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Abstract 

 For successful cell culture in microfluidic devices, precise control of the microenvironment, 

including gas transfer between the cells and the surrounding medium, is exceptionally important. The 

work is motivated by a PDMS microfluidic oxygenator chip for mammalian cell culture suggesting 

that the speed of the oxygen transfer may vary depending on the thickness of a PDMS membrane or 5 

the height of a fluid channel. In this paper, a model is presented to describe the oxygen transfer 

dynamics in the PDMS microfluidic oxygenator chip for mammalian cell culture. Theoretical studies 

were carried out to evaluate the oxygen profile within the multilayer device, consisting of a gas 

reservoir, a PDMS membrane, a fluid channel containing growth media, and a cell culture layer. The 

corresponding semi-analytical solution was derived to evaluate dissolved oxygen concentration within 10 

the heterogeneous materials, and was found to be in good agreement with the numerical solution. 

Additionally, a separate analytical solution was obtained to investigate the oxygen pressure drop 

(OPD) along the cell layer due to oxygen uptake of cells, with experimental validation of the OPD 

model carried out using human umbilical vein endothelial cells cultured in a PDMS microfluidic 

oxygenator. Within the theoretical framework, the effects of several microfluidic oxygenator design 15 

parameters were studied, including cell type and critical device dimensions.
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Introduction 

Oxygen transport in biological culture has been essential to many microfluidic applications, 

including cell-based assays (Brischwein M et al. 2003; Tourovskaia A et al. 2005; Kane BJ et al. 

2006; Wang Z et al. 2007; Lam LHW et al. 2009; Polinkovsky M et al. 2009), bioreactors (Szita 

N et al. 2005; De Bartolo L et al. 2006; Sud D et al. 2006), and tissue engineering (Radisic M et al. 5 

2006a). Tissue engineering often involves moderate/long-term mammalian cell growth within 

culture platforms or scaffolds to obtain multi-dimensional structures for in vivo implantation 

(Radisic M et al. 2006b; Toh YC et al. 2007). However, the relatively low solubility of oxygen in 

aqueous solutions (~0.2 mM/atm) is often insufficient to satisfy the demand of dense cell cultures 

(10
7
 – 10

9
 cells/ml) via passive diffusion alone. 10 

Miniaturization of the culture environment combined with an external oxygen supply is an effective 

approach to increase cell culture oxygenation rates, as diffusion time is proportional to the square of 

the path length. Researchers have developed a number of oxygenation techniques for microfluidic 

devices (Beebe DJ et al. 2002; Leclerc E et al. 2004; Zhang ZY et al. 2006; Higgins JM et al. 2007), 

which can be mainly categorized as unified and separating types, determined by whether the medium 15 

is treated as the oxygen source. For the unified approach, a single culture microchannel is utilized for 

both oxygenation and nutrient supply, implementing a flowing medium with a defined level of 

dissolved oxygen (DO) at the channel entry. However, as the cells proliferate, increasing oxygen 

demands can only be met by increasing the flow rate to levels that potentially introduce unfavorable 

levels of shear stress on the culture. In contrast, the separating type approach, which has been 20 

demonstrated as an effective oxygenation methodology for tissue-scale engineering applications 

(Radisic M et al. 2006b), utilizes devices fabricated in an oxygen-permeable material with the 

injection of oxygen through distinct microchannels proximal to the culture region. As such, separating 

type devices create a local constant concentration source of oxygen that rapidly diffuses into the 

surrounding medium for cellular uptake.  25 

As a structural material of microfluidic devices, polydimethylsiloxane (PDMS) has been 

recognized as an ideal material for tissue culture due to its gas permeability and excellent molding 

properties (McDonald JC et al. 2000). Its high permeability to oxygen (~620 Barrer for untreated 

PDMS (Houston KS et al. 2002); 1 Barrer = 7.5005 x 10
-18

 m
2
·s

-1
·Pa

-1
) suggests that a separating type 
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oxygenation scheme could be easily implemented via passive diffusion in an ambient environment 

(Szita N et al. 2005; De Bartolo L et al. 2006). However, the typical PDMS device thickness (~5 mm) 

makes passive oxygenation impractical, with an effective diffusion time (top surface of device to 

confined microchannels) of ~ 26 min. Using multilayer soft lithography (Thorsen T et al. 2002), the 

diffusion time can be greatly reduced with an internal membrane oxygenator (Roy P et al. 2001), 5 

consisting of an overhead control channel containing flowing air or a defined oxygen/nitrogen mixture 

separated from the flow channel containing cells and culture medium by a thin PDMS membrane of 

thickness ~10 – 100 µm that enables rapid gas diffusion (Vollmer AP et al. 2005). Many separating 

type microfluidic devices have been recently developed for mammalian and bacterial cell culture, 

including a PDMS-based chip with a gas perfusion network designed for parallel cell culture (Kane 10 

BJ et al. 2006), and oxygenation systems with integrated differential oxygen/nitrogen mixers for 

long-term cellular growth analysis under differential DO concentrations (Lam LHW et al. 2009; 

Polinkovsky M et al. 2009). 

In multilayer separation type microfluidic oxygenators, oxygen molecular transport across the 

liquid-solid interfaces (i.e. medium-PDMS and medium-cell) can be modeled with two types of 15 

boundary conditions, 1) the mass flux of oxygen and 2) continuous oxygen partial pressure (pO2) at 

the interfaces governed by Henry’s law. As a preliminary approximation for the medium-cell interface, 

it is reasonable to ignore the discrete interfacial oxygen level by assuming that the pO2 and oxygen 

concentration are both continuous across the interface as most cells contain >70 % of water (Pathi P et 

al. 2005; Radisic M et al. 2005; Park J et al. 2006; Radisic M et al. 2006a).  Nevertheless, even when 20 

the mass fluxes of oxygen on both material surfaces are identical, with no net oxygen transfer across 

the interfaces, there is a still an abrupt change in oxygen concentration, especially between medium 

and PDMS, due to the different solubility (or Henry’s law coefficients) of the materials (Zanzotto A et 

al. 2002; Patton JN and Palmer AF 2006). In solving the oxygen profiles, governing equations for 

convection-diffusion mass transfer can be converted to differential equations for pO2, which have 25 

been previously applied to the analysis of oxygen and nutrient transport between red blood cells and 

lumen tissue in blood capillaries (Masterton WL and Hurley CN 2002).  

In this paper, we propose an approximated semi-analytical solution for the general 2-D gas 

diffusion problem of stacked materials by combining the single layer solutions for materials with 

individual gas diffusivity and solubility properties using predefined velocity profiles and DO levels. 30 
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Furthermore, an analytical solution for the estimated oxygen pressure drop (OPD) between the cell 

monolayer and gas reservoir is derived by taking into consideration of different layers of 

heterogeneous materials including tissue or cells, culture medium and the PDMS membrane. In 

particular, this technique is applied to a separating type microfluidic oxygenation device to investigate 

the performance of oxygen transfer from the gas channel to the cell culture monolayer under different 5 

device configurations. 

