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Most conventional hypoxic cell culture systems undergo reoxygenation during experimental manipulations,
resulting in undesirable effects including the reduction of cell viability. A lid device was developed herein for
conventional cell culture dishes to resolve this limitation. The integration of multilayered microfluidic chan-
nels inside a thin membrane was designed to prevent the reoxygenation caused by reagent infusion and
automatically control the oxygen level. The experimental data clearly show the reducibility of the dissolved
oxygen in the infusing reagent and the controllability of the oxygen level inside the dish. The feasibility of the
device for hypoxia studies was confirmed by HIF-1a experiments. Therefore, the device could be used as a
compact and convenient hypoxic cell culture system to prevent reoxygenation-related issues.

Recent studies showed that hypoxia plays
an important role in a variety of biological
conditions, including cancer and stem
cells [1]. Therefore, a precise control of the
in vitro hypoxic cell culture environment is
important to study such hypoxia-related
biological phenomena. However, conven-
tional hypoxic cell culture devices, including
amodular chamber or a gas incubator, must
be opened again after hypoxic conditions
have been established for experimental
manipulations, such as confluency check,
medium replacement and cytokine solution
infusion [2]. Hypoxic cells eventually undergo
reoxygenation when the culture dish is
exposed to the normoxia atmosphere,
resulting in reactive oxygen species gener-
ation and cell damage [3,4]. A glove box
allows the manipulation of the culture dish
without exposing it to the atmosphere, but
it is very expensive and large; hence, it is
often not available in small-scale labora-
tories [2]. In addition, even if the glove box
is used, the reagent must be left in the glove
box for a certain period or, additional opera-
tions, such as nitrogen gas bubbling, should
be performed while the dissolved oxygen
is removed to prevent the reoxygenation

caused by the normoxic reagent infusion [5].
To overcome the inherent limits of current
methods, diverse oxygen level controllable
cell culture systems have been developed,
including microfluidic platforms and 3D
paper-based scaffolds, to generate an
oxygen gradient at the closed or open
microchambers [6-11]. However, most
systems are not designed for use in
conventional cell culture dishes, causing
difficulty for them to be introduced in a
laboratory setting that requires conven-
tional culture dishes. In order to further
improve their functions as well as usability
in a laboratory setting, a couple of compact
hypoxic cell culture devices that could be
used in conventional cell culture dishes have
been studied [12-15]. In spite of all these
efforts, devices that can prevent reoxygen-
ation during an experimental manipulation
have not been reported yet. Moreover, all
of them operate in a manner that they are
inserted into the cell culture medium; hence,
excluding the possibility of contamination
is difficult.

Accordingly, a small-sized, low-cost
culture system with the following condi-
tions is required to resolve these

limitations: ‘condition 1": the device must
perform the necessary function without
being inserted into the culture medium
inside the conventional cell culture dish
to prevent contamination; ‘condition 2’
reoxygenation should not occur during
the hypoxic cell culture because of exper-
imental manipulations, such as reagent
infusion; and ‘condition 3’: the oxygen level
in the culture dish can be freely controlled.
In this study, these conditions are achieved
using an automated hypoxic culture system
developed to meet all the three condi-
tions by developing a device that incorpo-
rates microfluidic technology into the lid of
conventional cell culture dishes.

To satisfy ‘condition 1’, the device was
fabricated by stacking eight membranes
(four pairs of structural and interconnecting
layers) made of gas-permeable polydimeth-
ylsiloxane (PDMS) elastic polymer on the
bottom of the gas-impermeable slide glass
to a total thickness of 1.3 mm, such that it
could be used as the lid of a commercial
35 mm-diameter cell culture dish. The
following can be found in the PDMS
membrane of the lid device: ‘scavenging
channel’ for the oxygen-scavenging agent

METHOD SUMMARY

A microfluidic-based lid device for conventional cell culture dishes was developed for application in an in vitro hypoxia study. The lid device
can reduce the dissolved oxygen in the infusing reagent and automatically control the oxygen level inside the cell culture dish.



(sodium sulfite solution) to circulate inside
the lid and go outside, ‘reagent channel’
for infusing a reagent (culture medium or
cytokine solution) from the outside to the
inside of the culture dish, and ‘gas channel’
for infusing gas (ambient air or nitrogen gas)
directly into the dish (Figure 1A & B).

