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Glass-based organ-on-a-chip device for restricting small molecular absorption
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The use of organ-on-a-chip (OOC) devices is a promising alternative to existing cell-based assays and animal testing
in drug discovery. A rapid prototyping method with polydimethylsiloxane (PDMS) is widely used for developing OOC
devices. However, because PDMS tends to absorb small hydrophobic molecules, the loss of test compounds in cell-
based assays and increases in background fluorescence during observation often lead to biased results in cell-based
assays. To address this issue, we have fabricated a glass-based OOC device and characterized the medium flow and
molecular absorption properties in comparison with PDMS-based devices. Consequently, we revealed that the glass
device generated a stable medium flow, restricted the absorption of small hydrophobic molecules, and showed
enhanced cell adhesiveness. This glass device is expected to be applicable to precise cell-based assays to evaluate small
hydrophobic molecules, for which PDMS devices cannot be applied because of their absorption of small hydrophobic
molecules.
� 2018, The Society for Biotechnology, Japan. All rights reserved.
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An organ-on-a-chip (OOC) is a cell culture system with a
microscale organ model constructed as a microfluidic device. Such
systems are suitable alternatives to enhance the reliability of cell-
based assays in drug discovery (1e3). Over the last decade, many
types of organs and tissues (e.g., lungs, livers, fat, marrow, and tu-
mors) have been established in OOC (4e8). By combining these
organs, a body-on-a-chip has been developed to predict body-level
drug responses in multiple-organ systems (9e14). Our group has
developed pneumatic pressure-driven OOC systems, which have
parallel chambers allowing the simultaneous performance of
multiple assays (15e17). Some advantages of our system are
pipette-friendly liquid handling, small volume requirement for
medium circulation, and simultaneous medium circulation in
multiple culture chambers. In most previous works, including our
own, OOC devices have been typically fabricated from poly-
dimethylsiloxane (PDMS) because of its unique properties such as
transparency, biocompatibility, and ease of microfabrication.
However, PDMS-based OOC devices (hereinafter referred to as
PDMS devices) can easily absorb small molecules in their polymer
network structures (15,18e22). This absorption leads to a loss of
available compounds in the culture medium.

To control the absorption of small molecules, various in-
vestigations have been conducted. Toepke and Beebe (18) quali-
tatively studied the absorption of small hydrophobic molecules,
while Wang et al. (19) quantitatively studied the same topic.
Coatings have been applied to the PDMS surface to prevent mo-
lecular absorption, using various materials such as glass and
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titanium dioxide (20), parylenes (21), and lipophilic materials
(22). These coatings have reduced the absorption of small mole-
cules in PDMS. Glass has a higher resistance to small molecular
absorption than PDMS; however, absorption with a glass-based
OOC device (hereinafter referred to as a glass device) has not yet
been investigated. In addition, for applications that require OOC
systems, it is crucial to develop a glass device in order to enable
the use of reagents that cannot be used for absorption by polymer
devices such as PDMS.

In the study described here, we fabricated and characterized a
glass device for preventing small molecular absorption in cell-
based assays. To fabricate a glass device with dimensions similar
to the PDMS device developed in our previous work (17), we
redesigned the structure of the microchannels. Using the fabricated
glass and PDMS devices, we compared the medium flow behavior,
small molecular absorption, and cell adhesiveness. We also per-
formed a lipid staining test in the glass and PDMS devices as an
example of a cell-based assay.

MATERIALS AND METHODS

Materials We prepared a 3 mM Nile Red solution in Dulbecco’s modified
Eagle’s medium (DMEM)/F-12 (without phenol red, Thermo Fisher Scientific,
Waltham, MA, USA) with 10% fetal bovine serum (FBS) containing 0.1%
dimethyl sulfoxide for characterizing small molecular absorption in the glass
and PDMS devices. We prepared a 3 mM Nile Red solution in phosphate
buffered saline (PBS) containing 3% methanol for lipid staining test. We used
poly-L-lysine hydrobromide (PLL) (mol wt 30,000e70,000, SigmaeAldrich, St.
Louis, MO, USA) and collagen (Cellmatrix Type I-C, Nitta Gelatin Inc., Osaka,
Japan) for coating the glass and PDMS devices. A human hepatocyte
carcinoma cell line, HepG2 cells (RIKEN BioResource Center, Tsukuba, Japan),
All rights reserved.