 

Models  

Governing equations of Oxygen Transfer in Microfluidic Oxygenator 

The mass transfer for a typical microfluidic oxygenator (Zanzotto A  et al. 2002; Vollmer AP  10 

et al. 2005; Kane BJ et al. 2006; Lam RHW et al. 2009; Polinkovsky M et al. 2009) with low 

microchannel aspect ratios (height/width) can be modeled as a 2-D geometry (Figure 1), with the 

double layer channel structure of upper oxygen gas reservoir and lower cell culture chamber separated 

by a thin oxygen-permeable PDMS membrane. During culture oxygenation, a convective medium 

flow is imposed from the inlet of cell culture chamber to provide fresh nutrients for the growth of 15 

cells located on the lower chamber surface. The governing equations for the transient DO 

concentrations in cell layer (c1), medium (c2) and PDMS membrane (c3) are expressed as follows, 
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20 

where H1 is the cell layer thickness, H2 is the effective channel height or culture medium layer 

thickness, H3 is the PDMS membrane thickness separating the gas and medium channels, t is time, x 

and y are the horizontal and vertical positions, respectively, and Di and Si (i = 1, 2, 3) are the 

diffusivity and solubility of their corresponding materials (cell, medium and PDMS, respectively) 

summarized in Table 1. OCR(x, y, t) is the oxygen consumption rate of cells based on 25 

Michaelis-Menten kinetics (Allen JW and Bhatia SN 2003): 

 
 

 
max 1

1

, ,
( , , )

, ,

cell

m

V c x y t
OCR x y t

K c x y t





 (4) 

where Vmax is the maximum respiration rate per cell (e.g. 4 × 10
-17

 mole/cell/s for human umbilical 
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vein endothelial cells (HUVEC) and 3.8 × 10
-16

 mole/cell/s for hepatocyte cells (HC) (Allen JW 

and Bhatia SN 2003))), ρcell (= ρ
*

cell / H1 [cells/ml]; where ρ
*

cell is the surface cell coverage 

[cells/cm
2
]) is the volumetric cell density, and Km (= S1K

’
m; where K

’
m is Michaelis-Menten 

constant) is the specific oxygen concentration at which the respiration rate decreases to one half 

of its maximum value. Depending on cell types, Eq. 4 can have different Michaelis-Menten 5 

constants, K
’
m (e.g. 0.5 mmHg for HUVEC and and 5.6 mmHg for HC (Allen JW and Bhatia SN 

2003)). In Eqs. 1 – 3, the diffusive terms along x direction were neglected due to the low aspect 

ratio of structure (the governing equations still represent most of the channel region where x >> 

H1 + H2 + H3), while the convective term in Eq. 2 was retained to capture the effect of DO in inlet 

medium (c2(0, y, t) = 0 [µM], for H1 ≤ y ≤ H1 + H2). The oxygen concentrations are initially set to 10 

be constant over the material domains, i.e. c1(x, y, t) = C1 = 220.25 [µM], c2(x, y, t) = C2 = 0 [µM], 

and c3(x, y, t) = C3 = 249.38 [µM] at t = 0. 

The bottom glass substrate is oxygen-impermeable (no mass flux into the bottom glass substrate 

(Eq. 5)). Applying Henry’s law, pO2 at interfaces between heterogeneous materials should be 

continuous (Eqs. 6, 8) (Poulsen L et al. 2003), while the mass flux of oxygen is balanced at the 15 

interfaces (y = H1 and H1 + H2 (Eqs. 7, 9)) Hence, the boundary conditions (for t > 0) of Eqs. 1 – 3 are 
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  3 3, , gc x y t S p , at y = H1 + H2 + H3. (10) 

Under continuous flow of oxygen through the gas channel, the pO2 on the upper surface of the PDMS 

membrane is modeled as constant (Eq. 10), equal to that of the supplied gas. 

 25 

Dimensionless Form of the Governing Equations and Boundary Conditions   

 To generalize the problem of oxygen transfer among multiple heterogeneous materials, governing 

equations and boundary conditions for the transient pO2 (Eqs. 1–10) were converted to the 



 7 

corresponding dimensionless forms (Eqs. 15 - 23) (Poulsen L et al. 2003). The new dimensionless 

variables g1, g2, g3, m1, m2, and m3 are introduced as 
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where ξ (= x / L) and ψ (= y / Hc) are the dimensionless lengths of the x and y coordinates, L and Hc (= 

H1 + H2) are the length and height of medium channel, respectively, τ (= D2 t / Hc
2
)

 

indicates the 

dimensionless diffusion time, Pin = 0.001 atm
 
is the pO2 at the inlet of medium channel, Pg = 0.1995 

atm (under the supply of air with 5 % CO2) is the pO2 along gas reservoir, Da (= Vmax ρ
*

cell Hc / S2 Pin 10 

D2) is the dimensionless Damkohler number which represents the ratio of the overall oxygen uptake 

rate of cell layer to the diffusive flux of oxygen in medium, 
mK (= Km / S2 Pin) is the dimensionless 

Michaelis-Menten constant, δ1 (= S1 / S2) is the ratio of solubility between cell layer and medium, δ2 

(= S2 / S3) is the ratio of solubility between medium and PDMS membrane, Pe (= UH2 / D2) is the 

Peclet number along medium layer where U is mean velocity in the medium layer, γ1 (= Hc / H2) is the 15 

ratio between medium channel height and effective channel height, γ2 (= L / Hc) is the aspect ratio of 

culture channel, γ3 (= H3 / H2) is the thickness ratio between PDMS membrane and medium layer, u
*
 

(= 6U (β2 – ψ)(ψ – β1)) is the dimensionless fully developed velocity profile in the medium layer with 

interface boundaries along ψ at β1 (= H1 / Hc) and β2 = 1. Substituting the dimensionless parameters 

into Eqs. 1 – 3 yields 20 

 
2
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where α1 =
2 1/D D , α2 = 1, α3 =

2 3/D D , β0 = 0, and β3 = (H1 + H2 + H3) / Hc. The boundary 

conditions of mass fluxes at the interfaces (Eqs. 5 – 10) for τ > 0 are converted to the dimensionless 25 

form as follows, 



 8 

  1 ,0, 0
g

 






 (18) 

    1 1 2 1, , , ,g g       (19) 

    1 1 2

1 12

1

, , , ,
g g

     
 

 


 
 (20) 

    2 2 3 2, , , ,g g       (21) 

    2 32

3 2 2 2, , , ,
gg

       
 




 
 (22) 

5 

  3 3, , 0g      (23) 

 

Semi-analytical solution 

The solution of dimensionless oxygen profiles for all material layers (gi, i = 1, 2 and 3) were derived 

semi-analytically (as described in the Electronic Supplementary Information (ESI)) and coupled with 10 

their spatial derivatives, ∂gi(ξ, ψ, τ) /∂ψ, at the interfacial boundaries (Mulholland GP and Cobble MH 

1972; Fredman TP 2003) (see Eq. S31). The analytical solution for 1-D convection-diffusion 

problems was extended to 2-D by coupling gi(ξ, ψ, τ) in ξ direction, updating the term ∂gi/∂ξ in Eq. 16 

with the finite difference approximation ∂g2(ξ j+1, ψ, τ0)/∂ξ ≈ [g2(ξj+1, ψ, τ0) – g2(ξj, ψ, τ0)] / (ξj+1 – ξj) at 

the dimensionless priori simulation time (τ0). Afterwards, the dimensionless oxygen profiles, gi, were 15 

converted to the oxygen concentrations of the physical problem, ci(x, y, t). 

