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Abstract

Maintaining a proper pH level is crucial for successful cell culturing. Mammalian cells are commonly cultured in

incubators, where the cell culture medium is saturated with a mixture of air and 5% carbon dioxide (CO2). Therefore,

to keep cell culture medium pH in an acceptable level outside these incubators, a suitable CO2 concentration must be

dissolved in the medium. However, it can be very difficult to control and measure precisely local concentration levels.

Furthermore, possible undesired concentration gradients generated during long-term cell culturing are almost

impossible to detect. Therefore, we have developed a computational model to estimate CO2 transport in silicone-based

microfluidic devices. An extensive set of experiments was used to validate the finite element model. The model

parameters were obtained using suitable measurement set-ups and the model was validated using a fully functional

cell cultivation device. The predictions obtained by the simulations show very good responses to experiments. It is

shown in this paper how the model helps to understand the dynamics of CO2 transport in silicone-based cell culturing

devices possessing different geometries, thus providing cost-effective means for studying different device designs

under a variety of experimental conditions without the need of actual testing. Finally, based on the results from the

computational model, an alternative strategy for feeding CO2 is proposed to accelerate the system performance such

that a faster and more uniform CO2 concentration response is achieved in the area of interest.

Keywords: Carbon dioxide; Microfluidics cell culturing; Finite element method; Mass transport; Numerical

simulation; pH
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1. Introduction

In recent years, cell culturing in microscale environments has become an interesting alternative to more

conventional macroscale bioreactors. For example, microfluidic-based cell culture devices do not only require smaller

volumes of culture medium, but also enable more precise control of the cellular microenvironments.  (Kim et al.,

2007)  In these microfluidic culture devices, poly(dimethylsiloxane) (PDMS) has become the most popular material

because of its simple fabrication process, low cost, optical transparency, biocompatibility and gas permeability. (Duffy

et al., 1998; Gao et al., 2012) Using gas permeability properties, several PDMS-based microfluidic devices have been

developed to generate desired oxygen (Adler et al., 2010; Chen et al., 2011; Inamdar et al., 2011; Polinkovsky et al.,

2009; Shiku et al., 2006; Skolimowski et al., 2010; Zahorodny-Burke et al., 2011) and carbon dioxide (CO2) (Forry

and Locascio, 2011; Polinkovsky et al., 2009; Takano et al., 2012) concentrations for cell cultures.

CO2 is typically used for controlling pH in the cell culture medium (Kim et al., 2007), and therefore it is a crucial

parameter especially in long-term cell culture studies outside an incubator. There are several methods to supply the

required CO2 concentration to the medium in the microfluidic cell culture devices. For example, gas permeability of

PDMS allows that CO2 can be fed to the culture medium through a PDMS-membrane instead of feeding CO2 directly

to liquid, reducing a liquid loss by evaporation and further stabilizing osmolarity. (Blau et al., 2009)

While oxygen transport in PDMS-based microfluidic cell culture devices has been modeled in various studies

(Adler et al., 2010; Chen et al., 2011; Inamdar et al., 2011; Polinkovsky et al., 2009; Shiku et al., 2006; Skolimowski

et al., 2010; Zahorodny-Burke et al., 2011), CO2 transport has not been comprehensively modeled. Therefore, we have

developed a computational CO2 transportation model that is based on a finite element method (FEM). The model

provides a tool for designing PDMS based cell culture systems and for studying CO2 concentration levels especially

when concentration measurement is impossible or difficult.

The rest of the paper is organized as follows: first, theory required for the model is explained before presenting

measurements used to validate the computational model developed in this paper. This model is presented next before

comparing experimental values and results from simulations. Finally, the verified model is used for studying CO2

transport in different devices.

2. Theory

Required equations for the numerical are described in this section. First, CO2 transport modeling is covered before

presenting equations required for estimation of liquid pH in cell culturing devices.
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2.1. Carbon dioxide transport and concentration

In a PDMS cell culture device, CO2 concentration can be in gas, liquid and solid  phases (Forry and Locascio,

2011; Polinkovsky et al., 2009). In this study, the solid phase refers to the CO2 concentration within the PDMS parts

(shown as grey areas in Fig. 2B). Therefore, to model the entire system, CO2 transport mechanisms in these three

phases need to be described. In the fluidic phases (gas and liquid), CO2 is transported by both diffusion and convection.

In the solid phase there is no convection; the transport is diffusion-driven, as CO2 diffuses through material due to

concentration differences across material. When assuming no material consumption, three different mass transport

equations describes a mass balance in the system (Stoian et al., 2012):
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where subscripts g, l, and p denote the CO2 concentration in gas-phase, liquid-phase, and solid-phase (PDMS), and c,

D, and u are CO2 concentration, diffusion coefficient, and velocity field, respectively, in each phase. Equation (2)

describes equilibrium of CO2 concentration between i) liquid and gas, ii) liquid and PDMS, and iii) PDMS and gas

(Shiku et al., 2006; Skolimowski et al., 2010):
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where k represents the mass transport coefficient at the specific surface, and subscript indicates the direction; e.g. klp

provides the mass transport coefficient from the liquid-phase to the PDMS-phase at the interfaces between these two

phases. A dimensionless partition coefficient ratio between two domains, Kp, is calculated using the saturated

concentration values (Shiku et al., 2006; Skolimowski et al., 2010):
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where cg_sat, cl_sat, and cp_sat are saturated CO2 concentrations in gas, liquid, and PDMS domains, respectively. Based

on the previous equations, mass transport at the interfaces between two different domains is modeled using mass

transport coefficients and CO2 concentrations in both sides of the interfaces. These fluxes between two phases are

modeled using the following equations (separately for each interface; liquid/gas, liquid/PDMS, and PDMS/gas) (Shiku

et al., 2006; Skolimowski et al., 2010):