FIG. 1. Structure of the organ-on-a-chip device. (A) Overall view of the device consisting of eight culture units, indicated by pink squares. (B) Schematic of a single culture unit
consisting of chambers A and B.

FIG. 2. Organ-on-a-chip devices fabricated from glass (A, B) and PDMS (C, D). (A, C) Overall views of the devices. (B, D) Single culture unit and magnified views of Laplace valves. The
scale bars are 500 mm.

TABLE 1. Laplace valves in the glass and PDMS devices (n ¼ 3, �SD).

Device material Dimensions of the
microchannels in the Laplace

valves

Laplace pressure (kPa)

Depth (mm) Width (mm)

Glass 27 � 2 203 � 1 6.0 � 0.1
PDMS 27 � 1 79 � 1 6.4 � 0.1
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was cultured in DMEM (Wako Pure Chemical Industries, Ltd., Osaka, Japan)
with 10% FBS and 1% penicillin streptomycin. We prepared a fat-overloading
medium containing 0.5 mM oleic acid using oleic acid-albumin from bovine
serum (SigmaeAldrich) in DMEM with 1% penicillin streptomycin and
without FBS.

Device design and fabrication We incorporated the device design devel-
oped in our previous work (17) to compare the glass and PDMS devices (Fig. 1A).
Each device consists of eight culture units, where each culture unit consists of
two sets of chambers, Laplace valves, cell culture wells, and medium circulation
channels (Fig. 1B). Fig. 2 shows the structure of the glass and PDMS devices used
in this study. The structure of the PDMS device was identical to that of the
microfluidic plate we used in our previous study (Fig. 2C,D) (17). The structure of
the glass device was slightly different from that of the PDMS device (Fig. 2A,B)
because of difficulty in the fabrication of the glass device with the same structure
with the PDMS device. In this study, the glass devices were fabricated using the
following method, which is relatively low in cost, because the fabrication
difficulty (which affects fabrication cost) is high for replicating the structure of the
PDMS device, which had been fabricated by photolithography and replica molding
(i.e., softlithography). The glass device was constructed from two layers of glass
plates by wet etching, sandblasting, computer numerical control (CNC) machining,
and thermal bonding. Wet etching and sandblasting were performed to engrave
deep channels (0.4 mm in depth). CNC machining was performed to engrave cell
culture wells on one glass plate. Wet etching was performed to engrave shallow
channels as Laplace valves (27 mm in depth) on the other glass plate. After
fabricating these structures, thermal bonding was performed to bond the two
plates covalently. Technical drawbacks in the fabrication processes and replication
of our glass device have been overcome through our previous process
development for glass microfabrication (23e28), although harsh chemicals
commonly used in wet etching were required. To compare the glass and PDMS
devices, we used the PDMS device fabricated in our previous work (17) using soft
lithography (29). We used an OOC system composed of a lid, chamber plate,
microfluidic plate, and holder to compare the glass and PDMS devices (Fig. S1). In
this study, the glass and PDMS devices were used as microfluidic plates, shown in
Figs. 2 and S1.

Characterization of flow behavior We used a pneumatic pressure control
system (ASTF0401, Engineering System, Japan) to measure the Laplace pressure
at which the gas phase breaks into the Laplace valves and to generate medium
circulation flow in the glass and PDMS devices, as described in our previous
work (17). We estimated the flow rate of the culture medium from the time for
medium transfer between chambers A and B. The device was pressurized with
5% CO2, using a commercial air pump; the gas was supplied from a CO2

incubator.

Characterization of small molecular absorption To characterize small
molecular absorption in the glass and PDMS devices, we introduced 50 mL of the
medium with 3 mM Nile Red into the medium circulation channel in the glass and
PDMS devices and incubated the devices under light-shielded conditions for 30min.
Exchange with fresh medium was repeated every 30 min, and the medium
circulation channels were observed using a fluorescent microscope after 1, 3, 5,
and 10 medium introductions.