To achieve ‘condition 2’, the device was
designed to include a ‘reagent channel’
that can infuse a reagent without opening
the lid when the inside of the culture dish
is hypoxic. The microfluidic channels
were integrated by applying the physical
properties, in which the diffusion efficiently
occurs in a microscale structure because
of the increased surface-to-volume ratio,
such that the high dissolved oxygen level
corresponding to the atmospheric partial
pressure of oxygen (pO,) of the infusing
reagent can be rapidly reduced [16]. This
structure was designed such that the
1500 mm-long double-layered microfluidic
‘reagent channel’ abuts the ‘scavenging
channel’, where the sodium sulfite solution
(oxygen-scavenging chemical reaction,
2Na,SO, + O, — 2Na,S0,) circulates

through a gas-permeable thin PDMS
membrane [17]. Prior to the experiment,
a numerical simulation (COMSOL Multi-
physics, COMSOL Inc., Burlington,
MA, USA) was conducted to quantita-
tively estimate the reduction of dissolved
oxygen. In the system, oxygen molecules
are transported across different domains of
heterogeneous materials including PDMS,
air, infusing reagent and sodium sulfite
solution. To determine the oxygen profile,
the convection—diffusion and Navier-Stokes
equations were solved in 3D simulation
model with the boundary conditions
including the mass flux, the continuity of pO,
governed by Henry’s law, and no-slip at the
channel walls [7,16,18]. The oxygen distri-
bution determined by the simulation model
showed oxygen reduction in the surrounding
materials (PDMS, air and infusing reagent)
adjacent to sodium sulfite solution. This
finding is consistent with the simulation in
other types of microfluidic PDMS devices
using a hypoxic gas or sodium sulfite [16,18].
The numerical simulation and experimental
studies confirmed that the device with this
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Figure 1. A schematic layout of the lid device and its numerical and experimental demonstrations
showing the lid device can drastically reduce the dissolved oxygen in the infusing reagent. (A) A layout
of the lid device. The eight-layers of polydimethylsiloxane (PDMS) (Sylgard 184 Silicone Elastomer,
Dow Corning, Midland, MI, USA) membrane with a total thickness of 1.3 mm consist of four structural
layers (spiral microfluidic channels with 800 um width and 200 um spacing) and four interconnecting
layers connecting them through holes. The slide glass and each layer of PDMS are serially bonded by
conventional oxygen plasma treatment. The dotted lines indicate the through-holes interconnecting
each structural layer. (B) A photograph of the lid device. A 5 mm-diameter film-type fluorescent oxygen
sensor (VisiSens Al, PreSens GmbH, Regensburg, Germany) is attached to the center of the PDMS
membrane for noninvasive sensing of the oxygen level in the culture dish. (C) A time-dependent simula-
tion (COMSOL Multiphysics, COMSOL Inc., Burlington, MA, USA) results. A reagent with 0.186 atm of
pO, was infused at a flow rate of 2 ml/min for 2 min into the lid device, in which the oxygen-scavenging
agent (sodium sulfite) circulates at a flow rate of 1 mi/h. The pO, calculated every 1 s at the outlet of the
reagent channel is less than 0.014 atm (0.0138 + 0.0001 atm, mean + SD), which means that more
reagent volume than the recommended culture medium volume (2 ml) of the 35 mm-diameter dish can
be hypoxic during the infusion. (D) Wilcoxon signed rank test result for the presence of the lid device
on the dissolved oxygen reduction (reagent infusion at a flow rate of 2 ml/min while the sodium sulfite
circulates at a flow rate of 1 ml/h). The pO, of the infused reagent without the lid is 0.121 + 0.008 atm,
on the other hand, the one with the lid device is 0.012 + 0.001 atm (*p < 0.05 at five tests of paired
samples). The lid device can reduce the dissolved oxygen level of the infused reagent compared with
routine procedures, such as pipetting, more than 90%.

SD: Standard deviation.

structure can reduce the dissolved oxygen
of the infused reagent by more than 90%
(Figure 1C & D).

To realize ‘condition 3’, the lid device
was designed for sodium sulfite solution
to circulate inside the device through the
‘scavenging channel’. Nitrogen gas (0 atm
pO, of 99.999% purified N, tank) and
ambient air (0.186 atm pO, of 37°C humid-
ified 5% CO, incubator) were directly infused
into the dish through the ‘gas channel’. A
simple proportional-integral-derivative
algorithm has been applied to automate
oxygen level control and measure pO, in
the dish through an oxygen sensor. The
infusion of sodium sulfite, nitrogen gas
and ambient air was controlled through
commercially available syringe pumps
and regulators (Figure 2A). As shown in
Figure 2B (a representative control result),
the measured pO, exhibited a rapid change
rate (average 0.043 atm/min) and a stable
maintenance (average 1.88% coefficient of
variation) and faithfully followed the preset
target pO, value in the algorithm.

