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Abstract: Microphysiological systems (MPS) are an emerging technology for next-generation drug
screening in non-clinical tests. Microphysiological systems are microfluidic devices that reconsti-
tute the physiological functions of a human organ using a three-dimensional in vivo-mimicking
microenvironment. In the future, MPSs are expected to reduce the number of animal experiments,
improve prediction methods for drug efficacy in clinical settings, and reduce the costs of drug discov-
ery. However, drug adsorption onto the polymers used in an MPS is a critical issue for assessment
because it changes the concentration of the drug. Polydimethylsiloxane (PDMS), a basic material
used for the fabrication of MPS, strongly adsorbs hydrophobic drugs. As a substitute for PDMS,
cyclo-olefin polymer (COP) has emerged as an attractive material for low-adsorption MPS. However,
it has difficulty bonding with different materials and, therefore, is not commonly used. In this study,
we assessed the drug adsorption properties of each material constituting an MPS and subsequent
changes in drug toxicity for the development of a low-adsorption MPSs using COP. The hydrophobic
drug cyclosporine A showed an affinity for PDMS and induced lower cytotoxicity in PDMS-MPS but
not in COP-MPS, whereas adhesive tapes used for bonding adsorbed a significant quantity of drugs,
lowering their availability, and was cytotoxic. Therefore, easily-adsorbed hydrophobic drugs and
bonding materials having lower cytotoxicity should be used with a low-adsorption polymer such
as COP.

Keywords: microphysiological system (MPS); cyclo-olefin polymer (COP); nephrotoxicity; drug
adsorption; drug screening

1. Introduction

Recently, physiological functions and drug toxicity have been evaluated using cells
cultured in a microfluidic device [1]. Microfluidic devices reconstruct niches, which
are microenvironments surrounding cells in vivo, by adding shear stress and differ-
ent types of cells, greatly enhancing the physiological functions of the cultured cells
compared to a conventional plate culture. Systems that reconstruct niches for higher
physiological functions in cells are called microphysiological systems (MPSs). They are
expected to improve the efficacy and relevance of clinical and non-clinical tests for drug
screening [2–4]—especially the gut, liver, and kidney MPSs where drugs are absorbed,
metabolized, and excreted.

Different types of microfluidic structures exist in MPS. Bilayer microfluidic devices,
which have two upper and two lower channels separated by a porous membrane, have been
researched for over ten years [5]. These microfluidic structures correspond to a conventional
two-compartmentalized well plate with cell culture inserts on a microscale and are suitable
for modeling epithelial cell functions, such as absorption, metabolism, and excretion [6–9].
Moreover, the circulation of the culture medium provides cells with sufficient nutrients
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and shear stress to mimic the in vivo bloodstream and enhance physiological functions
in MPS. Epithelial cells play an important role in the absorption and excretion of drugs.
Their properties determine the bioavailability and clearance of drugs, which are significant
parameters in drug screening tests. Therefore, remodeling epithelial cell functions in
the MPS is a critical factor in achieving a precise prediction of drug efficacy in vivo. In
addition, epithelial cells have cellular polarity, which is a structural difference between
their apical and basolateral sides, and determines the transportation direction of drugs. In
other words, the cytotoxicity and efficacy of drugs change depending on cellular polarity
in vivo. Therefore, a bilayer MPS which enables peak epithelial cell functions and control
of administration direction depending on cellular polarity is essential for high-throughput
drug screening.

Polydimethylsiloxane (PDMS) is widely used in microfluidic devices because it enables
the formation of microchannels through soft lithography and bonding with a porous
membrane using the prepolymer PDMS as glue, a self-assembled monolayer such as
3-aminopropyltriethoxysilane, and oxygen plasma treatment [10–13]. However, PDMS
is known to adsorb small hydrophobic molecules such as rhodamine B [14]. Moreover,
some researchers investigated the absorption of different types of hydrophobic drugs into
PDMS [15–17]. Since many drugs are small hydrophobic molecules, MPS made from PDMS
has the problem of adsorption of drugs, even though surface treatments, such as oxygen
plasma, prevent the adsorption onto PDMS [18]. Owing to this situation, PDMS-MPSs
were evaluated for adsorption or absorption of metabolites and drugs [19,20]. Moreover,
different polymers have been researched for the development of MPSs with low adsorption
and absorption instead of PDMS [21]. In particular, cyclo-olefin polymers (COPs) have been
considered for properties such as low hygroscopicity, low adsorption/absorption, and high
transparency [22]. However, the bonding process in COPs is difficult. Generally, thermal
and solvent bonding are used. However, to achieve sufficient bonding strength via thermal
bonding, the bonding temperature should be higher than the glass-transition temperature
of the COP. Therefore, thermal bonding causes deformation of the microstructures in
the COP chip. Because solvent bonding must soften and deform the bonding interface
of the COP chip, the deformation of the microchannels is a challenge [23]. Recently,
surface-activated bonding technologies for COP have been developed, which enable low-
temperature bonding of the microstructures without deformation [24,25]. However, they
could not bond the COP microfluidic channels inserted with a porous membrane because
the deformation of the bonding interface was too small to tightly close the gaps between
the COP chips and membrane. Consequently, in the fabrication of the bilayer COP-MPS,
an adhesive tape was used for the bonding.