௟௚ݔݑ݈ܨ = ݇௟௚ܿ௟ − ݇௚௟ܿ௣ = ݇௚௟ ൫݌ܭ௟௚ ௟ܿ − ௚ܿ൯

௟௣ݔݑ݈ܨ = ݇௟௣ܿ௟ − ݇௣௟ܿ௚ = ݇௣௟൫݌ܭ௟௣ܿ௟ − ܿ௣൯

௣௚ݔݑ݈ܨ = ݇௣௚ܿ௣ − ݇௚௣ܿ௚ = ݇௚௣൫݌ܭ௣௚ܿ௣ − ܿ௚൯

(4)

where Fluxlg, Fluxlp, and Fluxpg denote the CO2 flux towards the gas-phase at the liquid/gas interface, the flux towards

the PDMS-phase at the liquid/PDMS interface, and the flux towards the gas-phase at the PDMS/gas interface,

respectively. Negative sign is used for the opposite flux direction.

As the saturated concentrations in each domain are used for defining value of Kp, these are determined next. In

the gas phase, the saturated CO2 concentration is estimated by assuming that the ideal gas law is valid, and is therefore

calculated using an equation:
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where pCO2, V, n, R, T, FvCO2, and pch are CO2 partial pressure, volume, amount of substance, the ideal gas constant,

temperature, volume fraction of CO2 gas component, and total pressure in the chamber, respectively.

If CO2 is assumed as an ideal gas, Henry’s law that describes the equilibrium between vapor and liquid defines

CO2 concentration in the liquid phase. Henry’s law as a function of temperature can be then used to calculate dissolved

CO2 concentration in liquid (Sander, 1999):
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where khH(T), khH0, TSATP, H, and cl_sat(T) are Henry’s law constant at experiment temperature T, Henry’s law constant

at standard ambient temperature TSATP (298.15 K), a constant used to calculate temperature dependent Henry’s law

constant (in K) and saturated CO2 concentration in liquid at experiment temperature T, respectively.
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Finally, the saturated CO2 concentration in PDMS is calculated based on the solubility of CO2 in PDMS

(Merkel et al., 2000):

ܵ = ݂ܵ݅݊(1 + (݌௖௛݊݌
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(7)

where S, Sinf, and np are the solubility of CO2 in PDMS, the infinite dilution solubility, and the pressure dependence

of solubility, respectively. When solubility and permeability properties are known, diffusion coefficient of CO2 in

PDMS, Dp, is estimated using equation (Charati and Stern, 1998):

௣ܦ =
ܲ
ܵ

(8)

where P is the permeability coefficient of CO2 in PDMS. Using this equation, the mean diffusion coefficient is solved

when solubility is known and the permeability coefficient is determined with experiments explained in Section 3.1.

2.2. Carbonate reaction

In the pH measurement, reaction between CO2 and liquid (water) when CO2 is dissolved in liquid should be

considered. The overall carbonate reaction in solution (water) is following (Forry and Locascio, 2011):
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where [CO2(aq)], [H2CO3], [HCO3
-], [H+], and [CO3

2-], are the concentrations of the dissolved CO2 in liquid, carbonic

acid, bicarbonate ion, hydrogen ion, and  carbonate ion, respectively. In this study, [CO2(aq)] equals cl in Eq. (2). As

the hydration equilibrium constant Khyd, [H2CO3]/[CO2(aq)] is around 1.7×10-3 (Forry and Locascio, 2011), less than

0.2 percent of CO2(aq) molecules are converted to [H2CO3], thus majority of the dissolved CO2 exists as CO2(aq).

Similarly, as [CO3
2-] is not significant compared to [HCO3

-] at the pH level used in this study (smaller than 7), it will

not be included in the analysis (Liu et al., 2012). Using these assumptions, liquid pH can be approximated very

precisely in the experimental conditions using the following equation:

ܪ݌ = − ([ାܪ])ଵ଴݃݋݈ ≈ − ݓܭଵ଴൫ඥ݃݋݈ + ܿ௟ܿܭ൯ (10)

where Kw and Kc are the ion product of water (~10-14 at room temperature) and the thermodynamic constant for the

dissociation of [H2CO3], respectively. The latter can be approximated at a certain temperature T between 0 to 50°C

(converted to Kelvin) using constants A, B, and C in equation (Millero and Pierrot, 1998):
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where A = 290.9097, B = -14554.21, C = -45.0575 for [H2CO3], and T is unitless in the equation.  Using these, Kc is

around 4.4×10-3 at 24°C.

3. Experimental set-ups

The developed computational model has five unknown parameters, Dl, Dp kgl, kgp, and kpl, which were determined

experimentally in this work. To define these unknown parameters, four different measurements were performed. First,

permeability coefficient of CO2 in PDMS was measured with a commercial device, and the results were used to define

the range of diffusion coefficient Dp using Eq. (8). Next, two measurement set-ups including a CO2 gas sensor were

used to determine the needed simulation parameters. It was also possible to obtain the dynamics of CO2 transport

using these measurements. Finally, pH measurement was performed to validate the developed model in the complete

device.

