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Scanning electrochemical microscopy (SECM) was em-
ployed to quantitatively characterize the oxygen permeation
behaviors of poly(dimethylsiloxane) (PDMS) and surface-
modified PDMS. The mass-transfer process of oxygen from
the PDMS substrate to the tip electrode is diffusion limited,
whereas the oxygen permeability of PDMS subjected to oxygen
plasma treatment or albumin adsorption is critically restricted.
Our results suggest that the oxygen permeability of PDMS is
possibly affected by O, plasma irradiation and albumin adsorp-
tion at the PDMS surfaces.

Poly(dimethylsiloxane) (PDMS) is recognized as an ideal
material for manufacturing microdevices in the biomicroelectro-
mechanical systems (bio-MEMS), because of its significant
characteristics to easily design relatively complicated three-di-
mensional structures and biocompatibility.!> The surface modi-
fication of PDMS has been a focus of attention to explore appli-
cation of the PDMS microdevices. Recently, protein analysis on
the PDMS device has become available by resolving the protein
adsorption issue through the control of PDMS surface energy.
PDMS microdevices have also been utilized in microculture,
microcirculation, or complicated operations involving various
living cells, and tissues.>® The modification of PDMS surfaces
to promote or restrict the interactions between the cells and
the microdevice substrate has thus become a key technology.

PDMS is a material that possesses high oxygen permeabili-
ty; this property facilitates the application of its microdevices in
cell culture. However, the oxygen permeability of PDMS may
change with its surface condition. Although many studies on
the gas-transport characteristics of PDMS in the gas phase’
have been conducted, research on the quantitative analysis of
the oxygen mass transfer at the water/PDMS interface is limited.

SECM has been applied to analyze kinetics including elec-
tron transfer and mass transfer at solid/liquid, liquid/liquid, and
gas/liquid interfaces.'®'> A tip microelectrode is positioned
near the interface where mass transfer does not occur. After
the set-up, electrochemical reaction at the microelectrode indu-
ces mass transfer within the very small space between the tip
and the sample interface. In this paper, we report the quantitative
characterization of the oxygen permeation behavior of PDMS
and surface-modified PDMS by SECM.

PDMS (Sylgard 184, Dow Corning) and a curing agent were
mixed in a 60 mm polystyrene culture dish and cured at 75 °C for
1 h.® Oxygen plasma treatment was conducted with a plasma
asher (100 W, 13.6 MHz). A Pt-disk microelectrode with a radius
of 6 um and a seal radius of 12 um was used as the SECM probe
(a =6um, ry = 12um). The SECM measurements were per-

formed in a PBS solution (25 mM Na,HPO,, 25 mM NaH,POy,
100 mM KCI, pH 7.0) by scanning the microelectrode placed
very close to the PDMS substrate. The tip potential was main-
tained at —0.5V vs. Ag/AgCl in order to monitor the oxygen
reduction current.’ All the current—distance plots shown in this
paper were recorded when the tip approached the PDMS surface
at 1ums™'.

The partitioning equilibrium of oxygen between water and
PDMS can be represented as

k
Ox(water) =2 O (PDMS), o)
2
where k; and k, are the heterogeneous mass-transfer constants
(first-order interfacial rate constant) of oxygen from the water
phase and PDMS phase, respectively. The oxygen flux at the
water/PDMS interface (fTuxg,) is expressed as follows:

fluxg, = ka[02]"PMS — k[0, )
Under steady state condition,
ki/ky = [02]"PM3 /[0, = K, 3)

where K, is the partition coefficient of oxygen between water
and PDMS. The oxygen concentration in PDMS has been report-
ed as 2mM,’ whereas that in PBS is 0.204 mM. The diffusion
coefficient of oxygen in PDMS is reported as 5.2 x 107 to
3.4 x 1073 cm? s71;*89 this value is essentially in the same order
as that in PBS, 2.1 x 1079 cm?s~ .

The kinetic parameters for oxygen permeation at the water/
PDMS interface were determined by a digital simulation.!%-16
The space between the tip electrode and the sample was divided
into small volume elements, and the mass transfer for each ele-
ment was calculated by considering the partition coefficient of
oxygen for water/PDMS and heterogeneous kinetic constants
at this interface. The typical grid numbers of the tip electrode,
tip insulator, distance between the tip and the water/PDMS
interface, and diffusion layers for the water and PDMS phases
were 8, 8, 6-22, and 30, respectively. The partition coefficient
K, = 10, and the diffusion coefficients of oxygen in water and
PDMS phases were assumed as Do,V = Do, FPMS = 2.1 x
1073 cm?s~!. The digital simulation employs the fast quasi-
explicit finite difference method (FQEFD).!”

Figure 1 shows the approach curves (normalized current
(i/i*) versus the distance between the tip and the sample surface)
for various samples. The oxygen reduction current was normal-
ized to that obtained in bulk (i*). When the tip approaches the
polystyrene substrate, the current at a distance less than 30 um
reduces. This is because polystyrene barely permeate oxygen.
On the other hand, the current near the PDMS substrate drasti-
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Figure 1. Plots of normalized current (i/i*) vs. distance for
various samples: PDMS (rev-triangle), O,-treated PDMS (O,
plasma irradiation for 5s (diamond), 1 min (square), and 5 min
(triangle)), and polystyrene (cross). Solid lines represent theoret-
ical results for k; = 1, 0.2, 4 x 1072, 4 x 1073, and Ocms™!
(from top to bottom).

cally increases because PDMS serves as an effective oxygen
reservoir. It was reported that in the approach curve, the oxygen
reduction current at the water/1,2-dichroloethane and water/air
interfaces was remarkably amplified.'®!! The apparent heteroge-
neous rate constant (k;) at the water/PDMS interface was esti-
mated to be at least 1 cms™!.