Characterization of cell adhesiveness To characterize the cell adhesiveness
on the glass and PDMS devices, we first treated the cell culture wells in the devices
using PLL, coated them with collagen as described in our previous work (17), and
compared them with the devices without collagen coating. HepG2 cells were



FIG. 3. Flow characteristics. Flow rates in the glass and PDMS device at an applied
pressure of 4 kPa (n ¼ 3, mean � SD).

FIG. 4. Comparison of molecular absorption for the glass and PDMS devices. (A) Bright-field
the medium circulation channels and incubated for 30 min. The microscope images were acq
and fluorescent images were acquired with exposure times of 100 and 500 ms, respectivel
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seeded into the cell culturewell at a concentration of 1�104 cells/well in the culture
medium. Bright-field images were taken 3.5 and 22 h after seeding.

Fat-overloading culture of HepG2 cells and lipid staining To evaluate the
effect of small molecular absorption to the glass and PDMS devices during staining
experiment, we performed a lipid staining test for HepG2 cells cultured in the fat-
overloaded condition, as described in the previous paper (30). Briefly, HepG2 cells
were seeded into the cell culture well at the concentration of 1 � 104 cells/well as
described in the previous section. Culture medium was exchanged to the fat-
overloading medium containing 0.5 mM oleic acid on next day of cell seeding,
and the cells were stained after 24 h incubation. The lipid in the fat-overloaded
HepG2 cells were stained with 3 mM Nile Red in PBS containing 3% methanol for
30 min and washed with PBS twice; the cells were then observed using
fluorescent microscopy.

Microscopy The bright-field and fluorescent images were obtained using
cameras (DP25, Olympus, Tokyo, Japan and ORCA-Flash 4.0, Hamamatsu Photonics
K.K., Shizuoka, Japan) mounted on inverted microscopes (CKX-41, Olympus, and
IX71, Olympus).
and fluorescent images. Fluorescent-dye-added medium was repeatedly introduced to
uired after 0, 1, 5, and 10 introductions of medium. The scale bars are 1 mm. Bright field
y. (B) Fluorescent intensity in the wall of medium circulation channels.



FIG. 5. Comparisons of cell adhesiveness. (A) HepG2 cells cultured on surfaces with and
without collagen coating. The cells were incubated in the devices for 22 h after cell
seeding. (B) Cells cultured with and without fat-overloading by oleic acid. The cells
were incubated in the devices for 24 h after medium change. The scale bars are
200 mm.
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RESULTS AND DISCUSSION

Fabricated devices and flow behavior We fabricated a glass
device with Laplace valves that produce a Laplace pressure similar
to that in the PDMS device (Fig. 2 and Table 1). The theoretical
Laplace pressure is described by the equation:

DP ¼ 2g
�

1
wL

þ 1
hL

�
(1)

where g is the interfacial tension and wL and hL are the width and
height of the microchannels creating the Laplace valve, respec-
tively. In general, the Laplace valves act as passive valves to stop gas
flow at the interface between the gas and the liquid at pressures
below the Laplace pressure (16,17). The structure of the Laplace
valve in the glass device is modified (Fig. 2B,D, and Table 1) from
that in the PDMS device to obtain a glass device that produces a
Laplace pressure similar to that in the PDMS device used in our
previous work (17). The microchannel Laplace valves in the glass
device have the same depth as those in the PDMS device but greater
width.

We characterized the behavior of the medium flows in the glass
and PDMS devices to confirm how the flow rate, an important cell
culture condition, changedwhen differentmaterials were used. The
circulation flow of the medium in the devices was generated by
sequential applied pressure as described in our previous work (17)
(Fig. S1). Here, to measure the flow rates in the glass and PDMS
devices, we applied a constant pneumatic pressure of 4 kPa to
chambers A and B, repeatedly. Then, the medium flowed from
chamber A to chamber B and from chamber B to chamber A,
repeatedly. In the glass device, the flow rates from A to B are higher
than those from B to A (Fig. 3). This result was consistent with the
fluidic resistance difference caused by the longer microchannel
from A to B than that from B to A. A similar tendency was observed
in the PDMS devices. However, the tendency was different in the
different culture units. This difference is most likely because of
differences in the deformability of the device (i.e., glass is rigid and
PDMS is soft). Because the cross-sectional area of the PDMS device
easily varies in response to device deformation, the flow velocity
can vary simultaneously.