3.1. CO2 measurements for the model development

Three types of phase-interfaces exist in PDMS-based cell culture devices: gas-liquid, gas-solid, and liquid-solid as

explained in Section 2.1. Measurements required obtaining the model parameters for each phase-interfaces and

domains are described next. First, permeability of CO2 in PDMS was measured using a carbon dioxide transmission

rate testing system PERMATRAN-C Model 4/41 (MOCON, Inc., USA). In these experiments, a gas mixture

containing 5% of CO2 and 95% of N2 (AGA, Finland) was used to measure the CO2 transmission rate in ten different

PDMS samples. The samples had a measurement area of 5 cm2 and thicknesses between 1.72 mm and 2.92 mm.

Temperature and pressure difference between sample sides were  maintained at 23°C and 1 atm (vacuum), respectively,

during the experiments. The measured transmission rates (unit: cm3·(m2·day·atm)-1) were multiplied with measured

sample thicknesses (unit: mm), and then the received value (unit: (cm3·mm· (m2·day·atm)-1) was converted to Barrers

(1 Barrer = 65.664 cm3·mm·(m2·day·atm)-1 (McKeen, 2012)). Next, two sets of measurements, M1 and M2, were

performed to define the required model parameters: six measurements with a gas-PDMS-gas interface (M1a…M1f)

to determine Dp, and kgp, and five measurements with a gas-liquid-PDMS-gas interface (M2a…M2e) to determine Dl,

kgl, and kpl.

The PDMS sheets were fabricated by mixing PDMS prepolymer and curing agent (Sylgard 184, Dow Corning,

USA) in a standard 10:1 ratio, poured into a 55-mm diameter Petri dish, de-gassed in a vacuum, and cured at 60°C for

three hours. After fabrication, the sheets were stored in a closed Petri-dish in normal room temperature and humidity
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maximum ten days before placed in the measurement system. The system consisted of two chambers separated by a

PDMS sheet on a 5-mm-thick gas impermeable glass plate having a hole of 20 mm in a diameter as shown in Fig. 1.

A gas mixture containing CO2 was supplied to the upper chamber made from polypropylene), whereas a CO2 sensor

was placed inside the initially CO2-free lower chamber. The upper chamber has a cylinder shape with a volume of 0.7

l, a diameter of 112 mm and a height of 72 mm. The lower chamber has a volume of 0.25 l with an outer height of 56

mm, an outer length of 72 mm and an outer width of 70 mm. The PDMS sheet on the glass plate covered the 20 mm

hole and the glass plate entirely. In the gas-PDMS-gas measurements, no other parts were used, whereas in the gas-

liquid-PDMS-gas measurements, an additional 5-mm-thick glass plate having a hole with a diameter of 20 mm was

first placed on the PDMS sheet and then the pool formed was filled with de-ionized water (Fig. 1).

The measurement range of the used non-dispersive CO2 sensor based on infrared detection (COZIR Wide Range

GC-0006, CO2Meter, USA, accuracy ± 5% of reading) was 0%-20% and it was calibrated by using a gas mixture

containing 5% of CO2, 19% of O2 and 76% of N2 (AGA, Finland). The diameter of the active area of the sensor was

20 mm, and therefore, the sensor was tightly fixed to the hole of the glass plate. In order to prevent the pressure

increase in the lower chamber while gassing the upper chamber, a small hole (diameter 0.5 mm) was drilled close to

the bottom of the lower chamber (Fig. 1).

Fig. 1. Schematic of gas sensor measurements: (A) M1, and (B) M2.

Three different PDMS thicknesses (2000±10 µm, 380±10 µm and 110±10 µm, measured using a digital caliper

before the experiments) and two different gas mixtures, 5% CO2 and 100% CO2, were used in the experiments. The

gauge pressure of the gas mixture varied between 17 mbar and 36 mbar. Temperature was monitored during the

experiments and was always between 22.8°C and 24°C. Detailed information on each experiment is shown in Table 1

including the average experimental temperature in every measurement.
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Table 1
Experimental conditions in measurements M1 and M2.

Measurement set 1 Measurement set 2
Parameter M1a M1b M1c M1d M1e M1f   M2a M2b M2c M2d M2e
Average temperature (°C) 23 23 24 24 24 24   23 24 24 24 24
Gauge pressure (mbar) 28 28 17 17 17 19 36 34 18 18 24
Feeding CO2 (%) 100 100 100 5 5 5 5 5 5 5 5
PDMS thickness (µm) 2000 2000 110 110 110 380 110 110 380 380 380

Before each measurement, the chambers were aired in order to remove the CO2 residues from the chambers. This

was done by removing the PDMS sheet between the chambers and keeping the upper measurement chamber open.

The measurement chamber was kept open for at least as long as the CO2 sensor output agreed with the background

CO2 level. After the ventilation, the PDMS sheet was tightly placed on the glass plate. In the case of the gas-liquid-

PDMS-gas experiment, the additional glass plate was placed on the PDMS sheet and the pool was filled with water as

described earlier. Next, the upper chamber was closed, the gas inlet and the gas outlet were connected and recording

of the CO2 concentration was started with a sampling frequency of 1 Hz. Finally, the pressure regulators for the gas

lines were opened and the gauge pressure was logged using a pressure sensor (HCXM050D6V, First Sensor AG,

Germany) connected into the gas inlet. The measurement was continued until the sensor output was stabilized to 5%

level (measurements with 5% CO2) or reached the measurement range of the sensor (measurements with 100% CO2).