The HIF-1a induction experiment, which
is a major cellular mediator to hypoxia,
was performed for the feasibility study
of the microfluidic-based lid device for
the hypoxic cell culture [19]. The experi-
mental results using the lid device showed
that the HIF-1a level of the cultured cells
under hypoxic condition (pO, at 0.047 and
0 atm) was higher (p < 0.05) than that of
normoxic condition (pO, at 0.186 atm). This
is consistent with the previous studies that
showed that HIF-1a., which is continuously
synthesized in cells, is rapidly degraded by
the ubiquitin-proteasome system under
normoxic conditions mediated by the prolyl
hydroxylase enzymes [20]. Meanwhile, the
degradation is prevented under hypoxic
conditions [21]. Furthermore, the level of
HIF-1a. (ranging from 0.75 to 2.88) gradually
increased as pO, decreased (ranging from
0.186 to 0 atm), which is also concordant
with the inverse proportion of HIF-1a to
oxygen levels observed in other types of
hypoxic culture systems (Figure 2C) [7,13].
Therefore, the hypoxic culture using the
device does not disturb the natural cellular
response to hypoxia, and is applicable to
hypoxia-related studies, including HIF-1a
and its downstream cascade.

Compared with previous compact
devices compatible with conventional cell
culture dishes [12—15], the lid device could
provide a capability of not only reducing
the dissolved oxygen in infusing reagent,
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Figure 2. A schematic diagram of the working principle of the lid device and the experimental demon-
stration of HIF-1c. induction study as well as its performance on the automatic oxygen level control. (A)
Diagram showing the cross-section view of the lid device and the operating procedure for the automatic
oxygen level control. The pO, level measured by an optical detector placed on top of the transparent
lid device is transmitted to a computer, where the automatic oxygen level control program based on a
PID algorithm has been installed (LabVIEW, National Instruments Corporation, Austin, TX, USA). The
amount of sodium sulfite, nitrogen gas and ambient air infused into the lid device to control the oxygen
level inside the dish is calculated by the automatic oxygen level control program, and the pumps and
the regulators are automatically actuated as well. (B) A representative example demonstrating how
precisely the automatic oxygen level control system works. The algorithm was preset to sequentially
control the target pO, at 0.047, 0.093, 0.140, 0.093 and 0.047 atm for 15 min each and 0.167 atm
for the last 30 min after the initial 15 min oxygen-uncontrolled period (red line). As shown in the mea-
sured pO, of the culture dish, the nitrogen gas injection is only used to accelerate the oxygen reduc-
tion rate. The constant oxygen level can be (gas tank-free) achieved only by the injection of sodium
sulfite and ambient air. (C) The total HIF-1a. concentration (HIF-1oo human ELISA Kit, Thermo Fisher
Scientific, Waltham, MA, USA) in the cultured cells measured under various pO, (0.186, 0.093, 0.047
and O atm) with the lid device equipped. The culture conditions were as follows: the human cell line
(NCI-H1975, ATCC, Manassas, VA, USA) was cultured in an RPMI-1640 medium (Sigma-Aldrich, St.
Louis, MO, USA) supplemented with 10% fetal bovine serum (Atlas Biologicals, Fort Collins, CO, USA)
for 4 hin a 37°C humidified 5% CO, incubator. After removing the lid device from the culture dish, a
mixture of cell lysis buffer (10X, #9803, Cell Signaling Technology, Danvers, MA, USA) and protease/
phosphatase inhibitor cocktail (100X, #5872, Cell Signaling Technology) was immediately added (within
a few seconds) to obtain the cell lysates. The total HIF-1a. was measured in the cell lysates according to
the manufacturer’s guideline using HIF-1a. human ELISA Kit (Thermo Fisher Scientific). The simultane-
ously measured HIF-1a of the cells incubated with a commercial lid (Corning Inc., Corning, NY, USA) in
normoxia and total protein concentration (bicinchoninic acid protein assay kit, Thermo Fisher Scientific)
was used as control samples to normalize the HIF-1a. concentration. Each experiment was indepen-
dently performed three-times. The normalized HIF-1a levels (mean + SD) are 0.75 + 0.02, 1.22 + 0.31,
1.66 + 0.58 and 2.88 + 0.26 for each target pO,. The difference is statistically significant (*p < 0.05;
**p < 0.005; Kruskal-Wallis test followed by Tukey’s post hoc analysis).

PID: Proportional-integral-derivative; SD: Standard deviation.

but also precise controlling of oxygen level
without direct contact between device and
culture media leading to a low possibility of
contamination. Moreover, the lid device also
provides a freedom of choice in materials
(chemical agent or gas) for oxygen control.
Thus, for example, the lid device could be
used for hyperoxia-related studies because
it can use high-oxygen-content gases or

and it is expected to be affordable with
cost as low as $3000 for the entire system,
including the lid device (a couple of dollars)
and all other components (pump, regulator
and oxygen sensor). Therefore, the lid device
system reported in this work is a promising
alternative to a large and expensive (up to
$50,000) conventional glove box to prevent
reoxygenation-related issues during hypoxic

oxygen-generating agents [22]. In addition,  cell culture.
this device could be used in studies requiring
the change of the oxygen level during cell Author contributions

culture, including the ischemia—reperfusion
injury model, because the oxygen level can
be arbitrarily controlled [23]. Furthermore, the
lid device is compact (~50 mm in diameter)
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