, 

biochemical and biomechanical stimuli given by the system improve the function of hepatocytes 

[3]. Once culturing begins, primary hepatocytes rapidly lose function. However, this can be 

mitigated with the addition of microfluidic flow. In fact, under flow conditions, albumin and urea 

secretion remains constant for more than 2 weeks, and gene expression of various metabolizing 

enzymes and transporters improved, as compared to that in static conditions [10]. 

Metabolism studies in microphysiological systems are hampered by the absorption of drugs 

into the materials used in microfabrication. Polydimethylsiloxane (PDMS) is the commonly used 

material because of its biocompatibility, transparency, and excellent molding characteristics, but 

the hydrophobic and porous nature of PDMS causes extensive absorption of hydrophobic drugs 

[5]. As a result, there is limited information regarding the functional presence of metabolic activity, 

as compared to the biological and physiological functions of hepatocytes cultured on chips. 

Because of the limitations of PDMS, devices using alternative, non-absorptive materials are now 

being explored. Recently, Campbell et al. provided an excellent review on alternative materials 

for the fabrication of microphysiological systems [6]. Perfluoropolyether (PFPE), like other 
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fluorinated polymers, is chemically inert and resistant to both solvents and high temperatures, but 

also has the unique characteristic of being a liquid at room temperature. PFPE has also been used 

as a moldable material in soft lithography. UV-curable PFPE is popular, but there is also heat-

curable PFPE as well as PDMS, which can be used to fabricate multi-layered microfluidic devices 

[11]. In addition, PFPE is optically transparent and biocompatible enough to be used for corneal 

inlay. 

All these advantages make it possible to use PFPE as a material to fabricate a chemically 

repellent liver-on-a-chip models. This chapter confirmed the sandwich culture of primary rat 

hepatocytes in the PFPE-based microfluidic device, then investigated the effect of hydrodynamic 

stimuli on albumin and urea production and drug metabolism. Furthermore, based on Hansen 

solubility parameter (HSP) theory, chemical repellency of PFPE in comparison with PDMS were 

systematically evaluated and their applicability limits were clarified. 

I-2 MATERIALS & METHODS 

I-2.1 Fabrication of PDMS-based microfluidic devices 

The microfluidic device is composed of three parts: the upper blocks, lower blocks, and a 

sandwiched semipermeable membrane. The two blocks with microchannels 1 mm wide, 10 mm 

long, and 0.3 mm high were fabricated from PDMS using a soft lithographic technique. The 

positive-relief masters on silicon wafers were made by standard photolithography using the 

negative photoresist SU-8 2150 (MicroChem, Westborough, MA). The silicone elastomer and 

curing agent (Sylgard 184, Dow Corning, Midland, MI) were mixed at a volume ratio of 10:1, 

fully degassed, poured into the master mold, and then cured at 60 °C overnight. The PDMS slab 

was demolded, diced, and used to fabricate epoxy-based molds replicating the features of the SU-

8 masters. After filling its channel with a small amount of epoxy resin (Epo-Tek OG142-87, 

Epoxy Technology, Billerica, MA), the PDMS cast was gently floated channel-side down into the 
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epoxy resin poured into a 60-mm aluminum dish. The epoxy resin was cured with UV irradiation 

for 2h, and after removal of PDMS cast, it was coated with trichloro(1H,1H,2H,2H-

perfluorooctyl) silane (Sigma-Aldrich, St. Louis, MO) by vacuum deposition. The resulting epoxy 

resin was used as a reusable mold for device fabrication; the PDMS prepolymer was premixed as 

mentioned above, poured into the epoxy-based mold, and then cured at 60 °C for 6 h. Four 

reservoir holes were punched out with a 6-mm biopsy punch against the upper PDMS block. 

PDMS prepolymer, for use as a glue [12], was spread on a glass slide by spin coating at 4,000 

rpm (Model K-359S1, Kyowa Riken Co., Tokyo, Japan). The upper and lower blocks were placed 

with the channel-side down onto the PDMS prepolymer-coated glass slide. After being left for 5 

min, the blocks were detached from the glass slide. A strip-cut PETE membrane with pores of 3 

μm (Sterlitech, Kent, WA) was placed on the lower block sandwiched with the upper block. 

Finally, the combined layers were placed at 60 °C for 6 h to cure the PDMS glue. 

I-2.2 Fabrication of PFPE-based microfluidic devices 

PFPE devices can be created using similar procedures as for PDMS devices. An elastomer 

(SIFEL X-71-8115A/B, Shin-Etsu Chemical, Japan) was mixed at the indicated ratio of 1:1, fully 

degassed, poured into the pre-prepared mold, and cured at 120 °C for 4 h. The following procedure 

was the same, except that the glass slide was spin-coated at 2,800 rpm and that the polymer glue 

was cured at 120 °C for 4 h. Figure 1 shows the appearance of the fabricated devices. 
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Figure 1. Structure and appearance of PDMS- and PFPE-based microfluidic devices. 

