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ABSTRACT: Microﬂuidic devices made from poly(dimethylsiloxane) (PDMS) are
gas permeable and have been used to provide accurate on-chip oxygen regulation.
However, pervaporation in PDMS devices can rapidly lead to dramatic changes in
solution osmotic pressure. In the present study, we demonstrate a new method for onchip oxygen control using pre-equilibrated aqueous solutions in gas-control channels
to regulate the oxygen content in stagnant microﬂuidic test chambers. An oﬀ-chip gas
exchanger is used to equilibrate each control solution prior to entering the chip. Using
this strategy, problems due to pervaporation are considerably reduced. An integrated PDMS-based oxygen sensor allows accurate
real-time measurements of the oxygen within the microﬂuidic chamber. The measurements were found to be consistent with
predictions from ﬁnite-element modeling.

I

n vitro studies have demonstrated that oxygen levels aﬀect cellular
growth,1 enzyme expression,2 and stem cell diﬀerentiation.3,4 In
addition, naturally occurring oxygen gradients, a result of masstransfer limitations, have been suggested to regulate proper tissue
function,5 inﬂuence cell development,4 and elicit the onset of
angiogensis.6 As such, new approaches to regulating in vitro cell
culture oxygen levels could improve our understanding of oxygendependent cellular behavior. While mammalian cells in tissue are
found at an oxygen partial pressure (PO2) of 3% to 9% oxygen
(PO2 = 0.03 atm 0.09 atm),7 conventional cell culture incubators, in contrast, are typically maintained at the ambient
level of 21% oxygen (PO2 = 0.21 atm). To reduce the oxygen
level during in vitro cell culture, various hypoxic chambers
have been developed. However, the time required for culture
medium to reach equilibrium and the lack of ability to generate
oxygen gradients limit the scope of application for such
chambers.8
Gas-permeable, poly(dimethylsiloxane) (PDMS)-based microﬂuidic devices oﬀer alternative approaches to existing methods of
oxygen regulation.915 With the utilization of passive diﬀusion,
external oxygen gas pumped through a control channel equilibrates
through PDMS with the dissolved oxygen in adjacent ﬂuidic
channels, thereby achieving oxygen regulation on the device. Given
the small distance between channels and the high permeability of
oxygen through PDMS,16 equilibrium can be achieved quickly
(within seconds).12,13 In addition, oxygen gradients can be generated using diﬀerent oxygennitrogen gas mixtures across a device.13
While this method of oxygen control is an improvement, the current
design allows signiﬁcant pervaporation of water through the
PDMS.17 In mammalian cultures where the temperature is held at
37 °C, the aqueous liquid within a ﬂuidic chamber can quickly
evaporate and pass through the PDMS, resulting in dramatically
increased osmolarity of the liquid.17 This issue is potentially
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exacerbated when gas-ﬁlled control channels are placed in close
proximity to ﬂuidic channels for gas control. To circumvent this
problem, mammalian cells are often cultured in the device under
continuous ﬂow conditions. However, this precludes culturing cells
that are sensitive to shear stress and limits the potential applicability
of microﬂuidic methods.
In the current study, we demonstrate a new approach for
regulating oxygen on a microﬂuidic chip. In contrast to previous
methods, pre-equilibrated aqueous solutions of diﬀerent dissolved oxygen compositions were pumped through gas control
channels to modulate the oxygen levels in neighboring stagnant chambers. Equilibrium through the bulk PDMS gave rapid
control of the dissolved oxygen composition. To monitor the
changing oxygen levels within the ﬂuidic chamber in real-time
and continuously, we integrated an oxygen sensor previously
developed in our lab into the PDMS device.18 Additionally, the
aqueous solutions in the control lines replaced water lost to the
environment via pervaporation.19 While diﬀerent techniques
have separately addressed oxygen regulation and pervaporation
control, we demonstrate for the ﬁrst time the ability to simultaneously regulate the oxygen level and also reduce evaporation
using water-ﬁlled control lines.