Two first measurements using a 2000-µm-thick PDMS layer (labeled as M1a and M1b) were used for determining

kgp and the diffusion coefficient of CO2 in PDMS, Dp. The rest of the measurements (M1c… M1f and M2a… M2e)

were performed to obtain remaining parameters (Dl, kgl, and kpl) required for the developed CO2 transport model.

3.2. pH measurement

A complete structure, designed for cell culture purposes (Fig. 2), was used for the validation of the proposed

model. The structure consists of two parts: a culture well and a connection cap. The culture well was fabricated from

a 6-mm-high PDMS ring by punching a 12 mm hole in the middle. The connection cap consists of four layers: a 6-

mm-thick PDMS layer on top for tight and sealed connections for gas supply pipes, a 1 mm glass layer providing

rigidity, a 3-mm-thick PDMS layer below the glass, and a 500-µm-thick PDMS membrane. The membrane seals the

culture well water-tightly, but lets the gas pass through. All PDMS parts were fabricated with same process that was

described in Section 3.1.
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Fig. 2. The schematic of the cell cultivation device: (A) 3D view and (B) the cross-sectional view.

The pH validation experiments were performed in typical room conditions (temperature, humidity). The culture

well was filled with de-ionized water (volume 600 µl). The connection cap was placed on top of the culture well and

dry gas mixture (5% CO2) was supplied from the inlet port as shown in Fig. 2B. In these experiments, a gas flow rate

of 1 ml/min was used. In a selected time interval, pH was measured by removing the connection cap and taking a 200

µl sample to a pipette tip. The sample was taken at the bottom of the culture well to obtain a pH value representative

at the cell cultivation area. The pH was measured inside the pipette tip using a small field-effect transistor (FET) type

pH probe (MicroFET, Sentron Europe BV, The Netherlands) that includes an integrated temperature sensor. The

experimental conditions were following: an average temperature 23.7°C and a chamber pressure 1 atm. Each

measurement was recorded for two minutes continuously, and an average pH and a standard deviation (SD) were

calculated.  Recordings were conducted in several time-points (0, 10, 25, 40, 60, and 75 min). Additionally, four long-

term measurements (two one day and two five days) were performed to determine the equilibrium pH value of the

device.

4. Computational model

In this section, the developed computational model is presented. Model properties are described before reporting

the implementation of the model using commercial software. As mentioned in Section 3, the developed computational

model had five unknown parameters (Dl, Dp, kgl, kgp, and kpl) which were determined experimentally.
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4.1. Model parameters, assumptions, geometry, and boundary conditions

This section describes the model parameters, assumptions, geometries, and boundary conditions used for

simulating CO2 concentrations in the PDMS device. Mass transport between different phases is based on the flux in

the boundaries as explained in Section 2.1. Several assumptions and simplifications were included in the model.

Firstly, it assumes that both the ideal gas behavior and the Henry’s Law are valid. Also, constant temperature and

pressure conditions are used in the model. Furthermore, liquid evaporation and possible leaking are expected to be

negligible. Dissolution and transportation of other molecules (for instance oxygen from air) are not considered in the

model. Because only a very small amount of dissolved CO2 concentration (cl) converts to [HCO3
-], as discussed in

Section 2.1, and cl is the main carbonate specie in the aqueous phase; cl is not consumed and thus, reactions between

CO2 and liquid (water) are ignored in the model. As no perfusion is included, fluid (liquid and gas) velocities (u in

Eq. (1)) are set to zero.

Two-dimensional axial-symmetric models for the parameter determination measurements sets (M1 and M2)

presented in Section 3.1 were created as shown in Fig. 3. The dimensions in the models were the following (see also

Section 3.1 and Fig. 1): an outer radius 27.5 mm, an inner gas chamber radius and a height: 10 mm and 4.9 mm,

respectively, and a width and a height of the glass plate: 17.5 mm and 6 mm. Feeding CO2 values (%) from Table 1,

converted to concentration values using the ideal gas law, were set on the top boundary in both models. The left

boundary was defined as the symmetry line and no flux condition was set on the sensor surface and the glass

boundaries. The initial concentrations are based on the saturated concentrations in each phase (gas, liquid, solid) when

exposed to air, where CO2 concentration is approximately 0.04%.

Fig. 3. Geometries used for parameter determination experiments: (A) M1, and (B) M2. Axial symmetry is set to left

boundary on both models.
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Compared to the experimental set-up used in pH measurement reported in Section 3.2, a simplified version

concerning only the part below the glass plate (an outer radius 15 mm, a total height 9.5 mm, shown in Fig. 2) was

used. In the simplified model, 500 µm space above the PDMS membrane was analysed, resulting in a total height of

7 mm as shown in Fig. 4. Because of the symmetry of the device, two-dimensional axial-symmetric model was also

used in this case. The left boundary was defined as the symmetry line and no flux condition was set on the bottom

surface of the device and the glass boundaries in the top part. Revolution of this model is shown in Fig. 4. 5% CO2

concentration was set to the top gas layer in the middle of the device as showing in Fig. 4.

