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Abstract

We developed a computational model to predict oxygen levels in microfluidic plastic devices
during cell culture. This model is based on experimental evaluation of oxygen levels. Conditions
are determined that provide adequate oxygen supply to two cell types, hepatocytes and endothelial
cells, either by diffusion through the plastic device, or by supplying a low flow rate of medium.

In recent years, microfluidic devices have been established as versatile platforms to mimic
certain tissue microenvironments for the study of cellular behaviour and signalling. Due to
its optical transparency, biocompatibility, gas permeability and ease of fabrication,
polydimethylsiloxane (PDMS) is usually employed for lab-scale studies, but PDMS has
disadvantageous characteristics in terms of adsorption of small hydrophobic species.l: 2
Recent investigations into the oxygen distribution and manipulation inside devices
demonstrate a growing interest in cell culture under hypoxic or anoxic conditions.3-6 Here,
thermoplastic devices made from cyclic olefin copolymer (COC), polystyrene (PS), or
polypropylene (PP), poly(methacrylic acid) (PMMA) amongst others, offer an oxygen-
impermeable alternative and are also easily mass-produced by means of hot embossing or
injection-molding. Poly(methyl pentene) (PMP) is a new, promising material for normoxic
microfluidic applications, because it combines excellent processability and biocompatibility
with high oxygen permeability.” Numerous methods are reported to create leak- and burst-
proof bonds between thermoplastic devices and films (homogeneous) or other materials
(heterogeneous).812 However, little is known about the oxygen levels inside thermoplastic
microfluidic devices during cell culture and the possible impact on cell viability and
behaviour. Studies propose that under long-term hypoxia/anoxia some cell types exhibit a
reverse Pasteur effect, down-regulated oxygen consumption!3 and protein synthesis,14 or
altered gene expression.1® It is therefore imperative to know the levels of oxygen prevailing
in a given cell culture situation in order to make conclusions about cellular behaviour.16
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A recent study presented an oxygen-impermeable cell culture device made from PMMA,
equipped with oxygen sensors at the media inlet and outlet.}” However, the locations of
oxygen sensing does not allow for continuous analysis across the entire cell culture area.
Other reports focus on the investigation of oxygen levels in gas-permeable PDMS devices
during cell culture.18-24 A range of commercial sensors has been developed to measure the
oxygen levels in biological systems. These are mostly based on ratiometric imaging of
fluorescence intensity or lifetime of oxygen-sensitive dyes embedded in sol-gel coatings
(Ocean Optics, FL, USA) or polymer matrices (Visisens, Regensburg, Germany). In this
communication, we experimentally determine and numerically simulate the oxygen levels
prevailing in microfluidic devices under cell culture conditions. The proposed computational
model represents a powerful tool to predict oxygen levels in microfluidic devices of known
oxygen permeability and for different cell types with known oxygen uptake behaviour.

We used a simple, yet versatile chip design (Fig. 1A) with a central gel channel (to study
cells in 3D biological matrices), and flanked by two media channels (for 2D cellular
studies).2® A thin layer (10 um) of PDMS was spin-coated onto a commercial oxygen sensor
foil, since direct bonding of foils and devices failed to produce stable bonds. PDMS is
known to bond well to both PDMS and COC and has been used as a glue interlayer in
similar systems.8 9. 22.26. 27 The PDMS-coated foils were then irreversibly plasma-bonded
to aminopropyltriethoxysilane (APTES)-modified thermoplastic chips or PDMS devices
(Fig. 1B). PDMS coating, plasma treatments and thermal curing (80°C for >2 h) did not
have a significant effect on sensor performance when compared to pristine foils.