’ EXPERIMENTAL SECTION
PDMS-based multilayer microﬂuidic devices were fabricated
using photolithography and soft lithography techniques.20 The
current design has a single ﬂuidic line that widens into a chamber,
positioned between two control lines (Figure 1). Pneumatic
valves placed upstream and downstream from the chamber
Received: August 30, 2011
Accepted: October 13, 2011
Published: October 13, 2011
8821

dx.doi.org/10.1021/ac202300g | Anal. Chem. 2011, 83, 8821–8824

Analytical Chemistry

Figure 1. Schematic of microﬂuidic device setup for on-chip oxygen
regulation. Water was pumped through the gas exchanger where the PO2
in the liquid is reduced via equilibration with the controlled gas
composition. This solution then enters the microﬂuidic control lines
ﬂanking the ﬂuid chamber of the device. An oxygen sensor integrated
into the ﬂoor of the device (red) measures changes of PO2 as dissolved
oxygen in the control lines diﬀuse through the PDMS and into the
adjacent ﬂuid chamber. Schematic not drawn to scale.

regulated the liquid ﬂow. Control lines and the ﬂuid chamber
were 250 μm and 1000 μm wide, respectively. Two designs were
tested: in one, the horizontal distance between the ﬂuid chamber
and the control line was 200 μm and in the other this distance was
80 μm. The vertical distance between the two was ∼10 μm in all
cases. All channels were 30 μm tall. Before introduction on-chip,
the gas partial pressure in control solutions was modulated using
a gas exchanger constructed using gas-permeable Teﬂon AF
tubing with i.d. = 600 μm and o.d. = 800 μm (Biogeneral Inc., San
Diego, CA).21
An oxygen-sensing PDMS ﬁlm, based on the porphyrin dye,
Pt(II) meso-tetrakis(pentaﬂuorophenyl) porphine (PtTFPP, Frontier Scientiﬁc Inc., Logan, Utah), was prepared and calibrated as
described previously.18 Brieﬂy, PtTFPP was dissolved in PDMS
(Slygard 184; Dow-Corning, Midland, MI) and spin coated onto a
microscope slide. Separate layers of Teﬂon AF (Dow Chemical)
and PDMS were sequentially spin-coated and cured. The total
sensor thickness was ∼24 μm. This oxygen sensor was integrated
with the microﬂuidic device through plasma bonding. Calibration of
the on-chip sensor was accomplished by exposing the device to
controlled levels of oxygen gas. Emission intensity from the sensor
was captured and used to generate a calibration curve. Because the
thin-ﬁlm sensor covered the entire surface, spatial variations in the
oxygen level could be monitored across the whole device.
Pervaporation experiments were performed at a temperature
of 37 °C to mimic cell culture conditions. A 10 μM solution of
dextran conjugated with rhodamine (molecular weight ∼70 000;
Sigma, St. Louis, MO) was used as a marker for changes in the
solute concentration. A steady-state 2D ﬁnite element model was
developed using FlexPDE software based on the device and
channel geometry (Supporting Information; Figure S-2).

’ RESULTS AND DISCUSSION
Regulation of the oxygen level on-chip was accomplished
using an oﬀ-chip gas exchanger. Water, pumped through the
gas exchanger, ﬁrst equilibrated with the oxygen level there.
The high oxygen permeability of Teﬂon tubing (990 barrer,
from manufacturer Web site) and the short diﬀusion distance
(tubing wall thickness ∼100 μm) allowed rapid equilibration
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Figure 2. Eﬀects of water pervaporation during device operation. Fluorescent intensity of dextran conjugated rhodamine solution increased due to
pervaporation when humidiﬁed air was pumped through the control lines
(a). On-chip regulation of gas partial pressure using water-ﬁlled control lines
(O) mitigated the eﬀects of pervaporation as compared to humidiﬁed
gas ﬂow (b) (b). The pervaporation rate when ﬂowing humidiﬁed air
was calculated (0.248 nL/min) from the ﬂuorescence doubling time (2 h)
and the device geometry. In each case, the mean intensity value across the
ﬂuid chamber was normalized at t = 0; error bars indicate the standard
deviation of triplicate measurements. Solid lines show linear regressions for
each system with the ﬁtted equations.

with the PO2 set point. At a ﬂow rate of 700 μL/min (residence
time of the liquid in the gas exchanger was ∼100 s), the oxygen
level in the liquid had fully equilibrated by the time the liquid
left the gas exchanger. Equilibration was determined by
monitoring the oxygen levels in the liquid as it exits the gas
exchanger (data not shown).
Previously, we had developed a PDMS-based, thin-ﬁlm oxygen sensor using the phosphorescent dye, PtTFPP.18 Here, we
integrated this sensor ﬁlm into the ﬂoor of the microﬂuidic device
through plasma bonding. The emission intensity from the ﬁlm is
quenched in the presence of oxygen, and the relationship
between the two is given by the linear SternVolmer equation:22
Io
¼ 1 þ KSV  PO2
I