Figure 1 also shows the approach curves of PDMS after the
O, plasma treatment. The SECM measurements were carried out
within one hour after the plasma treatment. Although the PDMS
surfaces that were treated for 5s to 5 min exhibited excellent
wettabilities and were no difference, the oxygen permeation of
the surface-modified PDMS was changed significantly. The oxy-
gen-transfer barriers at the water/PDMS interfaces subjected to
plasma treatments for 5, 1 min, and 5 min are no less than 5-,
25-, and 250-fold of those at the original water/PDMS interface,
respectively. The k; values at the water/PDMS interfaces after
plasma treatment for S min was estimated to be 4 x 103 cms™ !
this value might be sufficiently high to apply O, plasma-treated
PDMS to microchannel devices for various microculture living
cell systems. However, the parameters described in the present
work will be essential for designing systems that require suffi-
cient oxygen supply.

Figure 2 shows the approach curves of PDMS treated with
BSA. The SECM measurements were carried out in a PBS solu-
tion containing 1% (w/v) BSA (Fraction V, SIGMA) after the
BSA-incubation for 20 min to 10h. The current increases as
the tip-sample distance reduces. The k; values at the water/
PDMS interface after the BSA treatment for 20 min and 10h
were 0.2 and 7 x 1072 cms™!, respectively. Since many types
of proteins including BSA can be adsorbed on the PDMS surface
during cell culture within a PDMS microdevice,' further inves-
tigations are required to quantify the oxygen permeability using
actual PDMS-based microfluidic devices or a model system with
similar surface conditions. The type and quantity of proteins
adsorbed on the PDMS surface can be varied with the modified
PDMS surfaces. The present results clearly indicate that the oxy-
gen permeability of a surface-modified PDMS substrate signifi-
cantly differs from that of the original PDMS.

There is another aspect of the application of PDMS mem-
branes as an oxygen permeable membrane of biosensors:'8
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Figure 2. Plots of (i/i*) vs distance for BSA-treated PDMS
(20 min (diamond) and 10h (circle)). The plot of the original
PDMS is the same as that in Fig. 1. Solid lines represent theoret-
ical results for k; = 1, 0.2, and 7 x 102 cms '

PDMS membranes have been applied to a separator or protector
to prevent the undesired adsorption of proteins in biosensors
based on oxygen sensors.%!® In these sensors, the outer side of
the membrane can be easily contaminated with proteins in the
sample solution, thereby reducing the oxygen permeation and
degrading the sensor response. In the present studys, it is suggest-
ed that the surface modification of PDMS can affect not only
oxygen permeability but also the affinity against proteins. Since
these surface modifications often occur in a set of the device
fabrication procedure, the oxygen-permeation properties of
PDMS and modified PDMS should be considered carefully for
designing PDMS-based devices.

References

1 J. C. McDonald, D. C. Duffy, J. R. Anderson, D. T. Chiu, H. Wu,
0. J. A. Schueller, G. M. Whitesides, Electrophoresis 2000, 21, 27.

2 S. L. Peterson, A. McDonald, P. L. Gourley, D. Y. Sasaki, J. Biomed.
Mater. Res. 2005, 72A, 10.

3 T. H. Park, M. L. Shuler, Biotechnol. Prog. 2003, 19, 243.

4 A. Zanzotto, N. Szita, P. Boccazzi, P. Lessard, A. J. Sinskey, K. F.
Jensen, Biotechnol. Bioengineer. 2004, 87, 243.

5 Y. Torisawa, H. Shiku, T. Yasukawa, M. Nishizawa, T. Matsue,
Biomaterials 2005, 26, 2165.

6 C.-C. Wu, T. Yasukawa, H. Shiku, T. Matsue, Sens. Actuators, B 2005,
110, 342.

7 T. Kamiya, T. Naito, T. Hirose, K. Mizoguchi, J. Polym. Sci. B 1990,
28, 1297.

8 T. C. Merkel, V. I. Bondar, K. Nagai, B. D. Freeman, I. Pinnau,
J. Polym. Sci. B 2000, 38, 415.

9 1. De Bo, H. Van Langenhove, P. Pruuost, J. De Neve, J. Pieters,
1. F. J. Vankelecom, E. Dick, J. Membr. Sci. 2003, 215, 303.

10 A. L. Barker, J. V. Macpherson, C. J. Slevin, P. R. Unwin, J. Phys.
Chem. B 1998, 102, 1586.

11 C.1J. Slevin, S. Ryley, D. J. Walton, P. R. Unwin, Langmuir 1998, 14,
5331.

12 S. Cannan, J. Zhang, F. Grunfeld, P. R. Unwin, Langmuir 2004, 20,
701.

13 G.Pu, M. L. Longo, M. A. Borden, J. Am. Chem. Soc. 2005, 127, 6524.

14 H. Yamada, S. Akiyama, T. Inoue, T. Koike, T. Matsue, I. Uchida,
Chem. Lett. 1998, 147.

15 H. Yamada, T. Matsue, 1. Uchida, Biochem. Biophys. Res. Commun.
1991, 780, 1330.

16 H. Shiku, T. Takeda, H. Yamada, T. Matsue, I. Uchida, Anal. Chem.
1995, 67, 312.

17 S. W. Feldberg, J. Electroanal. Chem. 1990, 290, 49.

18 F. Mizutani, S. Yabuki, T. Sawaguchi, Y. Hirata, Y. Sato, S. Iijima,
Sens. Actuators, B 2001, 76, 489.

Published on the web (Advance View) January 21, 2006; DOI 10.1246/c1.2006.234


http://dx.doi.org/10.1246/cl.2006.234