 

I-2.3 Isolation and primary culture of rat hepatocytes 

Sprague-Dawley male rats weighing 180–200 g were purchased from Japan SLC Inc., Shizuoka, 

Japan. All experiments were approved by the Animal Experimentation Committee of the Graduate 

School of Pharmaceutical Sciences, Kyoto University. A two-step collagenase perfusion method 

was used to isolate rat hepatocytes [13]. Rats were anesthetized with an intraperitoneal injection 

of a solution (10 mL/kg) consisting of 0.4 mg/mL midazolam, 0.5 mg/mL buprenorphine, and 

0.03 mg/mL medetomidine. The liver was perfused with a pre-perfusion solution (115 mM NaCl, 

25 mM NaHCO3, 5.9 mM KCl, 1.18 mM MgCl2, 1.23 mM NaH2PO4, and 6 mM glucose) warmed 

at 40 °C for 8 min, followed by 100 IU/mL of a collagenase type IV (Sigma-Aldrich, St. Louis, 

MO) solution (200 mL of pre-perfusion solution plus 2 mL of 10 mM CaCl2) for 6 min. The rate 

of perfusion was set to 25 mL/min. The liver was transferred to a 10 cm plastic dish, and the 

serous membrane was gently torn in the Krebs-Henseleit buffer with forceps. The crude cell 

suspension was filtered through gauze and a 70-μm nylon mesh and centrifuged twice at 50×g for 
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3 min to remove non-parenchymal cells. The resulting hepatocytes obtained were suspended in 

William’s E medium (Sigma-Aldrich, St. Louis, MO) supplemented with 1 mg/mL 

dexamethasone, 10 mg/mL amphotericin B, penicillin-streptomycin, and ITS+ premix (R&D 

Systems, Inc., Minneapolis, MN). Hepatocytes were used for further experiments only when their 

viability was > 85% after trypan blue staining. 

The day before culturing, PDMS and PFPE devices were sterilized with UV irradiation for 2 h, 

and the upper and lower microchannels were treated with 15 μL aliquot of the coating solution 

(40 μL Matrigel® (Corning, Glendale, AZ) and 40 μg collagen type I (Corning) in 0.8 mL of PBS). 

A suspension of isolated hepatocytes (75,000 cells/15 μL) was injected into the upper 

microchannel of the device (Day 0). After 60 min, 200 μL of William’s E culture medium was 

added to each of the upper and lower channel-connected wells and incubated at 37 °C in an 

atmosphere with 5% CO2 in air. Six hours later, the medium was replaced with a culture medium 

supplemented further with 0.25 mg/mL Matrigel. After another 18 h, the culture medium was 

replaced with a fresh medium (Day 1). The microfluidic device was then placed on a seesaw 

rocking shaker (OrganoFlow®, Mimetas, Oegstgeest, The Netherlands) to initiate dynamic cell 

culture for a 3-min cycle with a maximum slope of 12°. The oscillation cycle was adjusted to 

obtain an average flow rate of 980 μL/h by measuring the volume of fluid moved during the 

quarter cycle. The flow rate corresponds to a shear stress of 0.15 dyne/cm2 based on the cross-

sectional shape of the microchannel [14]. 

Experiments were also carried out with 96-well plates. Each well was treated for 2 h at 37 °C 

with 100 µL of a basal culture medium containing 30 µg/mL collagen and 10 µg/mL bovine serum 

albumin. On day 0, hepatocytes were seeded at 50,000 cells/well onto the 96-well plates and 

cultured at 37 °C in an atmosphere with 5% CO2 in air. The culture medium used and the time 

line for medium exchange were the same as for microfluidic devices. 
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I-2.4 Measurement of albumin and urea secretion 

Twenty-four hours after the start of the dynamic cell culture, the culture medium was collected 

for measurement of secreted albumin and urea (Day 2). The measurements were performed using 

an Albumin ELISA kit (Bethyl Laboratories, Inc., Waltham, MA) and Urea ELISA kit 

(MyBioSource, Inc., San Diego, CA), respectively, according to the manufacturers’ protocol. 

I-2.5 Metabolism of typical P450 (CYP) substrates 

On Day 2, metabolism studies were carried out in several groups. It should be noted that there 

were static and dynamic conditions for each of cell culture and subsequent metabolism experiment. 

For example, the description Flow (+/–) means that cells were cultured under dynamic conditions 

on Day 1 but subjected to metabolism experiment under static conditions on Day 2. The 

description Flow (+/+, air) means that both the cell culture and metabolism experiment were done 

under dynamic conditions but in the metabolism experiment the cells were exposed to air directly 

from the bottom by removing the lower medium. Four probe substrates were used for the 

metabolism studies: phenacetin (PHE, 50 μM), diclofenac (DIC, 5 μM), bufuralol (BUF, 10 μM), 

and midazolam (MDZ, 5 μM). The culture medium was replaced with William’s E basal medium 

and cells were stabilized for 30 min before the onset of substrate exposure. At the onset of 

substrate exposure, half of the top and bottom medium were replaced with equal volumes of 

medium containing a two-fold concentrated cassette of each substrate. After 2 and 4 h, 100 μL of 

each of the top and bottom medium was collected and supplemented with an equal volume of 

medium containing the substrate drugs. Each sample collected was mixed with 100 μL of 

acetonitrile (FUJIFILM Wako Pure Chemicals, Osaka, Japan), which contained 5 μM of 

propranolol as an internal standard. The mixtures were filtered with a 0.45-μm pore membrane 

filter (Cosmonice Filter W, Nacalai Tesque, Kyoto, Japan) and analyzed by LC/MS/MS 

(Shimadzu LCMS-8040, Kyoto, Japan). The chromatographic separation was performed on the 
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XBridge C18 column (2.1 × 50 mm, 1.7 μm, Waters, Milford, CT) maintained at 40 ºC. Both the 

ionization mode and mobile phase are summarized in Tables 1 and 2. 