The spatial derivative of gi(ξ, ψ, τ) can be written as 
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                                            i = 1, 2, 3; 0 ≤ ξ ≤ 1; βi ≤ ψ ≤ βi+1 (24) 

where Δτ is the dimensionless simulation time step; Pi(ξ, ψ, τ0, Δτ), Qi(ξ, ψ, Δτ) and Ri(ξ, ψ, Δτ) are the 20 

coefficients in the linear equation (Calculation of the coefficients is described in the ESI); Gi(ξ, τ0) and 

Gi+1(ξ, τ0) are the boundary values at the bottom and top sides of material i, respectively, and can be 

obtained by solving the linear algebra equations in the matrix form A(ξ)·X(ξ) = b(ξ)), which is readily 

solved line-by-line along the channel axial direction (0 ≤ ξ ≤ 1) using tri-diagonal matrix algorithm 

(TDMA) (Conte SD and deBoor C 1972) with Eq. 25. 25 

 

Procedures for obtaining semi-analytical 
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The general procedure for solving the pO2 profile over a stack of different heterogeneous 

materials in the presence of fully developed fluid flow are summarized as follows:  

1. Specify the number of material layers (N = 3 in this work), select the final time (tfinal) and 

number of time steps (Ntime) for the calculation of concentration profile over different materials, 

calculate the dimensionless final time (τfinal = tfinal × D2 / Hc
2
) and dimensionless time step (Δτ 5 

= τfinal / Ntime), and set τ0 = 0 and τ1 = τ0 + Δτ. 

2. Specify the vertical and horizontal grid numbers of each layer depending on the corresponding 

layer dimensions. 

3. Find the eigenvalues spectrum, λi,n for i = 1, 2, …, N, of each material. 

4. Compute A(ξ) and b(ξ) along to the axial direction of channels (0 ≤ ξ ≤ 1) . 10 

5. Set Gi(ξ, τ0) = Gi(ξ, τ1) for i = 1, 2, …, N + 1 and 0 ≤ ξ ≤ 1, and solve the linear matrix 

equations (A(ξ)·X(ξ) = b(ξ)) to update the dimensionless concentration Gi(ξ, τ0) at material 

interfaces. Afterward, substitute Gi(ξ, τ0) and Gi(ξ, τ1) with updated Pi(ξ, ψ, τ0, Δτ), Qi(ξ, ψ, Δτ) and 

Ri(ξ, ψ, Δτ) into Eq. 24 to calculate the current spatial distribution of gi(ξ, ψ, τ) for ψi ≤ ψ ≤ ψi+1 

and 0 ≤ ξ ≤ 1. 15 

6. If τ1 < τfinal, set τ0 = τ1 and τ1 = τ0 + Δτ, and go to step 5. 

7. Convert gi(ξ, ψ, τ) to ci(x, y, t). 

(Detailed descriptions of the calculation of A(ξ), b(ξ), λi,n, Pi(ξ, ψ, τ0, Δτ), Qi(ξ, ψ, Δτ) and Ri(ξ, ψ, Δτ) 

are available as ESI.) 
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Oxygen pressure drop along the cell culture monolayer 

For high density of cell cultures at the monolayer, the total oxygen uptake can be significant, 

inducing a local oxygen pressure drop (OPD) along the cell culture monolayer. Considering the steady 25 
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state oxygen transfer in the fully-developed region in an oxygenator described in Figure 1, the mass 

fluxes of oxygen across each material layer are identical, as oxygen consumption within the 

heterogeneous material stack is zero. Such mass fluxes of oxygen can be expressed as 
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where P2-3 is the pO2 at the interface between PDMS membrane and medium channel, P2b is the 5 

bulk pO2 in medium, and Pcell is the pO2 along top cell surface. If we correlate q with the cellular 

oxygen uptake rate at the equilibrium state, q can be written as 
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where ρ*
cell (= ρcell H1) is the cell density [cells/cm

2
]. In particular, it is assumed that the pO2 in a thin 

cell layer (~5 μm) is uniform along y direction (Cuvelier D et al. 2007). Thus, the exact solution for 10 

the dimensionless oxygen pressure drop (OPD = (Pg – Pcell)/Pg) between the top cell surface (or cell 

layer) and gas reservoir can be simplified in following form: 
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 (28)  

where the value of A is cell-type specific, with a unique Michaelis-Menten constant, while B 15 

lumps all of the other general parameters into a single value. The surface plot of OPD (Figure 2) 

shows that the gradient of the function OPD with respect to B decreases gradually for 0 ≤ B ≤ 1 as 

the variable A increases from 0 to 0.03, indicating that the cell type with lower K’m (~0.5 mmHg) 

will result in a slightly larger OPD than one with higher K’m (~5.6 mmHg) under the equivalent 

total oxygen uptake rate of cells (Vmaxρ
*

cell) and identical culture conditions, i.e. environment 20 

factors and device configuration. 

 

Validation Experiment of Oxygen Pressure Drop 

Device design and fabrication 

 Single layer PDMS (H2 = 200 μm, H3 = 5 mm) devices containing three culture channels 25 

described in Figure 3a,b were fabricated to verify the OPD induced by the oxygen uptake of HUVEC, 

while the double layer structure of oxygenator was not used because the ~100 – 800 μm membrane 
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thickness (H3) induced only negligible OPD (data not shown). The PDMS channel was fabricated by 

pour 10:1 PDMS monomer/harder mixture on a Si/SU-8 mold defining the medium channel 

dimensions. Prior to O2 plasma bonding to the PDMS substrate, the glass slide deposited with 

oxygen-sensitive platinum (II) octaethylporphine ketone (PtOEPK)-polystyrene sensors was 

fabricated per the diffusion time validation experiment, except that the HF (hydrofluoric acid) etching 5 

step was skipped and an extra layer of ~8 μm PDMS was spin-coated on a glass deposited with a 4 

μm thick sensor layer to create and additional barrier to between the cells and the PtOEPK dye, whose 

cytotoxic effects are unknown. PtOEPK has no oxygen consumption for measurement, so there is still 

no mass flux of oxygen along the bottom cell surface. The fully developed pO2 profile along cell, 

medium and top PDMS substrate is the same as the model described in Figure 1. 10 

 

Cell culture 

 HUVECs (Lonza) were cultured in Dulbecco’s Modified Eagle Media (DMEM, purchased from 

Gibco) containing 10 % fetal bovine serum. The cell line was manipulated into a new culture flask 

pre-coated with 20 mg/ml gelatin (Sigma) in 1x PBS under sterile tissue culture hoods and cultured in 15 

a 5 % CO2 humidified incubator at 37 °C. Once the cells were confluent, they were trypsinized (0.25 

% in EDTA) and passaged at a 1:5 sub-culture ratio. 