We examined the oxygen consumption of two different cell types which are of interest for
microfluidic cell culture applications: endothelial cells (EC) are frequently used for studies
of angiogenesis and cancer metastasis,3 whereas highly active hepatocytes (HEP) are of
interest for liver tissue engineering and organ-on-a-chip applications.24 28. 29 Both cell types
were independently seeded in the media channels of the microfluidic devices, cultured for
the indicated time periods, and oxygen consumption was monitored. The oxygen levels at
the start of the experiment (15-17%), differ from typical levels (21%), but accurately
represent ambient pressure oxygen levels in cell culture media at 37 °C.30-32

HEP depleted almost all oxygen in the impermeable COC device, reaching 4% within 60
min (Fig. 2B), in agreement with previous studies.?8 2% The mildly hypoxic conditions
observed in PMP devices (<11%) are very similar to oxygen levels prevailing in vivo.13. 16
In thin PDMS devices, however, oxygen is readily replenished from the environment,
resulting in stabilization of oxygen levels at ~16% for both HEP and EC culture (Fig 2 A
+B). The total PDMS thickness is known to have a significant influence on the oxygen
levels,33 and indeed HEP culture in 5 mm thick devices resulted in oxygen levels
equilibrating around 11.5% (data not shown). Cell culture in PMP devices gave rise to
intermediate oxygen levels in all cases due to its intrinsic properties (high oxygen
permeability compared to COC), making PMP a promising candidate for commercial
production of microfluidic cell culture devices.

Parallel to experimental evaluation, the oxygen consumption of HEP and ECs was
numerically simulated for PDMS, PMP and COC devices as a function of oxygen uptake

Lab Chip. Author manuscript; available in PMC 2015 February 07.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Ochs et al.

Page 3

rate (OUR, in units of pmol s~1 per 10 cells). For higher accuracy of the simulation, the
actual cell numbers in the devices were assessed based on phase contrast images (Fig. S1).
According to the intrinsic permeability of the material, a continuous partial pressure model
was adopted for PDMS and PMP,24 and a simple concentration-based model was solved in
the fluid domain for the impermeable COC. In agreement with our experimental results, we
observed that in thin, permeable PDMS devices the oxygen partial pressure remained at
ambient levels (~16%, Fig. 2C & D) for both cell types. The minor differences (~ 1%)
between experimental and simulation data are attributed to errors in instrument calibration.
For PMP devices, the oxygen consumption of EC was predicted accurately. The simulation
for HEP in PMP was initially more conservative than observed experimentally. We attribute
this to differences in the maximum OUR, which varies in literature between 380 and 700
pmol s~1 per 10 cells.24 28. 29 Fyrthermore, PMP is still a new material, and its permeation
properties may be sensitive to polymer processing history and film preparation methods,
contributing to deviations between model and experiment.34 For COC devices, oxygen
levels stabilized at a moderate fixed OUR = 20 for EC culture (Fig. 2G), which compares
well to literature values for human umbilical vein ECs (OUR = 19.9).13 For HEP in COC
and PMP, the experimental data followed an asymptotic behaviour, which could not be
reproduced using a fixed OUR=500 in the simulations (Fig. 2H). These variations in
respiratory activity over time are commonly attributed to “hepatic hibernation”, a feedback
mechanism that allows the hepatocytes to maintain viability by decreasing their oxygen
consumption in a hypoxic environment.13: 3537 |n order to account for this dynamic
behaviour, we implemented a variable function for the simulation of oxygen concentrations
in COC devices (compare ESI). When a linear relationship between OUR and oxygen partial
pressure was assumed, good match was achieved between experimental and simulation data
(initial OUR=700 at 100 Torr O,, decreasing to OUR=83 at 20 Torr O,).36

A simple way to counteract oxygen depletion in thermoplastic devices is to introduce media
at a flow rate sufficient to balance the respective oxygen consumption rates. We remark that
the culture of a dense layer of HEP in both media channels of the device is an extreme case
of oxygen consumption. A simple mathematical model (compare ESI) was developed to
calculate the minimum flow rates: 0.0273 ul s71 (2.36 mL day™1) for HEP culture and
0.0033 pl s71 (0.29 mL day™1) for ECs.23 At flow rates of this magnitude, shear stresses fall
in the range of 1.57 to 0.19 Pa, values at which the effect of shear forces on cell attachment
or activation is negligible, except perhaps at the highest levels of shear stress. 38:39 An
alternative way to reoxygenate the cells in the device is to employ a thin oxygen-permeable
film to close the channels on the bottom surface of the device (PDMS or PMP). Our
calculations show that lamination with oxygen-permeable films is also capable of
maintaining normoxic conditions during culture for laminate thicknesses of < 100 pm (see
ESI).