 

Table 1. Ionization mode and multiple-reaction monitoring (MRM) transition in LC-MS/MS. 

Compound Supplier Ionization mode MRM transition Collision energy 

midazolam Wako Pure Chemical positive 326.80/292.10 −27 V 

diclofenac Tokyo Research Chemicals positive 295.10/251.10 11 V 

bufuralol Toronto Research Chemicals positive 262.25/188.10 16 V 

phenacetin Nacalai Tesque positive 180.15/110.10 −23 V 

1’-hydroxy midazolam Cayman Chemical positive 342.80/325.10 −19 V 

4’-hydroxy diclofenac Cayman Chemical positive 313.10/231.00 −33 V 

1’-hydroxy bufuralol Toronto Research Chemicals positive 270.05/186.10 −19 V 

acetaminophen Nacalai Tesque positive 151.95/110.00 −18 V 

propranolol (IS) Nacalai Tesque positive 260.35/116.15 −17 V 

 

Table 2. HPLC conditions in LC-MS/MS. 

Solvent A 0.1% formic acid 
Solvent B 0.1% formic acid-acetonitrile 
Total flow 0.2 mL/min 

B conc 10% 0−1.00 min 
 10→30% 1.00−1.50 min 
 30% 1.50−2.50 min 
 30→95% 2.50−3.00 min 
 95% 3.00−4.00 min 
 95→10% 4.00−4.50 min 
 10% 4.50−5.50 min 

Injection volume 1 μL or 5 μL 

 

I-2.6 Real-time PCR  

Real-time polymerase chain reactions (PCR) were used to analyze the gene expression level of 

rat hepatocytes. After the 24-h dynamic or static cell culture, the culture medium was removed, 

and the cells were washed twice with pre-warmed PBS. Then, the membrane was removed from 
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the device with the cells attached, transferred to a 200 µL tube, and immersed and vortexed in 70 

µL of the lysis buffer supplied with the RNeasy Micro Kit (Qiagen, Hilden, Germany). Total RNA 

from the lysate was extracted according to the manufacturer's protocol. RNA purity and 

concentration were analyzed by absorbance at 260/280 nm using Nanodrop 2000 (Thermo Fisher 

Scientific, Waltham, MA). Ten microliter of isolated RNA solution was reversed transcribed into 

cDNA using the RT reagent kit (Takara Bio, Shiga, Japan), according to the manufacturer's 

protocol. Real-time quantitative PCR was carried out on a Step-one Sequence Detection system 

with a SYBR Premix (Takara Bio, Shiga, Japan). Each cycle started with a polymerase activation 

step for 10 min at 95 °C, followed by denaturation at 95 °C for 15 s and ended with annealing and 

extension at 60 °C for 60 s. Relative expression levels of target genes were calculated. GAPDH 

was used as a housekeeping gene. PCR primer sequences are summarized in Table 3. 

 

Table 3. Primers used in the qPCR analysis. 

GAPDH Forward (5’-3’) AGTGCCAGCCTCGTCTCATA 

Reverse (5’-3’) GAGAAGGCAGCCCTGGTAAC 

CYP3A1 Forward (5’-3’) GCCTTTTTTTGGCACTGTGCT 

Reverse (5’-3’) GCATTTGACCATCAAACAACCC 

CYP3A2 Forward (5’-3’) AGTAGTGACGATTCCAACATAT 

Reverse (5’-3’) TCAGAGGTATCTGTGTTTCCT 

CYP2C11 Forward (5’-3’) CGCACGGAGCTGTTTTTGTT 

Reverse (5’-3’) GCAAATGGCCAAATCCACTG 

CYP2D2 Forward (5’-3’) GAAGGAGAGCTTTGGAGAGGA 

Reverse (5’-3’) AGAATTGGGATTGCGTTCAG 

CYP1A2 Forward (5’-3’) TTCAGTTCAGTCCTTCC 

Reverse (5’-3’) GAAGGCTGGGAATCCATACA 

 

I-2.7 Sorption of drugs in the devices 

A cassette of four different drugs with the same concentrations as in the metabolic study were 
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applied to PDMS and PFPE devices without seeding the cells. Medium solutions were collected 

at 1, 2, and 4 h to quantitatively assess the sorption of drugs into the devices. The concentration 

of drugs in the collected sample aliquots was determined by LC/MS/MS as described above. 

