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1. Overview of the physicochemical properties of 

polydimethylsiloxane (PDMS)

Rubber-like PDMS can be generated from functionalized 

organosilanes, halogen silanes, siloxane precursors or their 

derivatives, which may be crosslinked either by hydrolysis, 

condensation or by means of catalysts usually in the 

presence of an organic binder (crosslinker) (Arkles 1997; 

Reilly and Bruner 2004; Gelest Inc. 2006). Here, we used 

vinyl-terminated PDMS (Dow Corning Sylgard 184; Wacker 

Elastosil RT601), which are generated by curing difunctional 

vinyl-terminated PDMS prepolymers in the presence of an 

Si-H-containing crosslinker in the presence of a platinum 

catalyst. The density of the material does not change during 

curing; one reason being that there is no solvent involved 

which could evaporate. The linear coeffi cient of thermal 

expansion is lower than 960 μm·m-1·K-1 (Younan Xia 1998). 

PDMS is a highly biocompatible and transparent polymer 

(Noll 1968; Ertel et al 1994; Nusil Technology 2004). Its 

transparency ranges from 190 to 700 nm (Jo et al 2000) 

without any noticeable autofl uorescence (Piruska et al 2005). 

The refractive index of a widely used type of PDMS (Dow 

Corning, Sylgard 184) is n
D

25 = 1.403, that of a very similar 

product (Wacker, Elastosil RT601) is n
D

25 = 1.4095 (Lynch 

and Lynch 1978; Kuo 1999; Dow Corning Corporation 

2005; Wacker 2006). (For comparison: n
D

25

 
[Pyrex 7740 

glass] = 1.473, n
D

25 [water] = 1.333). For other siloxane 

types n can vary between 1.38 and 1.60 (Riegler et al 

2004). For Sylgard 184, the linear decrease of its refractive 

index with temperature was determined to be –0.0001 K-1 

(Grzybowski et al 1999). Silicone polymers such as PDMS 

form helixes, and the bond angles of the silicon–oxygen 

bonds create large amounts of free volume in silicone 

elastomers. This free volume, and the high compressibility 
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Table 1. Physical properties of commonly used cell-culture polymers 
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PDMS

Dow Corning: Sylgard 184

Wacker: Elastosil RT601

400–800 200–400 2500–3800 32 000 0.2

1.403

1.4095

1.03

1.02

PTFE/FEP 3 1 7–10 13–40 0.01 1.403 2.13–2.22

PS 2 0.6 8 800 <0.4 1.590–1.600 1.04–1.05

Physical properties (gas and vapour permeability P, water absorption, refractive index n, and relative density) of materials commonly used in 

long-term cell culture: cured polydimethylsiloxane (PDMS), polytetrafl uorethylene (PTFE) or fl uorinated ethylene propylene (FEP) foil, and 

polystyrene (PS). 

*The permeability coeffi cient P for gases in polymeric membranes is expressed by                with q as the mass fl ux of gas through a membrane 

of area A and thickness t under a partial pressure gradient Δp across the polymer membrane. Its unit is the ‘Barrer’, which equals 10–11 cm3 (O
2
) 

· cm · cm-2 · s-1 · mm-1 (Hg). Here ‘cm3 O
2
’ represents a molar quantity of oxygen rather than a true volume. It stands for the quantity of oxygen 

that would take up one cubic centimetre (1 ml) at standard temperature and pressure, as calculated via the ideal gas law. The ‘cm’ represents the 

thickness of the material whose permeability is being evaluated, and cm-2 is the reciprocal of the surface area of that material. mm–1 (Hg) represents 

the reciprocal of barometric pressure as measured in millimetre height of a mercury column (Torr) (Stern 1968).
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found in silicones, is associated with their permeability to 

gases, which can be up to 100 times greater than natural or 

butyl rubber. Silicone rubbers swell in aliphatic, aromatic 

and chlorinated hydrocarbon solvents (Lee et al 2003; Reilly 

and Bruner 2004). Also, water was found to diffuse into 

PDMS until saturation was reached at 40 mol·m-3 (corr. 720 

ppm) (Schirrer et al 1992; Watson and Baron 1996; Chang 

et al 2003; Randall and Doyle 2005; Parker et al 2006). In 

microfl uidics, water diffusion into PDMS and possibly its 

evaporation on the outside has been reported to result in a 

depletion of water within the microchannels. The diffusion 

of water through a 1 mm thick PDMS membrane has been 

reported to be of the order of 2.5–25 nL·mm2·h-1 (Chang 

et al 2003). Table 1 is a comparative summary of relative 

gas and water vapour permeabilities of three different 

commonly used cell-culture polymers. Values were taken 

from the literature and are given for temperatures between 

0°C and 28°C (Favre et al 1994; Kuo 1999; Merkel et al 

2000; Houston et al 2002; Dow Corning Corporation 2005; 