In this study, we evaluated the adsorption and cytotoxicity of four nephrotoxic drugs
using COP-MPS, in which the upper and lower channels were bonded using adhesive tape.
First, the adsorption of the drugs was evaluated. Next, we compared the drug adsorption
and cytotoxicity between COP-MPS and PDMS-MPS on renal proximal tubule epithelial
cells (RPTECs) cultured in each MPS type.

2. Materials and Methods
2.1. Quantification of Drug Adsorption to Each Material Used in MPS

The respective amounts of four nephrotoxic drugs adsorbed to each material used in
an MPS were measured. The evaluated materials were COP, PDMS, a porous
membrane (2000M12/580M303/XY, it4ip, Ottignies-Louvain-la-Neuve, Belgium), and an
adhesive tape (9969, 3M, Minneapolis, MN, USA, described as Tape 0). Five slabs
(5 mm diameter × 1 mm thickness) made of COP and PDMS were placed in microtubes
(MS-4270M, Sumitomo Bakelite, Tokyo, Japan). The porous membrane was cut into
10 rectangles (5 mm × 14.3 mm), while the tape was cut into 11 (3 mm × 10 mm), be-
fore being placed in a tube. The size and the amount of each material were set to adjust
the surface volume ratio of each material and medium to the ratio in a microchannel. Each
material was incubated in 500 µL of renal epithelial growth medium (REGM, CC-3190,
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Lonza, Basel, Switzerland) containing a specific concentration of each nephrotoxic drug
for 1, 2 and 4 h at room temperature with rotation at 1 rpm. At each time point, 100 µL
of the solution was removed, and replaced with 100 µL of fresh medium containing the
initial concentration of the drug. The initial concentration of each drug was set according
to concentration–cytotoxicity curves as shown in Figure 1. To observe the reduction of
cytotoxicity through adsorption, the concentration expressing a high level of cytotoxicity
was avoided. Therefore, the concentration was adjusted to around the middle point
between the beginning and the end point of the steep curve increasing cytotoxicity except
cisplatin. For cisplatin, the concentration was adjusted to the same amount of oxaliplatin
to compare the adsorption and the cytotoxicity. Considering these points, the concen-
trations were determined at 30 µM for cisplatin (033-20091, Wako, Osaka, Japan) and
oxaliplatin (156-02691, Wako, Osaka, Japan), at 3 mg/mL for gentamicin (071-06453,
Wako, Osaka, Japan), and at 50 µM for cyclosporine A (C2408, TCI, Tokyo, Japan), and
kept consistent in this study. After the sampling, the concentrations of cisplatin and
oxaliplatin were determined through ICP-OES. The concentrations of gentamicin were
determined using LC-MS/MS. Quantification of cyclosporine A was performed by the
Japan Testing Laboratory.
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Figure 1. Concentration–cytotoxicity curve measured using the LDH assay kit after 96-h incubation.
(a) Cisplatin; (b) Oxaliplatin; (c) Gentamicin; (d) Cyclosporine A.

2.2. Cytotoxicity and Adsorptivity of Each Material Used in MPS

Changes in cytotoxicity caused by the adsorption of drugs to each material used in
the MPS were measured using the lactate dehydrogenase (LDH) assay. To compare the
adsorptivity and cytotoxicity of adhesive tapes, two different types of tapes (HJ-9150W,
Nitto Denko, Tokyo, Japan, described as Tape A and NT-1001, As one, Japan, as Tape B)
were tested. Each material was immersed in 500 µL of medium containing a specific



Micromachines 2023, 14, 761 4 of 14

concentration of each nephrotoxic drug, as described above, and incubated for four hours
at room temperature with 1 rpm rotation. After incubation, each medium was collected,
and applied to the RPTECs (CRL-4031, ATCC, Manassas, VA, USA) cultured in 96-well
plates (167008, ThermoFisher, Waltham, MA, USA). After 96 h incubation without any
replacement of medium, the cytotoxicity was determined using an LDH assay kit (CK12,
Dojindo, Kumamoto, Japan). Moreover, to evaluate the cytotoxicity by the solvent in
adhesive tapes, each tape was immersed into 500 µL of medium without any drug and
incubated as described above. After incubation, each medium was collected and the
cytotoxicity was measured. COP and PDMS slabs were not evaluated because they were
not expected to have cytotoxic substances eluted to the medium.