I-2.8 Determination of solubility parameters of PDMS and 

PFPE 

PDMS and PFPE polymers were cured in 2-mm-thick sheets under the same conditions as 

during device fabrication and cut into 2-cm squares for swelling measurement. The sheets were 

immersed in 25 mL of test solvent at 25 °C for 5 days, and their weight change was measured 

both before and after immersion. A weight change of 6% or more was considered significant. The 

solvents tested were acetone, acetonitrile, benzene, chloroform, cyclohexane, cyclohexanol, 

diethyl ether, dimethyl formamide, dimethyl sulfoxide, 1,4-dioxane, 1,3-dioxolane, ethanol, ethyl 

acetate, furan, hexane, isoamyl alcohol (3-methyl-1-butanol), isopropyl ether, m-cresol, methanol, 

methyl ethyl ketone, methylene dichloride, n-methyl-2-pyrrolidone, pyridine, tetrahydrofuran, 

toluene, water, and xylene. The Hansen solubility parameters (HSPs) and sphere radii (Ro) of the 

cured PDMS and PFPE were determined using HSPiP Ver. 5.4.02 (https://www.hansen-

solubility.com/). The HSP distance (Ra) between two materials was calculated using the following 

formula: 

(𝑅𝑅𝑎𝑎)2 = 4(𝛿𝛿𝐷𝐷2 − 𝛿𝛿𝐷𝐷1)2 + (𝛿𝛿𝑃𝑃2 − 𝛿𝛿𝑃𝑃1)2 + (𝛿𝛿𝐻𝐻2 − 𝛿𝛿𝐻𝐻1)2   (1) 

where the 𝛿𝛿𝐷𝐷 , 𝛿𝛿𝑃𝑃 , and 𝛿𝛿𝐻𝐻  stand for the dispersion, polar, and hydrogen bonding forces, 

respectively, for the two materials. The relative energy difference (RED) between the polymers 

and the solvents was given as: 

𝑅𝑅𝑅𝑅𝑅𝑅 = 𝑅𝑅𝑎𝑎 𝑅𝑅𝑜𝑜⁄             (2) 

Solubility parameters of the drugs were calculated by the QSAR method implemented in HSPiP. 
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I-2.9 Statistical analyses 

Data are expressed as means ± SE from at least three independent experiments. The 

significance of the differences was evaluated by a one-way ANOVA test, followed by the Tukey-

Kramer post-hoc test. 

I-3 RESULTS 

I-3.1 Hepatocyte morphology and basic functions 

Primary rat hepatocytes were sandwich-cultured in the PFPE microfluidic device and stabilized 

in static culture for 24 h, followed by another 24 h of static or dynamic culture. Whether in static 

or dynamic culture, hepatocytes were similarly polygonal or cuboidal in shape and had one or 

two prominent nuclei. The same morphology was observed in 96-well plates (Figure 2). 

 

Figure 2. Microscopic observation of primary rat hepatocytes cultured in a 96-well plate (A), PFPE 

microfluidic devices under static conditions (B), and PFPE microfluidic devices under dynamic flow 

conditions (C). Scale bars indicate 50 μm. 

 

The effect of the dynamic culture on the synthesis of albumin and urea, which are typical 

biochemical functional markers of hepatocytes, was also investigated in PFPE microfluidic 

devices (Figure 3). When albumin and urea secretion into the medium during the 24 h of static or 
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dynamic culturing was quantified, the dynamic culture provided 3.94-times and 1.72-times higher 

values than the static culture, respectively. The amount of albumin secreted was comparable 

between the static culture with PFPE devices and 96-well plates. The amount of urea secreted was 

higher in the static culture with PFPE devices. These results indicate that PFPE microfluidic 

devices allow for the culturing of hepatocytes equal to, or better than conventional culture plates. 

 

Figure 3. Secretion of albumin (A) and urea (B) from primary rat hepatocytes cultured in a 96-well plate, 

and PFPE microfluidic devices under static and dynamic flow conditions. The amount of albumin and urea 

was determined using ELISA. Data represent the mean ± SE of three samples. 

 

I-3.2 mRNA and functional expression of CYP enzymes 

The effect of dynamic culture on the expression of CYP isoforms, the major drug metabolizing 

enzymes in the liver, was also investigated. RT-PCR analysis showed no significant differences 

in gene expression of CYP isoforms between dynamic and static cultures, but gene expression for 

CYP1A2 and CYP2C11 tended to be slightly higher in dynamic culture (Figure 4). 
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Figure 4. Gene expression of representative cytochrome P450 (CYP) isoforms in primary rat hepatocytes 

cultured in PFPE microfluidic devices under static (open bar) and dynamic flow (closed bar) conditions. 

Gene expression of each CYP was corrected by that of GAPDH, and further normalized by the relative 

expression in a 96-well plate. Data represent the mean ± SE of four samples. 