Molecular absorption and cell adhesion properties Prior to
the lipid staining test with the cells in the glass and PDMS devices,
we characterized their molecular absorption and cell adhesion
properties. We did this by repeating both the introduction of me-
dium with fluorescent dye into the medium circulation channels
and the incubation of the devices. The fluorescent intensity of the
wall of the medium circulation channel in the PDMS device in-
creases gradually, while no fluorescence is observed in the glass
device (Fig. 4). Because of the polymer network structure, PDMS
has higher permeability than glass. According to the previous
report (18), the molecular absorption for a PDMS-based
microchannel decreases the solution concentration in a
microchannel to 100 times lower than the original concentration.
Therefore, the glass device is more useful than the PDMS device
because of its resistance to small molecule absorption. In this
experiment, we observe some air bubbles trapped in the
microchannels in the glass device (as Fig. 4A). Compared with the
PDMS device, air bubbles were frequently formed in the glass
device. In general, the untreated glass surface is relatively
hydrophobic. This relatively hydrophobic glass surface readily
captures air, which forms air bubbles. However, the air bubbles
can be easily removed by simply flashing the culture medium
several times. Therefore, no interference by air bubbles in the cell
culture experiment was observed in this study.

We compared the adhesiveness in the glass and PDMS devices
after having cultured HepG2 cells in the culture medium in the
culture wells in the glass and PDMS devices. Cells incubated after
22 h are adhered to the surfaces of the glass and PDMS devices,
regardless of the presence of surface coatings of collagen (Fig. 5A).
Interestingly, in the case of short incubation time (that is, for 3.5 h),
the glass device showed immediate cell adhesion, whereas the
PDMS device did not (Fig. S2). Under the fat-overloaded condition,
under which the medium did not contain FBS, the cells on the
collagen-coated PDMS device detached more easily than that on
the collagen-coated glass device (Fig. 5B). These results indicate the
superior cell adhesion of the glass device compared to the PDMS
device under the serum-free condition.

Lipid staining test The effect of the absorption of the fluo-
rescent dye in lipid staining was compared between the glass and
PDMS devices. We first confirmed the background fluorescence
caused by the absorption of fluorescent dye in the glass and PDMS
devices without cells, by incubating the devices with a fluorescent
dye, Nile red. As expected, a strong background fluorescence is
observed in the PDMS device but not in the glass device (Fig. 6A).

In the next experiment, we incubated the devices with HepG2
cells under the fat-overloaded condition and carried out a lipid
staining test. As described in the previous section, the glass device
shows higher cell adhesiveness than the PDMS device, even though
both devices are coated with PLL and collagen (Fig. 6B). In fluo-
rescent microscopy, the stained lipids are distinguished in the glass
device. In contrast, the stained lipids in the PDMS device cannot be
distinguished at all, because the fluorescence of cells is buried in
the background fluorescence from the culture well. In terms of



FIG. 6. Lipid staining test with Nile red. (A) Comparisons of background fluorescence in the devices without cells. (B) Lipids stained with a small molecular fluorescent dye. Both the
glass and PDMS devices were coated by PLL and collagen in that order. The red color is artificial. The scale bars are 200 mm. The bright field and fluorescent images were taken with
exposure times of 100 and 1500 ms, respectively.
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fabrication cost, glass devices are approximately 10 times more
expensive than PDMS devices based on our discussion regarding
fabrication with companies. However, as demonstrated by the
above experimental results, the glass device presented here has a
high cell adhesiveness and lowabsorption, and therefore, should be
useful in the cell-based assay for analysis of small hydrophobic
molecules. This work focused on qualitative studies to investigate
cell adhesiveness and small molecular absorption in a glass device.
In a future work, a quantitative study with a glass device should be
performed, because the results could assist in determining how
much the molecules are absorbed or not. We expect that the glass-
based OOC device may be widely applicable to cell-based assays to
evaluate rare and valuable small-molecule drug candidates.

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jbiosc.2018.10.019.
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