2.3. Fabrication of MPS

The COP-MPS was fabricated via injection molding and bonded using adhesive tape.
To compare adsorption, PDMS-MPS was fabricated using soft lithography and bonded
using pre-polymer PDMS. Silicone tubes were bonded onto each inlet and outlet of the
medium reservoirs using glue (RTV, KE-45, Shin-Etsu, Tokyo, Japan).

2.4. Cell Culture in MPS

Before cell seeding, each microfluidic channel was washed with 70% ethanol and filled
with REGM after rinsing with sterilized water. To promote cell adhesion, an FNC coating
mix (AES-0407-50, Athena Environmental Science, Baltimore, MD, USA) was introduced
into the top channel and incubated for one minute. After removing the coating solution,
a cell suspension (5 × 106 cells/mL) was introduced and incubated overnight. After the
cells had adhered onto the porous membrane, the medium was replaced with a fresh batch
every two days.

2.5. Immunostaining

After a seven-day cell culture, the medium was removed from the devices, and the
RPTECs were fixed in a 4% PFA solution for 15 min at room temperature. After rinsing with
PBS, the cells were permeabilized with a solution of 0.05% Triton-X in PBS. After incubation
with blocking buffer (PBS with 10% donkey serum) for one hour, cells were rinsed and
incubated with primary antibody overnight at 4 ◦C. The cells were rinsed and incubated
with a secondary antibody and DAPI in the dark for 2 h at room temperature. After rinsing,
the samples were observed under a confocal laser scanning microscope (FV3000; Olympus,
Tokyo, Japan). The antibodies used are listed in Table 1.

Table 1. Antibodies and dilution ratios for immunostaining.

Antibody Maker & Catalogue No. Dilution Ratio

ZO-1 Monoclonal Antibody ThermoFisher 33-9100 1:100

Alexa Fluor® 647 OCT-2 Antibody Abcam ab205482 1:100

Donkey anti-Mouse IgG (H + L) Highly Cross-Absorbed Secondary
Antibody Alexa Fluor® 488 Thermo Fisher A21202 1:400

2.6. Comparison of COP-MPS and PDMS-MPS Cytotoxicity

Renal proximal tubule epithelial cells were seeded into COP- and PDMS-MPS as
described above. On day 1, the confluent layer of RPTECs was confirmed and each channel
was provided with 300 µL of fresh medium. On days 3, 5, 7, and 10, 200 µL of medium
was removed from the top channel and the same amount of fresh medium was added. The
sample solution was divided into two parts. One part was used for the quantification of
kidney injury molecule-1 (KIM-1) using an ELISA kit (ADI-900-226-001, ENZO, New York,
NY, USA) and the other was used for the quantification of LDH.
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2.7. Comparison of Nephrotoxic Drug Cytotoxicity in COP-MPS and PDMS-MPS

Renal proximal tubule epithelial cells were seeded into COP- and PDMS-MPS and
cultured for seven days. After confirming the confluent layer and refreshing the medium
in the bottom channel, each nephrotoxic drug was introduced into the top channel and
incubated for 96 h without any replacement of medium. The initial concentration was
30 µM for cisplatin and oxaliplatin, 3 mg/mL for gentamicin, and 50 µM for cyclosporine
A. After 96 h, the cells were stained with Hoechst33342 (346-07951, Dojindo, Kumamoto,
Japan), Annexin-V (A13201, Thermo Fisher, Waltham, MA, USA), and PI (P378, Dojindo,
Kumamoto, Japan) to evaluate drug cytotoxicity by counting the number of apoptotic and
dead cells.

3. Results
3.1. Quantification of Drug Adsorption to Each Material Used in MPS

The amount of the drugs adsorbed increased with incubation time and saturated
each material within four hours (Figure 2). However, the pairing between some materials
and drugs decreased over time. This phenomenon was possibly caused by the release of
adsorped drug molecules from the materials. Generally, there are reversible and irreversible
adsorptions. If the reversible adsorption was dominant, the decrease of adsorption is
possible through the release of drug molecules depending on equilibrium state change. The
amount of cisplatin adsorbed was 6–8% for all materials. At two hours, the COP and porous
membranes had adsorbed more cisplatin than PDMS. However, at four hours, PDMS had
adsorbed more.
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The amount of oxaliplatin adsorbed was 8–14% in each material, which was approxi-
mately twice that of cisplatin. The adsorbed amounts were similar in both COP and PDMS.
The time course of adsorption to the adhesive tape was unstable and reached a maximum
at the end. On the other hand, adsorption to the porous membrane was the minimum in
every material.

The amount of gentamicin adsorbed was 5% or less for each material and was the
lowest for nephrotoxic drugs. Adsorption to COP increased with time and reached ap-
proximately 2% at the end. On the other hand, adsorption to all materials except COP rose
sharply at the beginning and subsequently fell to approximately 2–3%.