 

Experimental procedures 

 Each oxygen sensor along the microchannels was calibrated before the microfluidic devices were 20 

sterilized by flushing medium channels with 70 % ethanol followed by baking at 80 ºC for 2 hr. After 

baking, the fluid channels were rinsed with 1x phosphate-buffered saline (PBS), with pH 7.4, and 

degassed by forcing trapped air through the walls of the gas-permeable oxygenator with pressurized 

PBS buffer. The PDMS surface along flow channels was subsequently pre-coated with fibronectin 

(Sigma, 0.1 % w/w in 1x PBS) for 1 hr to promote cell attachment. Excess fibronectin was removed 25 

by rinsing with 1x PBS. In preparation for device loading, the cell line was trypsinized, spun down in 

a centrifuge (1000 rpm, 5 min), and reconstituted in fresh DMEM at a target cell density. Cells were 

then seeded into culture channels by a syringe pump (PicoPlus, Harvard Apparatus) at flow rate 0.05 

µl/min for 10 min and cultured in a humidified incubator (~20 % O2 and 5 % CO2 gas supply) without 

medium flow for 6 hr to allow cell spreading and attachment to the treated PDMS surface. After we 30 
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replaced the channels with fresh media, we performed the DO measurement along the sensor layers 

without medium flow to record the stabilized sensor readings. Microscopic images were also captured 

at the sensor regions to determine cell density by counting the cells in the images (Figure 3c). Each 

value of OPD, including the results mentioned in the main text, was then calculated from at least three 

individual measurements. Another measurement on the chip with 1 cm thick PDMS (H3) and 200 μm 5 

tall channel (H2), containing 3.08 ± 0.27 × 10
4
 cells/cm

2
 of HUVEC, also showed a reasonable 

experimental OPD (= 0.213 ± SD 0.039) with respect to the theoretical value (= 0.2223) calculated by 

Eq. 28. 

 

Results and Discussion 10 

Comparison of semi-analytical solution with numerical solution 

The semi-analytical solution (AS) and the assumption of neglecting the horizontal diffusive effect ∂
2
ci 

/ ∂x
2
 (i = 1, 2, 3) have been validated by the numerical solution (NS) of the full form of governing 

equations calculated by a commercial simulation software (COMSOL 3.5, MA). The 2-D model of 

microfluidic oxygenator consists of three material layers (cell (H1 = 5 µm), medium (H2 = 200 µm) 15 

and PDMS (H3 = 250 µm)), with their corresponding diffusivity and solubility values defined in Table 

1. A contour plot of the steady state pO2 profile across the layers (t = 70s) in the oxygenator for the 

pre-defined device dimensions and physical parameters is shown in Figure 4a (Other sample pO2 

profiles are included in the ESI.) The transient variations of pO2 along the top surface of cellular 

monolayer at five different times (5 s, 7 s, 10 s, 30 s and 70 s) shows good agreement between the AS 20 

and NS (Figure 4b).  

  A sample set of transient dimensionless (gi) and dimensional (ci) oxygen concentration profiles 

(Figure 4c,d) along the three heterogeneous materials at x = 3 mm illustrates the time response of 

oxygen transfer across different materials (along y direction) up to the point where the oxygenation 

profile above the cell culture is fully developed (t ~ 70 s). In particular, sharp oxygen concentration 25 

jumps are observed at the cell boundary and upper wall of the culture medium filled microchannel 

(Figure 4d), due to the lower solubility of oxygen in water (vs. the cells and PDMS). 

  It is of interest to investigate spatiotemporal variations of the partial pO2 oxygen under different 

tissue thicknesses of 10 µm, 20 µm, 50 µm, 100 µm and 150 µm through the AS (Figure S3). The 
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developing length of pO2 gradually decreases as the cell layer grows in a limited culture channel 

(constant height: Hc = H1 + H2), inducing an increasing volumetric ratio of cell layer to medium, 

because the diffusive resistance of HUVEC (H1/S1D1) is smaller than that of culture medium 

(H2/S2D2). Furthermore, the AS has an advantage over the NS in that it is possible to more accurately 

calculate spatial derivatives, ∂gi(ξ, ψ, τ) /∂ψ, at the interfacial boundaries (See equations S30 and S31) 5 

using the AS once unknown variables of X(ξ) are solved. Thereby, the AS leads to predict dependence 

of the mass flux of oxygen at the interfacial boundaries on various parameters (Figure S1-S3) 

 

Diffusion time of oxygen transfer 

The dynamic response of oxygen transfer in an oxygenator was investigated experimentally 10 

(detailed experimental method and results were described in the Electronic Supplementary 

Information (ESI)), in which the mammalian cell layer was replaced by an oxygen-sensitive 

PtOEPK-polystyrene layer (~4 μm). Although the governing equations for the modified oxygenator 

have no OCR term (due to zero steady state oxygen consumption of sensor material) and different 

values of diffusivity (D1 = 5.7 x 10
-7

 cm
2
/s) and solubility (S1 = 0.42 mM/atm) for the base layer, the 15 

sensor layer has a negligible effect on the diffusion time (<1.2 % of measured values) because of its 

thickness (H1 << H2). To investigate the efficiency of oxygenation for the microchannel configuration, 

the rise time Tr (experimental and simulated), defined by the time required for the sensor pO2 to reach 

90 % of its stabilized value, was plotted against different channel height and membrane thicknesses 

(Figure 5) with reasonable agreement. Tr is largely determined by the medium channel height for a 20 

thin PDMS membrane, indicated by that Tr is relatively insensitive to the change of H3 when H3 << H2. 

On the other hand when H3 >> H2, increment of Tr is proportional to the square of the PDMS 

membrane thickness, i.e. Tr
 H3

2
. For the typical configuration of single layer microfluidic devices 

for cell culture applications, the devices are pre-injected with cells along channels and placed in an 

incubator. In this case, we may consider the PDMS substrate (thickness H3: ~5 mm) as the PDMS 25 

membrane of an oxygenator, while the gaseous environment above the PDMS substrate is the gas 

channel. Considering the device containing microchannel height (H2) of ~100 μm as an example, the 

rise time (Tr) is then around 3 hr, which is apparently a significant obstacle to the culture of aerobic 

cells by passive diffusion. 