Fig. 4. pH model geometry, phases and boundaries. No flux condition was set also to the bottom boundaries (not

shown).

In every model, CO2 transport between two phases is based on the flux given in Eq. (4) using Kp, the partition

coefficient ratio between two domains. Kp is calculated based on the saturated concentrations using Eq. (5), (6), and

(7) for gas, liquid, and solid (PDMS) phases, respectively, and for each experiment conditions separately.

4.2. Model implementation

Time-dependent carbon dioxide concentrations were solved using a commercial finite-element modeling tool

COMSOL Multiphysics® Version 4.4 (COMSOL, Inc., USA).  In the models, “Transport of diluted species equations”

using Fick’s law was used as the governing equation to calculate the time-dependent CO2 concentration profile. The

used computational meshes for the models were following; for measurement set M1, the mesh consisted of ~3100

triangular elements for simulations of 380-µm-thick and 2000-µm-thick PDMS membranes, and ~7100 triangular

elements for simulations of 110-µm-thick PDMS membranes. In the measurement set M2, ~3300 and ~7200 triangular
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elements were used for simulations of 380-µm-thick and 110-µm-thick PDMS membranes, respectively, whereas the

model used for both pH measurement and simulation case study (presented in Section 5.3) consisted of ~3600

triangular elements. All the simulations were carried out using Intel i7-960 3.2GHz processor with 24 GB of memory

using direct PARDISO solver.

5. Results and Discussion

This section describes first the determination of the parameters for the computational model using experiments

explained in Section 3.1. Then, results from the model are compared to pH measurement presented in Section 3.2.

Finally, it is demonstrated how the developed model is used for testing a variety of different experimental conditions

to discover the required inlet CO2 concentration to maintain a desired CO2 concentration level.

5.1. Determination of the model parameters

The model parameters were determined using the measured carbon dioxide concentrations reported in Section 3.

The parameters of the model and their values are listed in Table 2. As described earlier, the model had five unknown

parameters, Dl, Dp kgl, kgp, and kpl, which were determined experimentally in this work. The infinite dilution solubility

constant at 24°C, Sinf, was approximated based on published values around the same temperature (Blau et al., 2009; 

Shah et al., 1993; Tanimura, 1993). The CO2 diffusion coefficient in a gas-phase, Dg, was approximated based on

literature (Davidson and Trumbore, 1995; Terashima et al., 2001).

The modeling process included over thirty simulation runs to determine the parameter values. First, permeability

experiments presented in Section 3.1 were performed to define the diffusion coefficient Dp. The measured permeability

coefficient values varied between 8000 and 10 000 Barrers (1 Barrer = 7.6×10-9 cm3(STP)·cm·(cm2·s·atm)-1). Using

these values and the solubility S of CO2 in PDMS given in Table 2, together with Eq. (8), the estimated value for Dp

varies between 4.1-5.1×10-9 m2·s-1. Next, as described earlier, the model was simulated with different Dp (between 2-

6×10-9 m2·s-1) and kgp values using six different experimental conditions M1 given in Table 1. Measurements M1a and

M1b using the 2-mm-thick PDMS membranes were used to define a more precise value for Dp and kgp. During the

model parameter iteration process, it was noticed that Dp must be remarkably higher than typically reported in the

literature, around 2-3×10-9 m2·s-1 (e.g. Jawalkar and Aminabhavi, 2007). This confirmed, that the Dp values (4.1-

5.1×10-9 m2·s-1) obtained in the permeability measurements were in the correct range. Next, all six M1 experiments

(M1a-M1f) were simulated by varying Dp between 4.1-5.1×10-9 m2·s-1, and changing kgp in the model for several orders
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of magnitude. Finally, comparing the model results to the experimental data M1, a combination of Dp and kgp that gave

the best overall response was chosen.

The other model parameters, kgl, kpl, and Dl, were determined using a similar process by comparing the model

results to the data set M2 and using the values chosen for Dp and kgp. First, to detect the lowest possible limit for Dl,

measurements M2a and M2b were simulated so that parameters kgl and kpl were changed in the model for several

orders of magnitude. Using this approach, it was noticed that to provide a proper simulation response, Dl must be

larger than 20×10-9 m2·s-1, value that is over an order of magnitude higher than expected based on literature, around

2×10-9 m2·s-1 (Sell et al., 2013; Xu et al., 2012). Next, based on literature, kgl was assumed to be in the order of 10-5 or

10-4 m·s-1 (Clark et al., 2011; Han et al., 2013; Ocampo-Torres and Donelan, 1994). Keeping kgl in this range, changing

kpl again in several orders of magnitude (between 10-7 and 10-1 m·s-1), and altering Dl between 20-100×10-9 m2·s-1, the

model was simulated with all measurements conditions M2a-M2e. It was noticed, that kpl must be in the order of 10-

5m·s-1. Again, model parameters that gave the best overall response to measurement set M2 were chosen. Finally, the

full model was validated by comparing the simulated results to the data obtained from the pH measurement presented

in Section 3.2.

The final step in the model development was to study the confidence bounds of the model parameters. An

important issue to consider is the measurement accuracy when determining these parameters. As noted earlier,

accuracy of the CO2 sensor was ±5% of the reading, and the accuracy of the membrane thickness measurement was

±10µm. Therefore, the total measurement confidence is around ±10%. It should be stated that this measurement

inaccuracy is also the minimum uncertainty of the model. Next, the sensitivity of the chosen model parameters was

analyzed. For Dp, the permeability measurement gave a result of 4.1-5.1×10-9 m2·s-1. For Dl, kgl, kpl, and kgp, it was

noted, that maximum 20% difference is possible for acceptable simulation response, therefore this was chosen as the

confidence bound in Table 2.