 

A cocktail of four typical CYP substrates (i.e., PHE, DIC, BUF, and MDZ for CYP1A2, 

CYP2C11, CYP2D2, and CYP3A1/2, respectively) were applied to the hepatocytes cultured 

under dynamic and static conditions for 4 h. The metabolism experiments were all performed 

under static conditions (i.e., Flow(+/–) and Flow(–/–)), so that only the effect of microfluidic flow 

during cell culture could be assessed. The metabolic activities for typical substrates were 

comparable between Flow(+/–) and Flow(–/–) conditions (Figure 5), suggesting that the dynamic 

culture did not significantly affect drug metabolism. Furthermore, for all the substrates, the 

corresponding metabolites appeared predominantly in the top chamber as opposed to the bottom 

chamber. It would be because the PETE membrane beneath the cells would inhibit diffusion of 

metabolites into the bottom chamber. 
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Figure 5. Metabolic activity of primary rat hepatocytes cultured in PFPE devices under static and dynamic 

flow conditions. All metabolism experiments were performed under static conditions to investigate the 

effects of dynamic flow only during the culture. The rate of appearance of metabolites in the bottom and 

top chambers, respectively, were calculated by linear regression of a cumulative amount data measured at 

2 and 4 h after the start of the metabolism experiment. Figures 5A−D show the appearance of 

acetaminophen, 4’-hydroxy diclofenac, 1’-hydroxy bufuralol, and 1’-hydroxy midazolam from phenacetin 

(PHE), diclofenac (DIC), bufuralol (BUF), and midazolam (MDZ), respectively. Data represent the mean 

± SE of four samples. 

 

I-3.3 Effect of fluid flow on CYP-mediated metabolism 

CYP-mediated metabolism is an oxygen-demanding process [15, 16], and can be affected by a 

dynamic oxygen supply [17]. Therefore, an investigation on the effects of the presence of 
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microfluidic flow on metabolic activities during metabolism was conducted (Figure 6). The 

metabolism of all substrates greatly increased, as compared to static conditions, with the presence 

of microfluidic flow. The metabolite appearance rates from PHE, DIC, BUF, and MDZ were 2.74-

fold, 2.52-fold, 5.72-fold, and 6.79-fold larger, respectively. An additional experiment was 

conducted to confirm the extent of oxygen supply associated with microfluidic flow; that is, the 

medium in the bottom chamber was removed to maximize the oxygen supply to the hepatocytes. 

As a result, no further increase in metabolic activity was observed, demonstrating that, under this 

condition, the oxygen provided was sufficient to fully activate CYP450 enzymes. Even under 

static conditions, the bottom-side air exposure did not alter the metabolism of the substrates 

(Figure 7). 

 

Figure 6. Effect of dynamic flow on metabolic activity of primary rat hepatocytes during metabolism 

experiments. All cell cultures were performed in PFPE devices under dynamic flow conditions for 24 h 
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before metabolism experiments. The metabolism experiments were conducted under three different flow 

conditions: i.e., the effect of absence (Flow(+/–)) and presence (Flow(+/+)) of dynamic flow and bottom-

side air exposure (Flow(+/+,air)) were compared. The rate of appearance of metabolites in the bottom and 

top chambers were calculated by linear regression of a cumulative amount data measured at 2 and 4 h after 

the start of the metabolism experiment. Figures 6A−D show the appearance of acetaminophen, 4’-hydroxy 

diclofenac, 1’-hydroxy bufuralol, and 1’-hydroxy midazolam from phenacetin (PHE), diclofenac (DIC), 

bufuralol (BUF), and midazolam (MDZ), respectively. Data represent the mean ± SE of four samples. 

 

 

Figure 7. Effect of bottom-side air exposure on metabolic activity of primary rat hepatocytes during 

metabolism experiments. All cell cultures were performed in PFPE devices under dynamic flow conditions 

for 24 h before metabolism experiments. The metabolism experiments were conducted under static 

conditions, but one group was exposed directly to the air by removing the bottom-side fluid (Flow(+/–,air)). 

The rate of appearance of metabolites in the bottom and top chambers were calculated by linear regression 
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of a cumulative amount data measured at 2 and 4 h after the start of the metabolism experiment. Figures 7 

A−D show the appearance of acetaminophen, 4’-hydroxy diclofenac, 1’-hydroxy bufuralol, and 1’-hydroxy 

midazolam from phenacetin (PHE), diclofenac (DIC), bufuralol (BUF), and midazolam (MDZ), 

respectively. Data represent the mean ± SE of four samples. 

 

I-3.4 Sorption of drugs into PDMS and PFPE devices 

Drug sorption into PFPE devices were compared to that into PDMS devices. A cassette of four 

different drugs with the same concentrations as in the metabolism study were applied to both 

PFPE and PDMS devices without cell seeding and measured at given time intervals. In the case 

of PDMS devices, the concentrations of DIC and PHE remained constant for 4 h, while the 

concentrations of MDZ and BUF extensively decreased over time (Figure 8). As have been well-

known [6], the decrease in concentration is due to the sorption of hydrophobic drugs into PDMS 

devices. In PFPE devices, the sorption of MDZ was greatly reduced, but the sorption of BUF was 

still observed. 

 

Figure 8. Time course of drugs remaining in the fluids of PDMS and PFPE devices. Drugs were 
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administered to the devices that had not been seeded with cells, to investigate the sorption of drugs into the 

device materials. The amount of drugs in both the top and bottom chambers was measured individually. 