 30 
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Effective channel length 

To maintain the long-term growth of cells in microfluidic applications especially for confluent cell 

cultures, continuous medium flow can be applied along microchannels to maintain the cultivation 

condition with fresh media such that the waste generated from cells can be removed fast enough. We 

may perform the oxygenated cell culture by continuously flowing fresh medium into the microfluidic 

5 

oxygenators, in which the flowing fresh medium continuously oxygenates along the microchannels 

Therefore, the culture medium from the channel inlet has a characteristic entry length to obtain a fully 

developed oxygen concentration profile. The effective channel length L
*
, which represents the ratio of 

oxygen diffusion to convection along the medium channel, can be used to determine whether the bulk 

of the cell culture chamber region is fully developed (L
*
 >> 1). In the case where both the cell and 

10 

PDMS layers are sufficiently thin (H1 / D1S1 and H3 / D3S3 >> H2 / D2S2), we let L
*
 = x / PeH2 (Volmer 

et al. 2005). However, for thick cell and PDMS layers, the variation of pO2 across the culture medium 

(along the y axis) is often smaller than the corresponding pO2 variation in gas layer, especially when 

PDMS is thick, requiring L
*
 to be scaled according to the pO2 in the different material layers. The 

transition region of oxygen diffusion is assumed to be the position where oxygen starts diffusing to the 

15 

bottom side of the cell layer with negligible OCR. Thereby, the oxygen partial pressure gradient across 

the layers may be related to the diffusive resistance, i.e. H1 / D1S1, H2 / D2S2 and H3 / D3S3 for cell, 

medium and PDMS layers, respectively. L
*
 for thick cell and PDMS layers can then be defined as 

 

1

* 31 2 2

2 1 1 3 3 2

1
HH D Sx

L
PeH D S D S H



  
    

  
. (29) 

Inspection of the dimensionless channel length (L
*
) is very useful in assessing whether a 20 

channel region is fully developed with respect to the oxygen concentration gradient. Figure 6 

show the dimensionless pO2 along cell layer P
*

cell (= (Pcell – Pin) / (Pg – Pin)) as a function of L
*
, 

calculated with Pe = 3, Da = 3.93 (with ρ
*

cell = 3 × 10
4
 cells/cm

2
), and K

’
m = 0.5 mmHg for 
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different effective channel heights (50 < H2 < 500 [μm]) (Figure 6a) and membrane thickness (50 

< H3 < 5000 [μm]) (Figure 6b). It can be observed that the transition region of pO2 along the cell 

layer, P
*

cell, where the diffusive effect is comparable to the convective one, is around L
*
 ~ 1. P

*
cell 

becomes fully developed as L
*
 >> 1 with a corresponding reduction of OPD, i.e. P

*
cell  1 – OPD. 

In particular, for the case of membrane thickness 5000 μm shown in Figure 6b, the P
*

cell  5 

approaches to a significantly lower level than the other cases as L
*
 because this case of a thick 

membrane induces relatively larger OPD (= 0.14) than all the other cases (OPD < 0.05). 

The condition L
*
 >> 1 may be challenging in some practical implementations with a thick 

membrane layer in the typical single layer PDMS devices, a significant cell layer thickness in some 

tissue culture applications (H1 > 200 μm), or a large Peclet number (Pe ~ 99.2, culture medium 10 

velocity ~2.78 mm/s along x direction) for the analysis of cell behaviors under high shear stress 

(Radisic M et al. 2006a). These limitations can be overcome by modifying the oxygenator with 

extended gas and medium channels prior to the culture chamber to pre-oxygenate the medium. 

 

Experiment for oxygen pressure drop 15 

 Experiments were also performed to verify the OPD of HUVECs along a microchannel (See 

Figure 3a) with an equivalent structure for fully developed pO2 profile described in Figure 1. 

HUVECs (H1 = 5 µm) with a surface cell coverage of ~10
3
 – 10

4
 cells/cm

2
 were cultured along 

the microchannel (H2 = 200 µm) constrained by the PDMS microchannel (H3 = 5 mm) with air 

supplemented with with 5 % CO2 at 37 °C (pO2 = 0.1995 atm). The measured OPD (0.021 ± SD 20 

0.009, 0.072 ± 0.026, 0.157 ± 0.030 and 0.166 ± 0.033) increases with the surface cell coverage 

ρ
*
cell (0.67 ± 0.05, 1.54 ± 0.12, 3.68 ± 0.21 and 4.04 ± 0.29 [× 10

4
 cells/cm

2
], respectively) (see 

Table 2). This result agrees with the analytical solution in Eq. 28 that OPD is proportional to the 

surface cell coverage ρ
*
cell for the negligible Michaelis-Menten constant of HUVEC (K

’
m << Pg). 

Furthermore, the experimental maximum cellular respiration rate Vmax (~3.12 × 10
-17

 mole/cell/s) 25 

is of the same order of magnitude as the analytical value in bulk culture environment (= 4 × 10
-17

 

mole/cells/s). 

 

Insight of oxygen pressure drop 

Separating type microfluidic oxygenators should be designed to supply and maintain 30 
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sufficient oxygen to cells to avoid an anoxic (pO2 ≈ 0 mmHg) or hypoxic (pO2 ≈ 5 – 15 mmHg) 

environments leading to necrosis or stress on aerobic mammalian cells (Roy P et al. 2001). 

However, for cultivation of vascular endothelial cells, maintaing low oxygen level is also 

important in hypoxia triggers angiogesis by the induction of vascular endothelial growth factor 

(VEGF) from tumor cells or fibroblast cells, which leads to angiogenic vessel sprouting formation 5 

in the extracelluar matrix (ECM) (Germain S et al. 2010). In addition, to maintain an adequate 

amount of oxygen supply to support confluent cell cultures, the oxygenator should be optimized 

with respect to the design parameters, including OPD and Tr. Considering the comparatively large 

oxygen diffusivity and solubility of PDMS listed in Table 1, the membrane thickness should be 

minimized to enable rapid gas exchange with the cells (or small Tr, as mentioned in the previous 10 

section) and small OPD, which includes parameters A (cell-type dependent) and B as a unified 

value of the device configuration aforementioned in Eq. 28. 

The OPD along the cell culture layer for different cell types (HUVEC and HC), surface cell 

coverage, channel height (H2) and PDMS thickness (H3) is plotted in Figure 7 with Pe = 3, based 

on a fixed medium flow rate. For the case where A << 0.01 (e.g. HUVEC culture (K’m = 0.5 15 

mmHg) under the supply of air with 5 % CO2 (pO2 = 0.1995 atm)), OPD ~ B when 0 ≤ B < 1 and 

OPD ~ 1 for B ≥ 1 as shown in Figure 2. Since B is a linear function of H2 and H3 when B < 1, B 

increases linearly with respect to incremental thickness changes in H2 (Figure 7a) or H3 (Figure 

7b) as A << 0.01, and B is proportional to ρ
*
cell (observed by the change in gradient of OPD for 

HUVEC). These results imply that cell growth can induce OPD down to hypoxic levels. The 20 

population of cells cultured in microchannels may expand and become confluent during long-term 

cultivation (i.e. large Vmax), therefore the oxygen consumption of cells may become noticeably 

higher than the oxygen supply diffused through the PDMS substrate around the microchannels. In 

this case, the difference between the uptake rate and oxygen diffusion rate results in high pO2 

drop between the cell monolayer and the gas channels. On the other hand, the OPD values are 25 

also sensitive to cell type. A comparison between HUVEC (surface coverage ρ
*

cell = 3 × 10
5
 

cells/cm
2
) and HC (ρ

*
cell = 3.16 × 10

4
 cells/cm

2
) with identical B values (equivalent Vmaxρ

*
cell and 

identical device geometry as shown in Figure 7) indicates that cell types with different K
’
m and 

Vmax induce distinct OPD responses, dependent on surface cell coverage ρ
*

cell. Both cell type and 

surface cell coverage constrain the allowable chamber height in a separating type microfluidic 30 
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oxygenator. In particular, oxygenation with air for 3 × 10
5
 cells/cm

2
 of HUVEC requires a cell 

culture chamber height below ~800 μm to avoid generating a hypoxic culture environment as 

shown in Figure 7a. 