Goodfellow 2006; Wacker 2006; Efunda 2007). Table 2 lists 

the solubilities of oxygen, nitrogen and carbon dioxide in 

PDMS and their diffusion rates through PDMS. 
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Solubility of gases in and diffusion rates through PDMS at 25°C and 

760 mmHg (Robb 1968; Tanimura 1993; Kuo 1999; Merkel et al 
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Supplement B

1. Details and technical drawing of an adjustable 

moulding master

An adjustable template was designed that consisted of 5 

parts, which could be slid into each other (fi gure 1). They 

were held in place by M4 polymer screws (S). The individual 

parts were manufactured from polymethyl methacrylate 

(PMMA, Lucite®, Plexiglas®, Perspex®)* and polished. 

The material tolerates temperatures up to 95°C without 

getting deformed. The template could be reused after wiping 

off residual PDMS with isopropanol or toluene. 

Part 1 determined the outer diameter of the PDMS lid, 

parts 2 and 5 its total height. Part 3 defi ned the outer diameter 

of the culture dish, in this case a 24 mm glass ring. It had a 

groove to provide the lid with a sealing O-ring feature (black 

arrows). The vertical position of the inner cylinder (part 4) 

determined the head space of the lid. If the bottom of part 

4 was levelled with those of parts 1–3, the lid membrane 

would abut on the edge of the culture dish. The thickness of 

the lid membrane could range from below 100 μm to several 

millimetres depending on how close the top cylinder (part 

5) was affi xed with respect to the inner cylinder (part 4). 

There was a vertical slit with dimensions of 10 mm × 2 mm 

on the top of part 1. This allowed the embedding of cables 

or tubing into the lid (e.g. for heating and T-sensor cabling, 

or the insertion of syringe needles). Part 5 had a vertical 

groove to allow the escape of excess PDMS precursor mix 

or air when fi nalizing the assembly after fi lling the template. 

Depending on membrane thickness, each lid consumed 

4.5–5 ml of the PDMS precursor mix. The technical drawing 

for reproduction is provided below, and a three-dimensional 

CAD model in Supplement D.

2. Lid release from template 

Although PDMS does not bond to plastics as much as it 

bonds to glass, it was tightly caught in the template after 

curing. The following procedures facilitated lid removal 

from the template.

To disassemble the fi ve parts after curing the PDMS, the 

template was allowed to cool to room temperature. Its screws 

were removed and a rubber stopper placed underneath the 

inner rings. Ethanol (70%–100%) was sprayed onto the 

PDMS to facilitate peeling by wetting the PDMS/template 

interface. A plastic tray (l: 200 mm, w: 100 mm, h: 5 mm) 

with a central hole somewhat smaller (Ø 36 mm) than the 

outer ring of the template (fi gure 1, part 1) was pressed from 

above onto the outer ring to make the inner rings slide up, 

thereby releasing them. The PDMS lid itself was freed by 

gently levering it from the inner rings (parts 2 and 3) and 

cylinder (part 4) using a spatula. After lid release, excess 

PDMS was removed from the template interstices by wiping 

it off with a disposable tissue soaked in isopropanol. Note: 

PDMS is soluble in isopropanol as well as toluene, which 

can therefore be used to clean the template parts. However, 

PMMA turns opaque when exposed for several hours to these 

two solvents or ethanol. Therefore, it is not recommended to 

place the parts in any of the solvents for a prolonged period.

3. Lid modifi cation

Lids can be functionalized in various ways. Exemplarily, 

laser transparencies were inserted to modify gas permeability, 

graphite as a pigment for dark adaptation studies of retinal 

cultures, a platinum wire as a counter electrode, or an 

SOT-23 temperature sensor (LM-45, NI) together with a 

circular indium tin oxide (ITO)-coated glass as a resistive 

heating assembly to avoid water condensation on the PDMS 

membrane. Components were immersed in the non-cured 

PDMS after it had been poured into the template. Wiring to 

electrical components was led through the slit in the outer 

ring of the template (fi gure 1, part 1). Figure 2 shows four 

different lid types and the PMMA moulding template with 

its outer frame and the four slidable inserts, which were held 

in position by plastic screws.