The amount of adsorbed cyclosporine A reached up to 50–80% in every material and
was the largest among all the drugs used in this study. Adsorption to COP increased
sharply at the beginning and then gradually decreased to approximately 40%. On the other
hand, adsorption to all the materials other than COP increased over time and reached
50–60% after four hours.

3.2. Cytotoxicity and Adsorptivity of Each Material Used in MPS

To examine the reduction of cytotoxicity through the adsorption of drugs onto each
material, the amount of LDH was compared to a control sample, which was immersed
with no material. Each medium immersing of three different types of adhesive tape
showed cytotoxicity without any drugs. However, the medium that immersed the porous
membrane did not show any cytotoxicity (Figure 3a). In the case of medium containing
cisplatin, the cytotoxicity of Tape B decreased, but that of COP and PDMS increased
compared to a control sample, which was immersed without any materials (Figure 3b).
In the medium containing oxaliplatin, the cytotoxicity of every type of adhesive tape
decreased, but that of the COP, PDMS, and porous membranes did not change (Figure 3c).
In the case of medium containing gentamicin, every type of adhesive tape showed increased
cytotoxicity; however, COP, PDMS and the porous membrane showed no such changes
(Figure 3d). In the medium containing cyclosporine A, the cytotoxicity of Tape 0 and Tape A
slightly increased, but that of PDMS decreased dramatically (Figure 3e).

3.3. Cell Culture in MPS and Immunostaining

The RPTECs were seeded onto the upper channels of COP-MPS and PDMS-MPS
as described above (Figure 4a). In both systems, RPTEC reached confluence on day 7
(Figure 4b). Immunostaining results of organic cation transporter 2 (OCT2) and zonula
occludens-1 (ZO-1) in RPTEC cultured in each MPS were compared (Figure 4c). The
expression of OCT2 was similar in both systems. On the other hand, ZO-1 expression was
different between COP and PDMS (Figure 4c). In PDMS-MPS, ZO-1 was continuously
expressed at the boundaries of each cell, and the integrity of the epithelial barrier was clear.
However, in COP-MPS, ZO-1 was partially absent and the epithelial barrier was not perfect
(Figure 4c, white arrowheads).

3.4. Comparison of COP-MPS and PDMS-MPS Cytotoxicity

Figure 5a shows RPTEC cultured in COP-MPS and PDMS-MPS on days 3 and 10.
In both systems, RPTEC reached confluence on day 10; however, the amount of KIM-1
released from RPTEC in COP-MPS was slightly higher than that in PDMS-MPS, indicating
that COP-MPS had greater cytotoxicity (Figure 5b). The amount of LDH from RPTEC in
COP-MPS was lower than that in PDMS-MPS until day 7. However, on day 10, the amount
in COP-MPS increased sharply (Figure 5c).
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3.5. Comparison of Nephrotoxic Drug Cytotoxicity in COP-MPS and PDMS-MPS

Cisplatin showed greater cytotoxicity toward RPTEC in PDMS-MPS than in COP-MPS
(Figure 6a). However, oxaliplatin and gentamicin did not show any such differences in
either system (Figure 6b,c). Cyclosporine A exhibited a dramatic reduction in cytotoxicity
in PDMS-MPS compared with that in COP-MPS (Figure 6d).
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4. Discussion
4.1. Quantification of Drug Adsorption to Each Material Used in MPS

In this study, cisplatin, oxaliplatin, gentamicin, and cyclosporine A were the nephro-
toxic drugs selected. The molecular weight and partition coefficient (log P) of each drug
are shown in Table 2. Partition coefficient indicates the ratio of solubility of drug in water
and oil. Thus, cyclosporine A is the most hydrophobic among all four drugs because of
the largest coefficient. Therefore, as shown in Figure 2d, the highest adsorption amount of
Cyclosporine A was observed in every material used in MPS, since hydrophobic molecules
had tendency to be easily adsorbed to a hydrophobic surface, such as polymers.

Table 2. Molecular weight and partition coefficient of nephrotoxic drugs [26].

Drug Molecular Weight Log P

Cisplatin 300 −2.19
Oxaliplatin 397 −0.47
Gentamicin 1390 −3.1

Cyclosporine A 1200 3.64
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In a comparison between cisplatin and oxaliplatin, the amount of adsorption to the
porous membrane was 5–8% for both (Figure 2a,b). On the other hand, the adsorption of
oxaliplatin to the other materials was approximately twice that of cisplatin. Oxaliplatin
is more hydrophobic than cisplatin owing to its larger partition coefficient. Thus, the
higher amount of oxaliplatin adsorbed. Gentamicin has the smallest partition coefficient
among the four drugs and is the most hydrophilic. Therefore, it had a lower tendency to be
adsorbed to the polymers, and the results agreed with this (Figure 2c).