In summary, we developed a computational model capable of estimating the cellular
respiratory activity in microfluidic devices. Vice versa, the model can be used to predict
oxygen levels in microfluidic devices for cell types with a known OUR. This provides a
powerful and indispensable tool for research-based and industrial applications targeting
oxygen-related cellular behaviour. We introduced PMP as a promising material for
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industrial microfluidic application: PMP combines good oxygen permeability with excellent
processability, and provides sufficient oxygen levels even for highly active cell types.
Lastly, we demonstrated that moderate media flow rates or device lamination with oxygen-
permeable films may be applied to counteract oxygen depletion in non-permeable
thermoplastic devices.

Materials and Methods

Details of device fabrication and cell culture can be found in the Electronic Supporting
Information (S1 and S2). The Visisens handheld microscope was mounted vertically in a
variable incubator and the microfluidic devices (bonded to sensor foils and filled with
collagen gel and cells) were placed on top. The oxygen partial pressure in the device was
monitored in the central 5 by 2.5 mm? area including the gel and adjoining media channels.
All oxygen measurements were evaluated using the Visisens software (AnalytiCal 1, VA
1.11 prototype version) after calibration against two reference solutions. Oxygen-free
solution was prepared by dissolving 1 g of sodium sulfite in 200 ml water with 50 ul of
Co(NO3), standard solution (1g 171 in 0.5 M nitric acid). Water bubbled with air for 30 min
was used as a second calibration point (air-saturated). Due to the opaqueness of the oxygen-
sensitive coating, control devices with a glass coverslip bottom were fabricated to facilitate
visualization of cell morphology and distribution (Fig. S1). Excellent viability over 2 days of
culture in all devices was observed, confirming earlier results with human endothelial
cells.25 Phase-contrast images were taken with a CCD color digital camera (Olympus DP72,
Japan) connected to an inverted Olympus IX71 microscope. Images were captured with DP2
BSW Software (version 2.2) and analyzed by ImageJ software (Scion Corp., USA).

The oxygen consumption in the devices during EC or HEP culture was simulated using a
commercial finite element software (COMSOL Multiphysics v4.2). Transport of diluted
species equation (Fick’s law) was adopted as the governing equation, considering the molar
concentration of oxygen c as dependent variable. The computational mesh consisted of
~1.8x10° tetrahedral elements with a total volume of 410 mm3. To reduce the calculation
time, only a quarter of the device was considered by imposing a symmetry condition on the
two cutting planes. The cells were represented as a thin (10 um) layer on top of the PDMS
glue layer. A no-flux condition was implemented to represent the impermeable oxygen
sensor foil. A constant concentration of oxygen (17%) was considered as boundary
condition on the surfaces exposed to the external environment (fluid channel and gel
injection inlet). A time dependent simulation was solved for a period of 4 h at 10 min
intervals. The diffusion coefficients and initial oxygen concentration in the different
materials are summarized below.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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0.5 mm 1.3 mm

Figure 1.
(A) Schematic of the microfluidic chip design and dimensions. Channel height is 150 pum,

post width and spacing is 125 pm. (B) Device assembly: i) oxygen sensor foil is spin-coated
with PDMS. ii) plasma-activated thermoplastic is exposed to APTES solution. iii) plasma-
bonding of substrate and chip.
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Figure 2.
Summary of experimental (A+B) and simulated oxygen levels (C-H) for endothelial and

hepatocytes culture in microfluidic devices made from PDMS (C+D), PMP (E+F) and COC
(G+H). Coloured symbols represent experimental data, which are compared to simulation
results (black symbols).
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Physical properties used in the simulations

Material Doz (M2s71)  Initial O, (%)
Media, gel, cells  3.35 x 1079 17
PDMS 4.0x 1079 17
PMP 2.315x 10711 17
CcoC 0 0
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