Figures 8A−D show the results of phenacetin (PHE), diclofenac (DIC), bufuralol (BUF), and midazolam 

(MDZ), respectively. Data represent the mean ± SE of three samples. 

 

I-3.5 Solvent swelling and solubility parameter estimation of 

PDMS and PFPE 

Basically, swelling of polymers is induced by the sorption of solvents [18, 19]. What molecules 

and to what extent are absorbed by PDMS and PFPE were investigated using organic solvents 

with varying solubility parameters. PDMS swelled extensively in many of the solvents (Figure 9). 

In contrast, PFPE was much more resistant to swelling, and the degree of swelling was at most 

10%. 

 

Figure 9. Swelling of PDMS and PFPE exposed to various solvents for 5 days. The degree of swelling 

was evaluated as a percent increase in weight relative to the original weight. Data represent the average of 

two samples. 

 

The swelling characteristics of PDMS and PFPE were further analyzed using the HSP method. 

Hansen solubility parameters are an empirical measure that illustrates the “like dissolves like” 

concept, which were originally developed from the Hildebrand’s regular solution theory [20, 21]. 
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The threshold for swelling was set at a 6 % weight increase, due to there being a large gap in 

PDMS swelling near that value (5.81 % (cyclohexanol) vs 15.8 % (pyridine), Figure 9). Figure 

10 shows the results of the HSP analysis for PDMS and PFPE, where the coordinates at the center 

of the HSP spheres indicate their HSPs. It was clear that as the RED became greater, the degree 

of swelling became smaller (Figure 10, bottom). As summarized in Table 4, the HSPs were similar 

in both PDMS and PFPE, but the HSP radius was much smaller in PFPE. Table 4 also summarizes 

the solubility parameters of four drugs that have been calculated from their chemical structures 

with HSPiP software. Among drugs used in metabolism studies, BUF has solubility parameters 

that resemble those of PDMS and PFPE. The REDs of BUF for PDMS and PFPE were estimated 

to be 0.48 and 1.00, respectively, which was much smaller than those of the other three drugs. On 

the contrary, the RED for water, which reflects the escaping tendency from water, was estimated 

to be larger for both MDZ and BUF than for DIC and PHE. 

 

 

Figure 10. Hansen solubility parameter (HSP) analysis for PDMS and PFPE materials. HSP spheres were 
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determined from swelling against solvents with different solubility parameters. The red symbols in the top 

figures indicate solvents that have increased the weight of the material, due to swelling, by more than 6% 

of its original weight. The bottom figures show the relationship between the degree of swelling and relative 

energy distance (RED) of the solvents. The REDs were calculated from the HSPs of solvents using the 

center and radius of the HSP spheres (see Eq. 2). 

 

Table 4. Hansen solubility parameters, molar volume, and relative energy differences. 

 
HSPs (MPa1/2) MV 

(cm3/mol) 
HSP radius 

REDa) 

δD δP δH PDMS PFPE Water 

PDMSb) 16.3 3.6 6.0 — 7.6 — — — 

PFPEb) 16.1 4.4 5.8 — 3.7 — — — 

waterc) 15.5 16.0 42.3 — 3.96 5.05 10.36 — 

Phenacetin 

(PHE)d) 
19.05 11.60 8.47 161.3 — 1.32 2.76 8.80 

Diclofenac 

(DIC)d) 
20.62 6.60 9.97 212.6 — 1.31 2.62 8.89 

Bufuralol 

(BUF)d) 
17.30 4.05 2.99 246.7 — 0.48 1.00 10.42 

Midazolam 

(MDZ)d) 
20.18 7.77 2.48 249.2 — 1.24 2.55 10.54 

a) Relative energy difference (RED) was calculated using Eq. 2. 

b) Hansen solubility parameters (HSPs) and HSP radii (Ro) of PDMS and PFPE were experimentally 

determined by setting the threshold for solvent swelling of the materials at a 6% weight increase. 

c) HSPs and Ro of water were taken from the list of HSPiP software. 

d) HSPs and molar volume (MV) of the drugs were calculated from their chemical structure by the group 

contribution method implemented in HSPiP software. 

I-4 DISCUSSION  

The liver is a highly vascularized organ that processes approximately 25–30% of total blood 

volume in the body [22]. The sinusoidal vessels in the liver have a diameter of 5–10 μm and blood 
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flows within the vessels at a shear stress of 0.1–0.5 dyne/cm2 [23]. However, in vitro models have 

used a wide range of different shear stresses because direct shear stress on hepatocytes cannot be 

estimated. This is due to the presence of the sinusoidal endothelium and Disse’s space. High shear 

stress in dynamic cultures adversely affects both in vitro function and hepatocyte viability [24, 

25]. On the contrary, dynamic cultures allow for improved oxygen and nutrient supply, as well as 

the removal of waste products [2]. Since hepatocytes are metabolically active by nature, 

hepatocyte function can be easily impaired when cultured in narrow microchannels. Thus, there 

must be a trade-off in providing dynamic flow in hepatocyte culture. Under the current dynamic 

culture conditions (a shear stress of 0.15 dyne/cm2; Figure 3), albumin and urea synthesis 

increased. Matrigel-overlaid sandwich cultures may also play a role in improving the function of 

hepatocytes. Sandwich cultures are generally applied to inhibit hepatocyte dedifferentiation [26]. 