4.2. Cytotoxicity and Adsorptivity of Each Material Used in MPS

Each culture medium, when immersing the three types of adhesive tape (Tape 0,
Tape A, and Tape B), exhibited high cytotoxicity (Figure 3a). These results indicate that
the substance eluted from the adhesive tapes was toxic. To reconstitute the cell culture
environment in the MPS, the surface volume ratio of each material and medium was
adjusted to the ratio in a microchannel. Consequently, the eluted substance is possibly
cytotoxic in the microchannels as well.

In the case of cisplatin, Tape B showed decreased cytotoxicity (Figure 3b). As described
above, adhesive tape is cytotoxic. However, the tape can adsorb cisplatin. Since the
reducing effect of cisplatin exceeded the cytotoxicity of the eluted substance from the tape,
the total cytotoxicity in Tape B decreased compared to that in the control sample. On
the other hand, in the case of COP and PDMS slabs, the amount of adsorption to these
materials was small and cytotoxicity slightly increased compared to that in the control. In
the case of oxaliplatin, the cytotoxicity of every adhesive tape decreased compared with
that of the control (Figure 3c). As described above, oxaliplatin is more hydrophobic than
cisplatin, and adsorbs more to the adhesive tape. Thus, the adsorption of oxaliplatin to each
tape decreased the concentration of oxaliplatin in the medium and its cytotoxicity. On the
other hand, in case of gentamicin, cytotoxicity of every adhesive tape increased (Figure 3d).
Gentamicin is a hydrophilic drug that has a low tendency for adsorption. The amount of
adsorbed gentamicin was 5% or less, as shown in Figure 2c. Therefore, none of the materials
showed a decrease in cytotoxicity caused by the adsorption of gentamicin. However, the
adhesive tapes showed an increase in cytotoxicity caused by the substance eluted from
the tapes. Being hydrophobic, cyclosporine A was expected to be adsorbed to every
tape. However, two types of tape (Tape 0 and Tape A) increased the cytotoxicity, whereas
PDMS decreased it drastically (Figure 3e). As a result, cyclosporine A was not adsorbed
to adhesive tapes in the expected amount. However, PDMS adsorbed cyclosporine A and
significantly decreased cytotoxicity.

4.3. Cell Culture in MPS and Immunostaining

The RPTECs were cultured in COP-MPS and PDMS-MPS. In both systems, the RPTECs
formed a confluent layer and expressed ZO-1 (Figure 4b,c). In vivo, the epithelial layer
separates the inside and outside of the body and forms a physical barrier between the
epithelial cells for proper transportation. This barrier is called a tight junction, and ZO-1
is a protein that constitutes the tight junction. In this study, the structure of ZO-1 differed
between COP-MPS and PDMS-MPS (Figure 4c). In PDMS-MPS, ZO-1 appeared uniformly
on cell–cell boundaries in a confluent monolayer, and the barrier structure of the tight
junctions was complete. On the other hand, in COP-MPS, ZO-1 partially disappeared and
the barrier structure was not complete. These differences were attributed to the substance
eluted from the adhesive tape used in COP-MPS for the bonding process. In other words,
the toxicity of the adhesive tape inhibited the formation of tight junctions in RPTEC.

The OCT2 is a transporter protein that takes up cationic drugs such as cisplatin and
oxaliplatin to excrete xenobiotics from the blood into the urine. Since RPTEC cultured in
both MPSs expressed OCT2, the cytotoxicity caused by the uptake of cationic drugs through
OCT2 was successfully evaluated. The basic technology for predicting nephrotoxicity using
MPSs was demonstrated in this study.
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4.4. Comparison of COP- and PDMS-MPS Cytotoxicity

In the COP-MPS group, tight junctions in RPTECs were only partially formed and
did not have a sufficient barrier structure (Figure 4c). The cytotoxicity of the adhesive
tape used in the COP-MPS for bonding may have inhibited the formation of the tight
junctions. Therefore, to compare the basic cytotoxicity of COP-MPS and PDMS-MPS,
conditioned medium was collected from each MPS, and cytotoxicity markers such as KIM-1
and LDH were measured in each collected sample. According to the results, COP-MPS
expressed slightly higher cytotoxicity than PDMS-MPS (Figure 5). Given the toxicity of
the eluted substance from the adhesive tapes (Figure 3a), it was probably the cause of the
drastically impaired function of cells in COP-MPS. Moreover, lower gas permeability of
COP should have negative effects on cell culture. On the other hand, the adsorption of
proteins including growth factors in medium onto PDMS should have negative effects on
cell. Thus, there are several factors to be evaluated in each MPS to reach a clear conclusion.
Therefore, PDMS-MPS bonded through the same tape should have been tested to clearly
verify the toxicity of the eluted substances.