Typical cell culture applications using a single layer of channel structures with a ~5 mm thick 

overhead PDMS substrate are often considered that the gas exchange (e.g. O2 and CO2) is sufficient, 5 

yet the corresponding OPD may induce an unfavorable microenvironment for cell growth, as 

indicated in this study. For instance, the effective diffusion time (= x
2
/2D) of the typical PDMS device 

thickness (~5 mm) is around 26 min, which means that the diffusion resistance becomes relatively 

high. In this work, we have investigated that the separating type microfluidic oxygenator can be 

configured to resolve this constrain of gas transfer. The microfluidic can provide the rapid gas 10 

exchange through the overhead PDMS membrane (short stabilizing time), minimize OPD, and locate 

the fully developed region (L
*
 >> 1) for the optimal microfluidic cell culture conditions. 

A desirable application of gas transport analysis described in this work is the cell cultivation 

directly on a thin PDMS membrane rather than a gas-impermeable substrate (e.g. glass) underneath 

cells. Based on Eq. (28), gas exchange of cells is done directly through the PDMS substrate with a 15 

great reduction of OPD. In addition, for the hypoxia condition, which has been known as a better 

condition of angiogenic vessel sprouting in a three-dimensional ECM (Vickerman et al. 2008; Farahat 

WA et al. 2012), it can be easily achieved by increasing thickness of the PDMS layer (>5 mm) or 

channel height based the OPD analysis. 

 20 

Conclusions 

 The oxygen diffusion process in the typical configuration of separating type microfluidic 

oxygenator for mammalian cell culture has been investigated through modeling, characterization and 

experimental validation. The governing equations underlying dynamics of the 2-D multilayer mass 

transfer process have been converted to a general dimensionless form, for which a semi-analytical 25 

solution has also been developed by matching the interfacial boundary conditions of 1-D analytical 

solutions (along y direction) for single layer heterogeneous materials and numerically approximating 

over time (t) and channel length (x direction). The design parameters including Tr, OPD and L
*
 have 

been proposed to quantify the oxygenation performance through characterization of the device 
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configuration. The validation of Tr and OPD were performed by experiments. General design 

considerations for microfluidic oxygenators have also been discussed through the parametric studies, 

e.g. minimizing chamber and membrane thicknesses for small Tr and OPD, adjusting gas pO2 levels to 

compensate a large OPD, and extending the oxygenation channel upstream of the culture region to 

establish a fully developed oxygen profile (L
*
 >> 1). This work provides a framework for designing a 5 

microfluidic oxygenator, where the miniaturization of such systems for cell physiochemical analysis 

is of growing interest to the general research community for applications such as drug discovery, 

personalized medicine and tissue engineering. 
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Figure Legends 

Figure 1. Schematic of the microchannel used for mass transport modeling, consisting of a gas 

channel, a PDMS membrane, a medium channel/chamber, a cell layer and an oxygen-impermeable 

glass substrate.  
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Figure 2. Surface plot of OPD as a function of variables A and B; it is important to note that the OPD 

becomes a linear function at the range of B from 0 to 1 and A approaching zero. 

Figure 3. (a) Photograph and (b) cross-section schematic diagram of a device for OPD validation. (c) 

HUVECs were cultured along microchannels with different ρ
*
cell to measure the corresponding OPD. 

Figure 4. Comparison between the semi-analytical solution (AS) and the numerical solution (NS) 5 

during the development of (a) steady state pO2 profile (t = 70 s) when there is gas transfer through the 

PDMS membrane and medium flow in the channel. (b) The pO2 along cell layer at different 

simulation time indicates reasonable agreement between the AS and the NS. Simulated (c) 

dimensionless (gi) and (d) dimensional (ci) oxygen concentration along y direction at x = 3 mm from 

the channel entrance for t = 5 s, 10 s, 30 s and 70 s. 10 

Figure 5. Semi-analytical solution (AS) and experimental values (Exp) of rise time (Tr) as a function 

of effective channel height (H2) and PDMS membrane thickness (H3). Each data point represents the 

mean value of at least three independent measurements. The error bars represent the standard 

deviation of each data point. It should be noted that some error bars are covered by the corresponding 

data points because the standard deviations are too small. 15 

Figure 6. Plots of P
*
cell verses L

*
 under variations of (a) effective channel height (H2) and (b) 

membrane thickness (H3) representing oxygen diffusion at cell layer (K
’
m = 0.5 mmHg, Vmax = 4 × 

10
-17

 mole/cell/s and ρ
*

cell = 3 × 10
4
 cells/cm

2
 for HUVEC) along medium channel with the constant 

Peclet numbers (Pe = 6 in (a) and Pe = 3 in (b)). 

 20 

Figure 7. Variation in OPD under two different configurations of (a) channel height and (b) PDMS 

thickness with two different cell types: HUVEC (K
’
m = 0.5 mmHg , Vmax = 4 × 10

-17
 mole/cell/s and 

ρ
*
cell = 3 × 10

3
, 3 × 10

4
 and 3 × 10

5
 cells/cm

2
) and hepatocyte (Hepa) cells (K

’
m = 5.6 mmHg, Vmax = 

3.8 × 10
-16

 mole/cell/s and ρ
*

cell = 3.16 × 10
3
 and 3.16 × 10

4
 cells/cm

2
). All calculated values show 

excellent agreement between theoretical solution (TS, see Eq (28)) and numerical solution (NS). 25 

Contour plots for these parametric studies (with ρ
*
cell = 3 × 10

4
 cells/cm

2
 of HUVEC) are available in 

Figure S1 & S2 in Supplementary Material. 
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Tables 

Table 1: Diffusivity and Solubility of Cells, medium and PDMS 

Material Solubility [mM/atm] Diffusivity [cm
2
/s] 

Cell  1.049 (chakraborty S et al. 2007) 

9.5 x 10-6  

(chakraborty S et al. 2007) 

Medium (water) 0.218 at 37˚C (web 1) 2.8 x 10-5 (web 2) 

PDMS 

1.25  

(Valeur B and Brochon JC 2001; Shiku H et al. 2006) 

7.88 x 10-5  

(Ziomek E et al. 1991)* 

* The diffusivity of oxygen in PDMS can vary depending on temperature (Tan JL et al. 2003; Park J et al. 

2006). 