Table 2
Used simulation parameters.

Parameter Value Source

Temperature, T 23- 24°C Measured

Gauge pressure in chamber, p 17 - 36 mbar Measured

Liquid density, ρ 997.5 - 997.3  kg·m-3 Water properties

Liquid dynamic viscosity, η 9.4 - 9.1×10-4 Pa·s Water properties

Universal gas constant, R 8.31451 J·(K·mol)-1
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Henry’s law constant for CO2 in water at
25°C, kH0

29.41 l·atm·mol-1 (Sander, 1999)

Constant to convert kH to kH(T), H 2400 K (Sander, 1999)

kH(T) for CO2 at T, kH(T) 27.9-28.6 l·atm·mol-1 Calculated using Eq. (6)
(Sander, 1999)

The pressure dependence of
solubility constant of CO2 in PDMS, n 5.9×10-3 atm-1 (Merkel et al., 2000)

Solubility constant of CO2 in PDMS at
chamber pressure and 24°C, S 1.5 cm3(STP)·cm-3·atm-1 Approximated using Eq.

(7) (Merkel et al., 2000)

The infinite dilution solubility constant of
CO2 in PDMS at 24°C, Sinf 1.5 cm3(STP)·cm-3·atm-1

Approximated (Blau et al.,
2009; Shah et al., 1993; 
Tanimura, 1993)

Diffusion coefficient for CO2 in gas, Dg 1.6×10-5 m2·s-1 Approximated (Davidson
and Trumbore, 1995; 
Terashima et al., 2001)

Diffusion coefficient for CO2 in PDMS,
Dp

4.2×10-9 m2·s-1

Determined using
permeability and M1
measurements
Range: 4.1-5.1×10-9 m2·s-1

Diffusion coefficient for CO2 in liquid, Dl (30±6)×10-9 m2·s-1 Determined using
measurement M2

Dissociation constant of H2CO3 in water,
Khyd 1.7×10-3 (Forry and Locascio, 2011)

Mass transport coefficient from the gas-
phase to the liquid-phase, kgl

(6.0±1.2) ×10-5 m·s-1 Determined using
measurement M2

Mass transport coefficient from the gas-
phase to the solid (PDMS)-phase, kgp

(1.0±0.2)×10-5 m·s-1 Determined using
measurement M1

Mass transport coefficient from the
liquid-phase to the solid (PDMS)-phase,
kpl

(1.5±0.3) ×10-5 m·s-1 Determined using
measurement M2

Partition coefficient ratio between,  liquid
and solid (PDMS) domains, Kplp

1.77 Approximated using Eq.
(3)

Partition coefficient ratio between liquid
and gas domains, Kplg

1.17 Approximated using Eq.
(3)

Partition coefficient ratio between solid
(PDMS) and gas domains, Kppg

0.66 Approximated using Eq.
(3)

Thermodynamic constant for the
dissociation of [H2CO3], Kc 4.4×10-3

Approximated using Eq.
(11) (Millero and Pierrot,
1998)

Dl, Dp, kgl, kgp, and kpl were determined in this work.

Fig. 5 compares the simulated results using parameters chosen for Dp and kgp and the experiments of data set M1.

As can be seen, the model is able to capture the dynamics of the CO2 transport and predicts CO2 concentration

remarkably well in six different experiments with different temperatures (between 23°C and 24°C), gauge pressures
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(from 17 mbar to 36 mbar), CO2 feed level (5% and 100%), and PDMS thicknesses (110 µm, 380 µm, and 2 mm).

Fig. 6 shows a comparison between data set M2 and simulation using all the model parameters given in Table 2, and

demonstrates that the model predicts accurately the CO2 transport behavior in the device including liquid-phase.

Fig. 5. Determination of model parameters Dp, and kgp using measurement set M1: (A) M1a, (B) M1b, (C) M1c, (D)

M1d, (E) M1e, and (F) M1f.

Fig. 6. Determination of the model parameters Dl, kgl, and kpl using measurement set M2: (A) M2a, (B) M2b, (C) M2c,

(D) M2d, and (E) M2e.
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Some of the determined values require a further discussion. Firstly, value determined for the diffusion coefficient

Dp, 4.2×10-9 m2·s-1 at around 24°C is larger than values typically given in the literature (around 2.2 – 2.6×10-9 m2·s-1).

However, as stated earlier, Dp can also be estimated based on permeability coefficient and solubility of CO2 in PDMS

using Eq. (8). As explained earlier, the measured diffusion coefficient Dp based on the permeability experiments, was

between 4.1-5.1×10-9 m2·s-1, supporting the selected parameter value. It should also be stated that there are significant

differences between values for Dp in the literature; for example Blau et al. and Kuo reported Dp values to be within

2.2-11×10-9 m2·s-1 (Blau et al., 2009; Kuo, 1999) at 25°C. On the other hand, Dp was reported to be within 2.6-3.27×10-

9 m2·s-1 at 25°C (Jawalkar and Aminabhavi, 2007), 1.1×10-9 m2·s-1 at 27°C (Charati and Stern, 1998; Robb, 1968),

around 11×10-9 m2·s-1 at 28°C (Tremblay et al., 2006), whereas at 35°C Dp has been altered between 2.2×10-9 m2·s-1

(Merkel et al., 2000), and 2.6×10-9 m2·s-1 (Charati and Stern, 1998; Walker et al., 2002). All these results indicate that

Dp is not only very sensitive to the ambient temperature and pressure, but also to the differences in the PDMS because

of the different fabrication processes used. Furthermore, some variations between the experimental and simulation

values could exist because of the assumptions made in the model (Jawalkar and Aminabhavi, 2007).