4.5. Comparison of Nephrotoxic Drug Cytotoxicity in COP-MPS and PDMS-MPS

Cytotoxicity of each nephrotoxic drug was evaluated using COP-MPS and PDMS-MPS
to compare the cytotoxicity change caused by drug adsorption to each system (Figure 6).
Cisplatin cytotoxicity was greater in PDMS-MPS than in COP-MPS. Because cisplatin is
hydrophilic, the reduction in cytotoxicity caused by adsorption is relatively small. However,
the adsorption of cisplatin to the adhesive tape in COP-MPS possibly caused a reduction in
cytotoxicity compared to that in PDMS-MPS (Figure 6a). On the other hand, cytotoxicity
of oxaliplatin was too small to show any difference between COP-MPS and PDMS-MPS
(Figure 6b). Gentamicin caused sufficient cytotoxicity. However, as described above, it was
not absorbed by any of the materials. Therefore, no differences were observed between
the systems (Figure 6c). Since cyclosporine A was easily adsorbed to PDMS because of
its hydrophobicity, the cytotoxicity dramatically decreased in PDMS-MPS compared to
that in COP-MPS. These results are in agreement with those shown in Figure 3e. As
shown in Figure 6, the error bars are large and there are two possible explanations. One is
that the initial concentration of drugs was moderate and the relatively low concentration
should be reflected in the results. The other is in regard to the dilution of drugs in the
MPS during incubation. The drugs were applied into the top channel but not the bottom
channel. Therefore, after disruption of monolayer, the medium should be mixed between
two channels through the porous membrane and the drug concentration should decrease.
However, the disruption and mixing should not be uniform. Thus, one-side application
of drugs should cause a deviation in the results. Cytotoxicity assay protocols using MPS
should be assessed and discussed more since MPS has complex structures and functions
compared with a conventional culture dish.

5. Conclusions

In this study, the adsorptivity of the composing materials for MPS, a promising
technology for high-throughput drug screening systems, are discussed. As shown in
previous studies, the hydrophobic drug cyclosporine A had a greater tendency to be
adsorbed on PDMS. Thus, toxicity due to cyclosporine A was decreased in PDMS-MPS but
not in COP-MPS. On the other hand, the hydrophilic drugs oxaliplatin and gentamicin had
a lower tendency to be adsorbed on PDMS. They did not exhibit any significant differences
in cytotoxicity between COP-MPS and PDMS. Therefore, hydrophobic drugs that are easily
adsorbed on polymers should be used with COP, which is a low-adsorption polymer.

COP-MPS has an advantage on PDMS in terms of hydrophobic drug adsorption;
however, the adhesive tape interfered with the bonding. We found that the adhesive tape
exhibited drug adsorption and cytotoxicity in COP-MPS, although the surface area exposed
to the medium was limited. Thus, the material applied for bonding interfaces has an effect
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on the adsorption and cytotoxicity in MPS, and it is therefore necessary to select the proper
method and material.

Author Contributions: Conceptualization, R.U. and R.Y.; methodology, R.U.; fabrication of devices,
M.K., R.B.S., Y.T., A.I. and K.I.; investigation, R.U.; quantification of gentamicin, T.S., M.T. and F.Y.;
data curation, R.U.; writing—original draft preparation, R.U.; writing—review and editing, R.Y. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the AMED-MPS project (issue no. JP17be0304205,
JP22be1004204), and the Center of Innovation (COI) program (JPMJCE1307), supported by the
Ministry of Education, Culture, Sports, Science, and Technology, Japan Science and Technology
Agency. Microfluidic devices were fabricated at the Kyoto University Nanotechnology Hub site,
which was also supported by the Ministry of Education, Culture, Sports, Science, and Technology
Nanotechnology Platform project (issue number: JPMXP09F19KT0107).

Data Availability Statement: Data sharing is not applicable to this article.

Conflicts of Interest: R.U., M.K., A.I. and K.I. are employees of Toyo Seikan Group Holdings, Ltd.

References
1. Bhatia, S.N.; Ingber, D.E. Microfluidic organs-on-chips. Nat. Biotechnol. 2014, 32, 760–772. [CrossRef] [PubMed]
2. Ingber, D.E. Reverse Engineering Human Pathophysiology with Organs-on-Chips. Cell 2016, 164, 1105–1109. [CrossRef]
3. Cho, S.; Yoon, J.Y. Organ-on-a-chip for assessing environmental toxicants. Curr. Opin. Biotechnol. 2017, 45, 34–42. [CrossRef]

[PubMed]
4. Marx, U.; Akabane, T.; Andersson, T.B.; Baker, E.; Beilmann, M.; Beken, S.; Schwaab, S.B.; Cirit, M.; David, R.; Dehne, E.M.; et al.

Biology-inspired microphysiological systems to advance patient benefit and animal welfare in drug development. ALTEX 2020,
37, 365–394.