ð1Þ

where Io is the phosphorescence intensity of the sensor under pure
N2 (PO2 = 0 atm), I is the quenched intensity at elevated oxygen
levels, KSV is the SternVolmer constant, and PO2 is the partial
pressure of oxygen. The calibration of the sensor was performed via
pixel-by-pixel analysis where each pixel was assigned a separate
SternVolmer constant. The KSV determined for the on-chip
sensor (517 ( 100 atm) matched previous bulk sensors,18 indicating that the sensitivity of the measurement was not aﬀected by the
assembled microﬂuidic device (Supporting Information; Figure
S-1). As liquid carrying lower dissolved oxygen was introduced
on-chip, the oxygen level within the device equilibrated by diﬀusion
and was monitored in real time by the oxygen sensor.
Given the small volume of liquid within the microﬂuidic
device, pervaporation can rapidly alter solute concentrations,
potentially aﬀecting a cell culture experiment. To monitor the
changes in solute concentration during operation, emission
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Figure 3. Rapid PO2 response on-chip. Images of the microﬂuidic device
via phase contrast (left) and PO2 (right) show the position of the ﬂuid
chamber with two ﬂanking control lines (a). Initially, air equilibrated with
water ﬂows through the control lines, and the PO2 in the stagnant ﬂuid
chamber remains at 0.2 atm. When the gas exchanger is ﬁlled with N2
(PO2 = 0 atm; t = 0 min), oxygen levels in the control line reached steady
state within 2 min, matching closely the residence time of liquid in the gas
exchanger (b). Steady state oxygen level in the ﬂuid chamber is achieved in
8.5 min. The PO2 image in part a is taken from t = 20 min in part b.

intensity of dextran conjugated with rhodamine was monitored
continuously in the ﬂuidic channel while a downstream valve was
closed. When warm humidiﬁed gas was pumped through the
control lines, an increase in rhodamine ﬂuorescence with time
was observed in the stagnant ﬂuid chamber (Figure 2a). This was
consistent with fresh rhodamine solution entering the chamber to replace liquid lost through pervaporation. From the
steady increase in solute concentration, an osmolality doubling time of 2 h was calculated. For the geometry of the
system, this gave a pervaporation rate of ∼0.25 nL/min
(Supporting Information). In contrast, pervaporation eﬀects
were mitigated when warm water was pumped through the
control lines, and no increases in rhodamine intensity were
observed (Figure 2b). The eﬀect of water-ﬁlled control lines
here was analogous to the incorporation of a water reservoir
speciﬁcally designed to prevent pervaporation.23
By reducing the PO2 in the control lines, oxygen levels can be
reduced within the ﬂuid chamber. The thin ﬁlm sensor integrated
into the ﬂoor of the microﬂuidic system allowed spatial variations
in PO2 across the entire device to be monitored (Figure 3a).
Previous devices demonstrated oxygen regulation by directly
overlapping the gas and ﬂuid channels.12,13 Adler et al. demonstrated the ability to generate diﬀerent oxygen gradients by
designing multiple control lines directly above a liquid line.13
Equilibration times in these systems varied depending on the
distance between channels and were typically on the order of
seconds. The current device minimizes potential light scattering
and optical interference by incorporating control lines adjacent
to the ﬂuidic chamber.
With the current system, steady state PO2 levels in the control
lines were achieved in 2 min after air was switched to N2 in the gas
exchanger (Figure 3b). The oxygen level in the ﬂuid chamber
equilibrated more slowly and reached a steady state in 8 min.

Figure 4. PO2 equilibration. The oxygen level across the device
equilibrated with PO2 set points in the aqueous solutions pumped
through the control lines (a). By ﬂowing air-equilibrated and N2equilibrated water on opposite sides of the stagnant ﬂuid chamber, an
oxygen gradient was formed across the device (b). Oxygen measurements from the sensor match the results of ﬁnite element simulations
(black line). Gray regions in the graphs indicate the location of the two
control lines ﬂanking the stagnant ﬂuid chamber (middle). Data points
represent the mean PO2 value; the error bars depict the standard error.