5 

 

Table 2: Experimental measures of OPD of HUVEC cultured in microchannels 

 

Total Cell Coverage [× 104 cells/cm2] 

0.67 ± 0.05 (SD) 1.54 ± 0.12 3.68 ± 0.21 4.04 ± 0.29 

OPD 0.021 ± 0.009 (SD) 0.072 ± 0.026 0.157 ± 0.030 0.166 ± 0.033 

Equivalent Vmax 

[× 10-17 mole/cell/s] 

2.38 3.55 3.23 3.12  
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Solution of Single Layer 1-D Convection Diffusion Equation 
 

The dimensionless 1-D convective diffusion equation and boundary conditions are expressed as 

2

2

12
for and0 1i i

i i i i

g g
m    

 


 
     

 
                          (S1) 

  
1

( , ) ( , , )
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i

g
Sh G g

 

     





  


                                (S2) 5 

  1( , , ) ( , )
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g
Sh g G

 

     







  


                               (S3) 

where  
( )N

i

h K
Sh

D




 
 
   

is Sherwood number (Sh) representing the ratio of length scale to the diffusive 

boundary layer thickness (hN), and ( )K 
 

is the film mass transfer coefficient at the boundary  . To solve 

this non-homogeneous boundary value problem, we may let 

                           
2

1

1

, , , , , for and 0 1, 0i i ij ij i i

j

g v L F             



          (S4) 10 

where

 

2

2

( )
0

ijd L

d




  so that 1 2( )ij ij ijL C C   1for and 1, 1,2,..., , 1,2.i i  0 i N j         

 

   1 , ,i iF G   
 

and    2 1, ,i iF G     are unknown variables at boundaries of the i
th

 material. 

Substituting these results into Eq. S1 gives 
22

2 2
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  

 
  

  
 .                                  (S5) 

The boundary conditions described in Eqs. S2-S3 are decomposed as (39) 15 

1

1 1
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2
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i N i i i N i

dL
D h K L h K

d


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
                                   (S11) 

where Eqs. S8-S9 and S10-S11 are boundary conditions used to solve 
1( )iL 

 
and 

2 ( )iL  , respectively. 

Assuming 
1( ), ( )i iK K   , the solutions of 

1( )iL 
 

and 
2 ( )iL   are 

1

1 2

1 1

( ) , ( )i i

i i

i i i i

L L
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 
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

 

 
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with the initial condition 

25 
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2 2

0 0 0 0

1 1

( , , ) ( , , ) ( ) ( , ) ( , ) ( ) ( , )i i ij ij i ij ij

j j

v g L F f L F             
 

    
.

         (S13) 

Now, we may let 

     , , 1
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S14 and S15 into Eq. S5: 
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Dividing Eq. S16 by    2

, ,,i i n i nV     yields
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where a positive constant 
2

,i n  
is used to set the above equation to be negative, such that the corresponding two 

ordinary differential equations are 
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where the boundary conditions of eigenfunction in Eq. S19 are 15 
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   , ,( ) 0i i n i N i i n iD h K      .                                    (S21) 

Hence the solution of Eq. S19 is  , , , , ,( ) ( )i n i n i n i i n i n iA Cos B Sin       . Substituting this solution into Eqs. 

S20-S21 gives a matrix form as 
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The orthogonality of the eigenstates, 
,( )i n iCos  

 
and 

,( )i n iSin   , lead to a condition for the eingenvalue 

spectrum: 
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However, as 
1( ), ( )i iK h K h   , the corresponding eigenvalues are  

22 2 2

, 1i n i i in       .
 

This 

Sturm-Louisville problem has been solved by implementing separation of variables on the homogeneous BVP of 

Eqs. S7-S8. The General solution for Eq. S18 at a simulation time   is integrated from initial time
0  that 

yields an expression written as 5 

   

 
0 0

2

, , 0 , 0

2
2 2

, , , ,2
1

, , ( )

( , ) 1
( ) , ( )

i n i n i n

ij

ij n i n i n i n

j i

V V Exp

F
l Exp d M Exp d

 

 

      

 
         

 

    


           

  
          (S24) 

where  , 0,i nV  
 

can be calculated with the initial condition Eq. S13: 

 

 

 

 

 

1
1

1 1

2

0 ,
2,1

, 0 , 02 2
1

, ,

( , ) ( ) ( , ) ( , )
, ( , )

i
i

i
i

i i

i i

i ij ij i n
i i nj

i n ij n ij

j
i n i n

f L F d f d
V l F

d d







 

 

          
   

   




 





 
   

 
  

 

 


 
.

  (S25) 
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By assuming 
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Semi-Analytical Solution of Multiple Layer Transient 2-D Convection Diffusion 

Equations 

 5 

To impose the dimensionless mass flux boundary conditions Eqs. 18, 20 and 22, the spatial derivative of 

 , ,ig     should be calculated as
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where
0  and  are the dimensionless priori time of iteration and time-step, respectively. Rearrange Eq. S30 10 

as a linear combination of unknown variables and source term: 
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Where  0, , ,iP    
 

is the source term,  , ,iQ   
 

and  , ,iR   
 

are the coefficients of unknown 

variables, which are expressed as 
S1
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Using the mass flux boundary conditions, Eqs. 18, 20, 22 and 23 can be converted into linear algebraic 

equations written as a matrix form:
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These linear equations A(ξ)·X(ξ) = b(ξ) are readily solved line-by-line along to the channel axial direction (0 ≤ ξ 

≤ 1) using tridiagonal matrix algorithm (TDMA)
S2

. 

 

Derivation of the Dimensionless Oxygen Pressure Drop (OPD) 5 

 

When the mass fluxes of oxygen across each material layer are identical, it can be expressed as 
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where P2-3 is the pO2 at the interface between PDMS membrane and medium channel, P2b is the 

bulk pO2 in medium, and Pcell is the pO2 along top cell surface. If we correlate q with the cellular 10 

oxygen uptake rate at the equilibrium state, q can be written as 
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where ρ*
cell (= ρcell H1) is the cell density [cells/cm

2
]. Equation (S36) can be converted by following 

equation: 
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With equations (S37) and (S38), a quadratic equation with a variable
cellP can be expressed as 
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By dividing each term by
2

gP , equation (S39) yields 
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To further simplify the equation (S40), we define
'm

g

K
A

P
  and

 

*

max 3 2

3 3 2 2

cell

g

V H H
B

P D S D S

  
  

 
, and it is 20 

simplified in following form: 
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Solving for cell

g

P

P
 gives 
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We define the dimensionless oxygen pressure drop (OPD) between the top cell surface and gas 

reservoir as 
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and its exact solution can be simplified in following form: 5 
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Sample pO2 Profiles with Different Oxygenation Configurations 

 

Fig. S1(a-d) shows contour plots of the partial pO2 for four cases with different PDMS membrane thicknesses 10 

(H3) 50 µm, 250 µm, 1000 µm and 6000 µm, respectively, at the steady state. For the qualitative comparison, 

the cell layer thickness (H1 = 5 µm), effective channel height (H2 = 195 µm), medium flow rate (Pe = 3), cellular 

oxygen uptake rate (Vmax = 4 × 10
-17

 mole/cell/s), surface cell coverage (ρ
*
cell = 3 × 10

4
 cells/cm

2
) and 

Michaelis–Menten constant (K
’
m = 0.5 mmHg) were set to be identical for the four different PDMS membrane 

cases. The plots show that the developing length of pO2 (the length where medium starts being fully diffused, or 15 

x for L
*
 ~ 1) increases with the membrane thickness, which is related to the diffusive resistance. 