5. Huh, D.; Matthews, B.D.; Mammoto, A.; Montoya-Zavala, M.; Hsin, H.Y.; Ingber, D.E. Reconstituting Organ-Level Lung Functions
on a Chip. Science 2010, 328, 1662–1668. [CrossRef] [PubMed]

6. Tan, H.Y.; Trier, S.; Rahbek, U.L.; Dufva, M.; Kutter, J.P.; Andresen, T.L. A multi-chamber microfluidic intestinal barrier model
using Caco-2 cells for drug transport studies. PLoS ONE 2018, 13, e0197101. [CrossRef] [PubMed]

7. Kimura, H.; Ikeda, T.; Nakayama, H.; Sakai, Y.; Fujii, T. An on-chip small intestine–liver model for pharmacokinetic studies. J. Lab.
Autom. 2015, 20, 265–273. [PubMed]

8. Vedula, E.M.; Alonso, J.L.; Arnaout, M.A.; Charest, J.L. A microfluidic renal proximal tubule with active reabsorptive function.
PLoS ONE 2017, 12, e0184330. [CrossRef]

9. Shemesh, J.; Jalilian, I.; Shi, A.; Yeoh, G.H.; Tate, M.L.K.; Warkiani, M.E. Flow-induced stress on adherent cells in microfluidic
devices. Lab Chip 2015, 15, 4114–4127. [CrossRef]

10. Aran, K.; Sasso, A.L.; Kamdar, N.; Zahn, D.J. Irreversible, direct bonding of nanoporous polymermembranes to PDMS or glass
microdevices. Lab Chip 2010, 10, 548–552. [CrossRef]

11. Lee, M.; Martinez, M.J.L.; Baraket, A.; Zine, N.; Esteve, J.; Plaza, J.A.; Renault, N.J.; Errachid, A. Polymer micromixers bonded to
thermoplastic films combining soft-lithography with plasma and aptes treatment processes. J. Polym. Sci. Part A Polym. Chem.
2013, 51, 59–70. [CrossRef]

12. Brown, J.A.; Pensabene, V.; Markov, D.A.; Allwardt, V.; Neely, M.D.; Shi, M.; Britt, C.M.; Hoilett, O.S.; Yang, Q.; Brewer, B.M.; et al.
Recreating blood-brain barrier physiology and structure on chip: A novel neurovascular microfluidic bioreactor. Biomicrofluidics
2015, 9, 054124. [CrossRef] [PubMed]

13. Brown, J.A.; Codreanu, S.G.; Shi, M.; Sherrod, S.D.; Markov, D.A.; Neely, M.D.; Britt, C.M.; Hoilett, O.S.; Reiserer, R.S.;
Samson, P.C.; et al. Metabolic consequences of inflammatory disruption of the blood-brain barrier in an organ-on-chip model of
the human neurovascular unit. J. Neuroinflammation 2016, 13, 306.

14. Toepke, M.W.; Beebe, D.J. PDMS absorption of small molecules and consequences in microfluidic applications. Lab Chip 2006, 6,
1484–1486. [CrossRef] [PubMed]

15. Auner, A.W.; Tasneem, K.M.; Markov, D.A.; McCawley, L.J.; Hutson, M.S. Chemical-PDMS Binding Kinetics and Implications for
Bioavailability in Microfluidic Devices. Lab Chip 2019, 19, 864–874. [CrossRef] [PubMed]

16. Wang, J.D.; Douville, N.J.; Takayama, S.; Elsayed, M. Quantitative Analysis of Molecular Absorption into PDMS Microfluidic
Channels. Ann. Biomed. Eng. 2012, 40, 1862–1873. [CrossRef]

17. Van Meer, B.J.; de Vries, H.; Firth, K.S.A.; van Weerd, J.; Tertoolen, L.G.J.; Karperien, H.B.J.; Jonkheijm, P.; Denning, C.; IJzerman,
A.P.; Mummery, C.L. Small molecule absorption by PDMS in the context of drug response bioassays. Biochem. Biophys. Res.
Commun. 2017, 482, 323–328. [CrossRef]

18. Markov, D.A.; Lu, J.Q.; Samson, P.C.; Wikswo, J.P.; McCawley, L.J. Thick-tissue bioreactor as a platform for long-term organotypic
culture and drug delivery. Lab Chip 2012, 12, 4560–4568. [CrossRef]