Another issue to be discussed is the diffusion coefficient of CO2 in liquid (water in this work), Dl. Typically, in

the literature this value is 1.6-2.8×10-9 m2·s-1 (Farajzadeh et al., 2007; Farajzadeh et al., 2009; Sell et al., 2013; Walker

et al., 2002; Xu et al., 2012) at a standard ambient temperature and pressure, thus over one magnitude lower than

determined in this work (30×10-9 m2·s-1). However, in our case the density-driven natural convection that enhances

the mass transport of CO2 is a possible reason for the higher value of Dl. Natural convection appears when

concentration and density gradients are generated by CO2 dissolved into water. The generated density gradient results

in a remarkably faster mass transport than expected from pure Fickian diffusion (Farajzadeh et al., 2007; Farajzadeh

et al., 2009, Lindeberg and Wessel-Berg, 1997). In our work, this natural convection enhanced mass transport has been

taken into account by replacing the known diffusion coefficient of CO2 in water as a larger effective diffusion

coefficient value. However, natural convection could be better modeled by using two different effective diffusion

coefficients values as proposed by Farajzadeh et al. (Farajzadeh et al., 2007). They used one coefficient value in the

beginning of transport process when density driven natural convection is more important, and another smaller

coefficient in later stages. In their device, 43.5×10-9 m2·s-1 was used for Dl in the early stages at 7.72 bar initial pressure,

and they claimed that this value should be increased when pressure is increased. Using linear fitting based on their

experimental data in three different pressures, 7.72-20.10 bar (Farajzadeh et al., 2007), approximated Dl at the early
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stage at atmospheric pressure is around 20×10-9 m2·s-1, and is similar to value determined in this work. Therefore, we

believe that natural convection should be considered in the devices covered in this paper.

5.2. Model validation using pH measurements

This section reports validation of the computational model (presented in Section 3.1) using a complete device and

pH experiments (as described in Section 3.2). A time-dependent 2D simulation was used to describe CO2 transport

and concentration distribution in the device. One simulation result showing concentration distribution in liquid phase

is illustrated in Fig. 7.

Fig. 7. Simulated CO2 concentration [mol/dm3] in liquid phase at time 500min.

To compare the simulated results to the pH measurement, an average volume concentration from the simulation

is converted to pH using Eq. (10). Simulation results are compared to measured data in Fig. 8.

Fig. 8. pH measurement: Simulated versus experimental pH. Each measurement point represents an average pH and

a standard deviation value of continuous two minutes recording as described in Section 3.2.

As illustrated in Fig. 8, the developed model predicts remarkably well the dynamics of the experimental pH

values. When comparing simulation and measurement data from the first 75 minutes, only maximum 0.1 pH difference

is obtained. Furthermore, the simulated saturation value (pH = 4.72) is close to four measured values (pH = 4.73-4.85)

obtained in the long-term experiments as reported in Section 3.2. It should be remember that, as stated in Section 3.2,
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in the experiments pH was measured by removing the connection cap and taking a 200 µl sample, causing some

variations to the measured pH values. Nevertheless, the results indicate that the developed model is able to estimate

the CO2 transportation also in a complete device.

An important issue to point out is that in this study, pH measurements were performed in water without cells or

cell culture medium. It is expected, that the results with cell culture medium would differ compared to results presented

in this paper because pH of culture medium is usually buffered such that the pH level is approximately 7.4 when 5%

CO2 is present. Therefore, Eq. (10) could not be used to calculate liquid pH. However, we expect that the transport of

CO2 molecules through the device is not significantly changed if water is changed to cell culture medium.

5.3. Simulation case study

The aim of the case study is to demonstrate how the developed model is used as a designing tool. In the selected

simulation study, we used a time-dependent model to investigate how CO2 is transported to the bottom of the chamber

with different set-ups. The purpose here is not to fully optimize the structure, but only to demonstrate how simple

geometry and set-up modifications can change the system response.

First, the model is changed to study effects of different CO2 concentrations in the device performance. A schematic

of the device was shown in Fig. 2, and the model used was presented in Fig. 4, except that now different feeding CO2

concentrations (5-20%) were set to the top gas layer. Chamber temperature and pressure were assumed to be 24°C and

1 atm, respectively. Initially, all the phases were assumed to be saturated to air concentration (~0.04% CO2).  Average

CO2 concentrations in the bottom of the chamber with different feeding CO2 concentrations are presented in Fig. 9.