However, sandwich cultures are also known to be effective in protecting hepatocytes from shear 

stress in dynamic cultures [27]. 

The gene expression and metabolic activity of CYPs did not differ between dynamic and static 

cultures. (Figures 4 and 5). Conflicting results have been reported on whether microfluidic flow 

upregulates the gene expression of CYPs [28-31]. Although there have also been reports that 

fluid-induced shear stress activates transcription factors that induce CYP expression such as 

pregnane X receptors (PXR) [32] and aryl hydrocarbon receptors (AhR) [33], these comparisons 

were made against static conditions, in which hepatocytes readily dedifferentiate. Baudoin et al 

[34] found that the expression of most detoxification-related genes was extensively reduced, as 

compared to immediately after isolation. They suggested that the appropriate time for screening 

is after a 24- or 48-h perfusion at optimal flow rate and cell density [34]. Since the CYP gene 

expression in this study was compared after 24 h of dynamic culture, the difference between static 

and dynamic cultures may not have been significant. 

On the other hand, the metabolism of all substrates greatly increased with the presence of 

microfluidic flow (Figure 6). It has been well-known that CYP metabolism can be increased by 
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improving oxygen supply [35, 36]. However, since the bottom-side air exposure to the cells did 

not further improve metabolism, the effect of microfluidic flow observed in this study would not 

be related to oxygen supply. Conceivably, microfluidic flow could facilitate fluid mixing and 

delivery of drug substrates to the cells. 

PFPE exhibited much stronger chemical repellency than PDMS. Swelling due to organic 

solvents was at most a 10% weight increase for PFPE, but as much as 100% or more for PDMS 

(Figure 9). This indicates a greater potential for PFPE use as a material for microfluidic devices. 

However, it should be noted that BUF was extensively absorbed by not only PDMS but PFPE 

devices (Figure 8). Drug sorption into device materials primarily occurs through physical 

interactions. Therefore, HSP theory was introduced to clarify which drugs are easily absorbed. 

HSP theory provides insight into the miscibility and solubility in solute-solvent systems by 

evaluating the difference in the partial cohesive energies, which consists of dispersion, polar, and 

hydrogen bonding forces [20, 21]. The analysis clearly demonstrated that the solvents with 

smaller RED values penetrated the materials more (Figure 10). In addition, when the HSP values 

were calculated from the chemical structures of the drugs, the difference in the RED values 

successfully illustrated higher sorption of BUF into PFPE. However, further consideration is 

needed to explain the difference in sorption into PDMS. Higher sorption of MDZ into PDMS 

cannot be explained in the same manner, as the RED values of MDZ, PHE, and DIC were nearly 

identical. The absorption of drugs into the device materials is a partition-diffusion process. In 

other words, both the interactions with materials and interactions with water should be considered. 

The RED values for water indicate that MDZ has a stronger tendency than PHE and DIC to escape 

from water (Table 4). Moreover, for hydrophobic drugs, “iceberg” formation makes solvation in 

water entropically unfavorable [37]. Therefore, MDZ, being hydrophobic and large in molecular 

size, would have been more readily absorbed into PDMS. Thus, the HSP approach may be useful 

in predicting the risk of absorption of test drugs into device materials. 
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I-5 SUMMARY OF CHAPTER 1 

This chapter has been demonstrated that PFPE was much more chemically repellent than 

PDMS and primary hepatocytes could be cultured in a PFPE-based microfluidic device, thus 

making it possible to be used in ADME/Tox studies. Dynamic flow could enhance not only 

cellular functions but also CYP metabolic activity. Sorption into device materials was still 

problematic for certain drugs, but could be predicted by the HSP theory. 
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CHAPTER 2 

Co-Culture of Primary Rat Hepatocytes and Non-

Parenchymal Cells in Perfluoropolyether-Based 

Devices in Hepatotoxicity Studies 

Hepatotoxicity is one of the primary causes of post-marketing drug withdrawals [38]. A 

number of in vitro liver models have been established to study hepatotoxicity. Researchers have 

usually focused only on hepatocytes [39, 40] but many non-parenchymal cells (NPCs), which 

have important functions, that have been overlooked. There is substantial evidence that co-culture 

models with hepatocytes and non-hepatocytes are more accurate in predicting hepatotoxicity than 

liver models with only hepatocytes, as NPCs are largely involved in the inflammation of drug 

induced liver injury [41, 42].  