http://doi.org/10.1038/nbt.2989
http://www.ncbi.nlm.nih.gov/pubmed/25093883
http://doi.org/10.1016/j.cell.2016.02.049
http://doi.org/10.1016/j.copbio.2016.11.019
http://www.ncbi.nlm.nih.gov/pubmed/28088094
http://doi.org/10.1126/science.1188302
http://www.ncbi.nlm.nih.gov/pubmed/20576885
http://doi.org/10.1371/journal.pone.0197101
http://www.ncbi.nlm.nih.gov/pubmed/29746551
http://www.ncbi.nlm.nih.gov/pubmed/25385717
http://doi.org/10.1371/journal.pone.0184330
http://doi.org/10.1039/C5LC00633C
http://doi.org/10.1039/b924816a
http://doi.org/10.1002/pola.26387
http://doi.org/10.1063/1.4934713
http://www.ncbi.nlm.nih.gov/pubmed/26576206
http://doi.org/10.1039/b612140c
http://www.ncbi.nlm.nih.gov/pubmed/17203151
http://doi.org/10.1039/C8LC00796A
http://www.ncbi.nlm.nih.gov/pubmed/30720811
http://doi.org/10.1007/s10439-012-0562-z
http://doi.org/10.1016/j.bbrc.2016.11.062
http://doi.org/10.1039/c2lc40304h


Micromachines 2023, 14, 761 14 of 14

19. Deguchi, S.; Tsuda, M.; Kosugi, K.; Sakamoto, A.; Mimura, N.; Negoro, R.; Sano, E.; Nobe, T.; Maeda, K.; Kusuhara, H.; et al.
Usability of polydimethylsiloxane-based microfluidic devices in pharmaceutical research using human hepatocytes. ACS Biomater.
Sci. Eng. 2021, 7, 3648–3657. [CrossRef]

20. Moore, T.A.; Brodersen, P.; Young, E.W.K. Multiple myeloma cell drug responses differ in thermoplastic vs PDMS microfluidic
devices. Anal. Chem. 2017, 89, 11391–11398. [CrossRef]

21. Sano, E.; Deguchi, S.; Matsuoka, N.; Tsuda, M.; Wang, M.; Kosugi, K.; Mori, C.; Yagi, K.; Wada, A.; Yamasaki, S.; et al. Generation
of Tetrafluoroethylene–Propylene Elastomer-Based Microfluidic Devices for Drug Toxicity and Metabolism Studies. ACS Omega
2021, 6, 24859–24865. [CrossRef] [PubMed]

22. Tsao, C.W.; DeVoe, D.L. Bonding of thermoplastic polymer microfluidics. Microfluid. Nanofluidics 2009, 6, 1–16. [CrossRef]
23. Nunes, P.S.; Ohlsson, P.D.; Ordeig, O.; Kutter, J.P. Cyclic olefin polymers: Emerging materials for lab-on-a-chip applications.

Microfluid. Nanofluidics 2010, 9, 145–161. [CrossRef]
24. Terai, H.; Funahashi, R.; Hashimoto, T.; Kakuta, M. Heterogeneous bonding between cyclo-olefin polymer (COP) and glass-like

substrate by newly developed water vapor-assisted plasma, aqua plasma cleaner. Electr. Eng. Jpn. 2018, 205, 48–56. [CrossRef]
25. Wen, X.; Takahashi, S.; Hatakeyama, K.; Kamei, K. Evaluation of the Effects of Solvents Used in the Fabrication of Microfluidic

Devices on Cell Cultures. Micromachines 2021, 12, 550. [CrossRef]
26. DRUGBANK Online. Available online: https://go.drugbank.com/ (accessed on 17 August 2022).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1021/acsbiomaterials.1c00642
http://doi.org/10.1021/acs.analchem.7b02351
http://doi.org/10.1021/acsomega.1c03719
http://www.ncbi.nlm.nih.gov/pubmed/34604667
http://doi.org/10.1007/s10404-008-0361-x
http://doi.org/10.1007/s10404-010-0605-4
http://doi.org/10.1002/eej.23164
http://doi.org/10.3390/mi12050550
https://go.drugbank.com/

	Introduction 
	Materials and Methods 
	Quantification of Drug Adsorption to Each Material Used in MPS 
	Cytotoxicity and Adsorptivity of Each Material Used in MPS 
	Fabrication of MPS 
	Cell Culture in MPS 
	Immunostaining 
	Comparison of COP-MPS and PDMS-MPS Cytotoxicity 
	Comparison of Nephrotoxic Drug Cytotoxicity in COP-MPS and PDMS-MPS 

	Results 
	Quantification of Drug Adsorption to Each Material Used in MPS 
	Cytotoxicity and Adsorptivity of Each Material Used in MPS 
	Cell Culture in MPS and Immunostaining 
	Comparison of COP-MPS and PDMS-MPS Cytotoxicity 
	Comparison of Nephrotoxic Drug Cytotoxicity in COP-MPS and PDMS-MPS 

	Discussion 
	Quantification of Drug Adsorption to Each Material Used in MPS 
	Cytotoxicity and Adsorptivity of Each Material Used in MPS 
	Cell Culture in MPS and Immunostaining 
	Comparison of COP- and PDMS-MPS Cytotoxicity 
	Comparison of Nephrotoxic Drug Cytotoxicity in COP-MPS and PDMS-MPS 

	Conclusions 
	References