 Another parametric study was conducted to investigate how the developing length relates to the effective 

channel height under the same Peclet number (Pe = 6) and same surface cell coverage (ρ
*
cell = 3 × 10

4
 cells/cm

2
). 

Fig. S2(a-d) shows contour plots of the partial pO2 in four different effective channel heights (H2) 50 µm, 100 

µm, 250 µm and 500 µm, respectively, at the steady state with fixed cell layer thickness (H1 = 5 µm) and PDMS 20 

thickness (H3 = 250 µm). All other parameters were the same as Fig. S1. The height of medium channel has 

similar effects on the diffusion time and developing length as the PDMS thickness.  

 Furthermore, Fig. S3(a-e) shows contour plots of the partial pO2 in five different cell layer thickness (H1) 

10 µm, 20 µm, 50 µm, 100 µm and 150 µm, respectively, under steady state conditions with a fixed channel 

height (Hc = 200 µm) and PDMS thickness (H3 = 250 µm), and with all other parameters identical to the PDMS 25 

thickness study illustrated in Fig. S1. The developing length of pO2 gradually decreases as the cell layer grows 

in a limited culture channel (constant height: Hc = H1 + H2), inducing an increasing volumetric ratio of cell layer 

to medium, because the diffusive resistance of HUVEC (H1/S1D1) is smaller than that of culture medium 

(H2/S2D2). 
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Figure S1: Contour plots of partial pO2 in a cross section of microfluidic device with H1 of 5 µm, H2 of 195 

µm, and four values of H3, i.e. (a) 50 µm, (b) 250 µm, (c) 1000 µm and (d) 6000 µm. Each case was simulated 

under identical conditions with the dimensionless parameters Pe = 3, Da = 3.93. 

 5 

 

Figure S2: Contour plots of the partial pO2 in the microfluidic devices with H1 = 5 µm, H3 = 250 µm, and 

four different H2: (a) 50 µm, (b) 100 µm, (c) 250 µm and (d) 500 µm. Each case was simulated under identical 

conditions with the dimensionless parameters Pe = 6 and Da = 0.98, 1.96, 4.91 and 9.83 for (a) – (d), 

respectively. 10 
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Figure S3: Contour plots of the partial pO2 in the microfluidic devices with Hc = 200 µm, H3 = 250 µm, and 

five different H1: (a) 10 µm, (b) 20 µm, (c) 50 µm, (d) 100 µm and (e) 150 µm. Each case was simulated under 

identical conditions with the dimensionless parameters Pe = 6 and Da = 7.86, 15.73, 39.32, 78.64 and 117.96 for 

(a) – (e), respectively. 5 

 

Experiment for Oxygen Diffusion Time 

 

Chip fabrication 

Experiments were performed to validate the simulated dissolved-oxygen (DO) concentration inside an 10 

elastomeric PDMS channel. Microfluidic chips containing arrays of double-layer structures (as described in the 

Diffusion Time of Oxygen Transfer section) with different layer thicknesses were fabricated by multilayer soft 

lithography
S3

 as shown in Fig. S4. Geometry of air and fluid channels was defined by SU-8/silicon molds, in 

which SU-8 negative photoresist (Microchem SU-8 50) was patterned on a silicon wafer. After cleaning a 3” 

silicon wafer (James River Semiconductors), SU-8 (thickness: 100 µm) was spin-coated (1000 rpm, 30 s) on the 15 

wafer and patterned by photolithography (Karl Suss Mask Aligner MJB3, 2 min exposure). Afterwards the mold 

was silanized with a high molecular weight trichloro-perfluorooctyl silane (Aldrich) for >5 min to reduce the 

adhesion between polydimethylsiloxane (PDMS) and the Si/SU-8 surface. A mixture of 10:1 PDMS 

monomer/harder (Sylgard 184, Dow Corning) was prepared and poured onto the mold with the gas channel 

pattern before baking at 80 °C for 2 hr. Another 10:1 PDMS monomer/harder mixture was spin-coated (for H2 + 20 

H3 ≤ 1000 μm) or poured (for H2 + H3 > 1000 μm) on the flow channel mold with the defined thickness (100 µm) 

and was then baked in an oven at 80 °C for 10 min. Taken out the gas layer mold from the oven, the PDMS 

substrate was cut and peeled off from the mold. After punching holes for the gas inlets and outlets, the gas layer 

was aligned onto the mold with the PDMS medium layer under a dissecting scope (Olympus, Model SZX9). To 

achieve permanent bonding and fully-cured PDMS, the whole PDMS substrate was post-baked in an oven at 80 25 

ºC for >10 hr. The bonded PDMS was then chopped, peeled off and punched for medium inlets and outlets. On 

the other hand, a glass substrate containing DO sensors was prepared from a glass slide (75 mm (l) × 25 mm (w) 

× 1 mm (h)). Each sensor region on the glass slide was etched with buffered hydrofluoric acid (7 H2O: 1 HF) for 
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5 min to produce a cavity (~5 μm). A polymeric sensor film was then deposited in each cavity by applying a 

droplet (~1 μL) of PtOEPK/polystyrene dye solution, prepared by first dissolving PtOEPK (Frontier Scientific, 

w/w 0.1 %) and polystyrene (w/w 5 %) into toluene. After toluene in the dye solution evaporates, 

oxygen-permeable PtOEPK/polystyrene films (thickness: ~3 μm) were formed as DO sensors. The PDMS and 

glass substrates were then bonded by oxygen-plasma bonding process (PLASMOD, Tegal Corporation) with 5 

600 mTorr pressure and medium power for 45 s. 

 

 

Figure S4: (a) Photograph and schematic diagrams of (b) top view and (c) cross-section of a PDMS chip for 

validation of diffusion time. 10 

 

Experimental procedures and sample results 

To measure the time-varying DO profile at the sensor layer, oxygen was continuously supplied along gas layer. 

Real-time measurement was achieved by a detection method based on the Stern-Volmer relation of PtOEPK that 

the reduction in luminescent intensity of sensing material due to oxygen quenching of the emitting excited 15 

electronic state
 S4, S5

. In the experiment, the medium channel was initially filled with fresh medium under 

ambient environmental partial pressure and oxygen was then applied along the gas channel. The corresponding 

numerical oxygen profiles were also calculated using the approach described in section 4-2. Comparisons of the 

computational and experimental dynamic sensor responses indicate that the devices had similar pO2 profiles 

(Fig. S5) and response/rise time as numerical solution. 20 
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Figure S5: Sample sensor responses in the validation experiment of diffusion time and the corresponding 

simulation results for sensor thickness (H1) 3 μm, effective medium channel height (H2) ~100 μm and membrane 

thickness (H3) (a) 20 μm, (b) 100 μm, (c) 300μm , and (d) 1250 μm. The y axes were normalized by scaling the 

fully saturated DO as value 1. 5 
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