Simulation shows that when 5% CO2 is set to the upper gas boundary, less than 2.3% CO2 concentration is transported

to the bottom of the chamber in the first ten hours. This is not desired in cell applications, as the lack of CO2 in cell

medium results in an increase in pH. Thus, this would prevent long-term cell culturing in these types of devices (Forry

and Locascio, 2011). Therefore, we investigated the required level to achieve 5% CO2 in the bottom of the chamber

by increasing the feeding CO2 concentration from 5% up to 20%. Results indicate that by using 10% CO2 feeding

concentration, CO2 concentration in the bottom of the chamber is approximately 4.5%, thus over 10% CO2 feeding

concentration is required to achieve the desired 5% CO2 level.
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Fig. 9. Simulated average CO2 concentration (in %) in the bottom of the chamber with different feeding concentrations.

In the model, CO2 concentration at the outer boundaries was set to 0.04%, representing a typical amount of CO2

in air. Next, we studied a case where the device is placed inside a conventional incubator where 5% CO2 concentration

is surrounding the device. This is modeled by changing concentration on the outer boundaries (marked as Air

Concentration in Fig. 4) from 0.04% to 5%. As expected, the device performance was changed. Results from the two

simulations are compared in Fig. 10. It shows how bringing CO2 not only from the top, guarantees the desired

concentration.

Fig. 10. Simulated average CO2 amount (in %) in the bottom of the chamber when the CO2 concentration at outer

boundaries are set to air concentration (0.04%) and 5%.

Based on the results presented in Fig. 10, using 5% concentration at outer boundaries, over seven hours is required

to achieve 5% CO2 concentration in the bottom of the chamber. It is clear, that significantly faster response would be

desirable. Therefore, we used our model to study how the diameter of the outer PDMS ring (originally 30 mm as

shown in Fig. 2) affects the CO2 transport. The results with three different outer diameters are plotted in Fig. 11.
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Fig. 11. Simulated average CO2 amount (in %) in the bottom of the chamber with three different outer PDMS ring

diameters. Outer boundaries are set to 5% CO2.

Based on simulation results given in Fig. 11, the required time to achieve the desired 5% CO2 concentration in

the bottom of chamber is reduced from over seven hours with 30 mm to only one hour with 14 mm outer diameter,

respectively. In addition, device rise time (time taken for the output to reach 90 % of steady state output value) is

decreased from over 3h with 30 mm outer diameter ring to less than 25 minutes when using a ring with a 14 mm outer

diameter. Therefore, the simulation suggests that it is desirable to design a device where the required CO2

concentration is brought not only from the top but also around the device. Furthermore, it is possible to achieve a

faster system response by using a thinner PDMS membrane between gas and liquid. In addition, this approach can

minimize or even eliminate unwanted concentration gradients, thus provide more uniform CO2 concentration profile

in the device.

6. Conclusion

Even though oxygen transport in PDMS-based microfluidic cell culture devices is extensively modeled, to the

best of our knowledge, there is no comprehensive model to simulate CO2 transport in these devices. Therefore, a new

numerical model based on finite element method was developed for study CO2 transport in PDMS-based devices.

Firstly, this model was validated using experimental data from several different measurements. The results clearly

demonstrated that the model predicted successfully the CO2 concentration in different devices and geometries.

Simulations allowed us for studying multiple different experimental conditions remarkably faster than that actually

testing these systems, thus saving time and cost in the designing process. In addition, our aim was to demonstrate how

the model and computer simulation provide a useful designing tool for microfluidic cell culture devices. For example,

we studied a typical case where CO2 is fed only from top of the device to control medium pH. Based on the simulation
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results, this is not necessary optimal solution for PDMS-based devices because of the gas permeable walls. Therefore,

the proposed model can be effectively used to optimize the geometry of the PDMS-based microfluidic cell culture

device, to study the device response with different CO2 input concentrations, and to compare different CO2 feeding

strategies.
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Nomenclature

A parameter A used in Eq. (11) for H2CO3

B parameter B used in Eq. (11) for H2CO3

c molar concentration, mol∙m-3

C parameter C used in Eq. (11) for H2CO3

D diffusion coefficient, m2∙s-1

F volume force, N∙m-3

Flux flux, mol∙(s∙m3)-1

Fv volume fraction

H constant used to calculate kh, K

k mass transport coefficient, m∙s-1

Kc thermodynamic constant for the dissociation of

[H2CO3]

kh Henry’s law constant, l·atm∙mol-1

Khyd dissociation constant of H2CO3 in water

Kp partition coefficient ratio

Kw ion product of water

M1 measurement set 1

M2 measurement set 2

n amount of substance, mol
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N arbitrary flux expression, mol∙(s∙m2)-1

np pressure difference of solubility, atm-1

p pressure, Pa

P permeability coefficient, cm3(STP)·cm·(cm2·s·atm)-1

R universal gas constant, 8.31451J·(K·mol)-1

S solubility, cm3(STP)∙(cm3·atm)-1

SD standard deviation

Sinf infinite dilution solubility, cm3(STP)∙(cm3·atm)-1

T temperature, K

u velocity field, m∙s-1

V volume, m3

Greek letters

ρ fluid density, kg∙m-3

η fluid dynamic viscosity, Pa∙s

Subscripts

_sat saturated (concentration)

ch chamber (pressure)

CO2 carbon dioxide (partial pressure or volume fraction)

g gas-phase

gl gas-liquid

gp gas-PDMS

H(T) Henry’s law constant at experiment temperature T

H0 Henry’s law constant at standard ambient temperature

l liquid-phase

lg liquid-gas

lp liquid-PDMS

p solid-phase (PDMS)

pg PDMS-gas
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pl PDMS-liquid

SATP standard ambient temperature (298.15 K)
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