Several in vitro models have been developed to co-culture hepatocytes (PCs) and NPCs. Bale 

et al. co-cultured them on a cell culture insert with a porous membrane, i.e., Transwell, and 

indicated the presence of the interactions between PCs and NPCs [43]. Baze et al. constructed a 

3D spheroid coculture system on 96-well ULA plates and confirmed that co-culture could improve 

hepatic functions [44]. However, these co-culture models either ignore the physiologically 

relevant microenvironment or are unable to emulate the physical and chemical properties of the 

Space of Disse. Kang et al. have presented a groundbreaking study of reconstituting liver 

sinusoids on a PDMS-based device with dual-channel configuration [45]. The two microchannels 
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were separated by a porous membrane that mimics liver sinusoids. Primary rat PCs were seeded 

into one channel, and a non-liver endothelial cell line was seeded into the other channel. With 

continuous perfusion, the hepatocytes maintained their normal morphology and continued to 

produce urea for at least one month. In addition, the dual-channel configuration also allows cells 

to be isolated from each channel for analyzing cell function without contamination from other 

cell types. Nevertheless, few studies have been conducted to study drug-induced hepatotoxicity 

by simulating liver sinusoid on microphysiological systems. 

In this chapter, the PFPE-based devices were used to co-culture primary rat hepatocytes and 

non-parenchymal cells on upper and lower microchannels separately, followed by exposure to 

hepatotoxicants, i.e., acetaminophen (APAP) and coumarin (COU). Co-culture with non-

parenchymal cells improved the viability of hepatocytes, and reduced the release of ALT/AST 

into the medium following the 48-h exposure to hepatotoxicants. Moreover, co-culture with non-

parenchymal cells restored the level of reduced-form glutathione due to the hepatotoxicants, and 

alleviated the oxidative stress caused by acetaminophen. In addition, co-culture with non-

parenchymal cells elevated the glutathione conjugate of acetaminophen, and reduced the level of 

o-hydroxyphenylacetic acid, a product from the toxic metabolite (o-hydroxyphenylacetaldehyde) 

of coumarin. These results suggest that non-parenchymal cells could protect against drug-induced 

liver injury. Thus, the two-channel microfluidic devices could also be used to assess 

hepatotoxicity, which would account for cell-cell interactions in the liver. 
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CHAPTER 3 

Perfluoropolyether-Based Gut-Liver-on-a-chip Device 

for the Evaluation of Oral Drug Bioavailability 

Oral administration is the primary route of administration because of its simplicity and 

inexpensiveness. Orally administered drugs are absorbed from the small intestine and delivered 

to the liver via the portal vein. These permeability and metabolism barriers limit the fraction of 

drug entering the systemic circulation, so-called oral bioavailability. Assessment of the oral 

bioavailability of drugs is thus critical for predicting their efficacy and safety.  

In silico, in vitro, and in vivo animal models have been extensively being studied to predict 

oral bioavailability of drugs [46-48]. Because animal models are subject to issues of animal 

welfare and species differences, the combination of appropriate physiologically based 

pharmacokinetic models with in vitro experimental measurements such as cell permeability and 

hepatocyte metabolism is often used to make predictions. However, conventional planar cell 

cultures only allow one type of cells to be cultured in a dish and cannot deal with the interactions 

between organs [49]. For example, fibroblast growth factor 15/19, which is produced by the gut, 

is known to be involved in the synthesis of bile acids in the liver [50]. A co-culture model might 

be of use to account for communications between different organs. Multiorgan-on-a-chip consists 

of separate chambers connected by microfluidic channels, providing a method for monitoring the 
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dynamic responses of multiple organs to pharmaceutical agents [51].  

In this chapter, a gut-liver-on-a-chip system was constructed. Midazolam that had penetrated 

the epithelial layer are transported to the hepatocyte compartment by sub-epithelial microchannel 

fluid flow. By measuring the outflow samples from the liver compartment, first-pass metabolism 

and bioavailability were evaluated. In addition, the intestinal and hepatic metabolic processes 

were assessed separately by combining pulse dosing experiments to the liver compartment inlet. 

Upon the assessment and analysis techniques developed, pharmacokinetic drug-drug interaction 

following oral administration of perpetrator and victim drugs was also evaluated by using the 

microfluidic gut-liver-on-a-chip device. 

After midazolam was administered on the apical side of the gut chamber, both intact and 

metabolite forms were detected in the effluent from the liver chamber. However, extensive 

sorption of midazolam was observed in PDMS-based devices. Experiments using PFPE-based 

devices indicated that the rate of appearance of the metabolite was dose-dependent for midazolam 

and was also significantly suppressed by concomitant administration of ketoconazole. When 

genome-edited CYP3A4/UGT1A1-expressing Caco-2 cells were used, metabolites of midazolam 

appeared in the apical fluid. Taken together with the data on midazolam injected into the liver, it 

was clear that most of the metabolites of midazolam produced in the intestinal compartment were 

secreted into the apical fluid. While further improvements in absolute prediction of human 

bioavailability are needed, the gut-liver-on-a-chip device should allow for a basic assessment of 

saturation pharmacokinetics and drug-drug interactions for oral drugs.  
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CONCLUSION 

PFPE elastomers have been demonstrated to ameliorate the significant sorption problems 

encountered in PDMS-based organs-on-a-chip devices; PFPE-based microfluidic devices have 

not lost the fundamental properties of PDMS in manufacturing and functional evaluation. These 

findings contribute to the development of microphysiological systems intended for in vitro 

ADMET studies.  
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