A PO2 across the whole device of 0.03 atm0.05 atm was achieved
with this design (Figure 4a), providing a physiologically relevant
oxygen environment. (PO2 levels signiﬁcantly lower than 0.03 atm,
as required for hypoxic studies, could not be attained with the
current device design.) A 2D ﬁnite element model was developed
based on the steady state diﬀusion equation:
DO2

∂2 C
¼0
∂x2

ð2Þ

where DO2 is the diﬀusion coeﬃcient of oxygen in PDMS, c is the
oxygen partial pressure, and x is the distance. Using the geometry of
the device cross section, simulations were performed to determine the on-chip oxygen levels as solutions with diﬀerent dissolved oxygen content were pumped through the control lines
(Supporting Information; Figure S-2). The height of the device
was the only adjustable parameter for the model. The simulation
showed good agreement with experimental data (Figure 4a),
indicating oxygen transport in the device could be accounted for
with a simple 2D diﬀusion model from eq 2. The current system
allows rapid control of on-chip oxygen levels within physiological
ranges, and the oxygen sensor provides real-time monitoring.
In addition, the diﬀusive simulation model allows alternative geometries to be quickly evaluated prior to fabrication.
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With air-equilibrated and N2-equilibrated water pumped into
opposing control lines, an oxygen gradient was formed across the
device (Figure 4b). The ﬁnite element model again showed
excellent agreement with experimental data.

’ CONCLUSIONS
Precise regulation of the oxygen level is critical in many
applications (e.g., understanding how oxygen aﬀects cell function and response). Gas permeable PDMS-based microﬂuidic
devices oﬀer the advantage of fast and precise control of the
oxygen level; however, continuous operation can result in
pervaporation and dramatic changes in osmotic pressure. Here,
instead of pumping gases directly through the device, water
with varying dissolved oxygen concentrations was pumped
through the control lines to achieve regulation of the oxygen
level. The use of water-ﬁlled control lines signiﬁcantly mitigated
pervaporation eﬀects. Using this strategy, we demonstrated that
physiological oxygen levels (PO2 of 0.03 atm0.05 atm) could
be maintained on-chip, or oxygen gradients could be generated.
The integration of an oxygen sensor into the ﬂoor of the
microﬂuidic device allowed real time, in situ monitoring of
the oxygen partial pressure. The current strategy allows the
oxygen level to be monitored across the entire device, thus
providing a tool for understanding how changes in oxygen level
propagate throughout the entire microﬂuidic system. Experimental PO2 measurements showed excellent agreement with
ﬁnite element simulations. Compared to previous strategies
which have addressed these issues separately, we have developed a microﬂuidic system that provides on-chip oxygen
control while simultaneously mitigating pervaporation. Future
experiments will examine cell-based culture systems using the
current approach for controlling oxygen partial pressure.
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Figure S-1 On-chip PO2 sensor calibration. The response of the integrated oxygen sensor
follows the Stern-Volmer equation. Data points represents the mean value of all the pixels
(360000 pixels) and error bars indicate their standard deviation.
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Figure S-2 Two dimensional steady state numerical simulation of oxygen levels in a
microfluidic device. The simulated geometry was 21 mm wide x 8 mm high, with boundary
conditions of PO2 = 0.2 atm on three sides exposed and an oxygen impermeable bottom. The
legend provides the PO2 (in atm) of the contour lines. When the boundary conditions of the
two control lines were set at PO2 = 0.02 atm (left) and 0.012 atm (right) to match the sensor
measurements, oxygen level on-chip was reduced (a).

The inset shows the two control lines flanking the fluid chamber and the location of
simulated oxygen measurement (red dashed line). To simulate oxygen gradient, PO2 of
control lines were set at 0.2 atm (left) and 0.008 atm (right) based on the experimental
measurements (b). The input parameters for the diffusion of oxygen in PDMS, Teflon AF,
and water are 3.3*10-5 cm2/s, 2*10-6 cm2/s, and 4*10-5 cm2/s, respectively. The current
simulation consists of 60536 nodes.

ESI Pervaporation calculation

The total volume V of the liquid is the volume of the cell chamber:
V = 1000 m  1000 m  30 m = 310-5 cm-3
The volume of the chamber is assumed constant, therefore the slope from Figure 2b, is the rate of
the fold change for the volume. The rate of pervaporation is determined from total volume
multiplied by the rate of fold change:

310-5 cm3  0.0083 min-1 = 2.4710-7 cm3/min