* It is important to select materials that will not inhibit the curing 

process of the siloxane. Examples of suitable and commonly 

available materials are optically clear hard or fl uorinated plastics, 

polyethylene, polystyrene, polyimide, metals, glass, vinyl- or 

polyethylene tapes. In contrast, contact with sulphur- or tin-

containing materials (e.g. vulcanized rubber), chlorinated plastics, 

or regular offi ce paper or masking tapes is problematic. For further 

details and examples see Bruner (2003).
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Figure 1. A more elaborate template design allows arbitrary adjustment of vertical lid shapes. Left: central frontal cut through the 

fi ve-piece master template (hatched) made of polymethyl methacrylate (PMMA) and resulting PDMS lid (dotted). Arrowheads indicate 

a circular groove to generate an embedded optional O-ring feature in the lid.  ‘S’ signifi es M4 threads for polymer screws to hold the 

individual pieces in place. Middle: Rendered view of the assembled template with cavity (dotted outline) for the PDMS. Right: Explosion 

view of the template.

Figure 2. Assembled PMMA moulding template consisting of 5 parts held in place by white polymer screws (centre). It is surrounded by 

examples of differently modifi ed lids: Lid with transparent top and non-transparent graphite-containing rim (top left), non-transparent black 

lid (bottom left)*, regular transparent lid sealing a 24 mm glass ring glued onto a microelectrode array (MEA) (top right), and transparent lid 

with embedded counter electrode (platinum wire, Ø 0.25 mm) inserted into a dual in-line package (DIP) pin for external connection) (bottom 

right). A three-dimensional CAD model with the lid sealing an MEA glass ring cell-culture chamber (top right) is provided in Supplement D. 

* Graphite was mixed into the non-cured PDMS prepolymer up to a 1:1 ratio (v/v). Higher graphite to PDMS-prepolymer mix ratios 

rendered the lid electrically conductive at the cost of lid stability. The mixture also lost its fl uidity and became paste-like. 
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Figure 3. Technical drawing of the fi ve parts of the adjustable moulding master for reproduction.
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Supplement C

1. Dilution strategy to compensate for the evaporation 

of water from the cell culture medium

In a cell-culture container, water will evaporate from the 

warm medium and condense on the lid during transfer 

from the warm incubator (37°C) to the colder workbench 

(room temperature). Once the container is opened, air fl ow 

will accelerate water evaporation. A common approach to 

compensate for the water loss by evaporation is to dilute 

the fresh medium that will replace the old medium with 

sterile ultrapure water. However, this strategy is successful 

only if two variables are known: (i) the rise in osmolarity 

between feeding cycles including the water evaporation 

during the medium exchange procedure, and (ii) the actual 

medium volume in the culture container before the medium 

is partially replaced. Only then can the proper dilution factor 

be calculated. 

Such calculation is demonstrated by the following 

example. In many laboratories, about 50% of the medium 

is exchanged when ‘feeding’ cell cultures. Because the 

osmolarity of the medium in the culture container increases 

over time due to water evaporation, the remaining half 

of the medium is characterized by a higher osmolarity 

than the freshly added medium. Therefore, osmolarity 

increases slowly over time even when part of the medium 

is regularly replaced. To counteract this slow increase, water 

has to be added to the remaining medium to bring down its 

osmolarity to that of the freshly added medium. Assuming 

that:

a)  the medium volume in the culture container is 

currently only 940 μl (because 60 μl of water has 

evaporated from 1 ml medium since the last medium 

exchange); 

b)  the fi nal cell-culture volume after a theoretical 

exchange of 50% of the medium (500 μl) should 

again be 1 ml;

c)  the measured osmolarity for the medium in the 

culture container is currently 270 mosmol/kg;

d)  the fresh medium from the manufacturer’s supply 

bottle has an osmolarity of 240 mosmol/kg, which 

would also be the desired target osmolarity for the 

fi nal volume of 1 ml medium in the culture container 

after the medium exchange.

Then one would aspirate and discard 440 μl of the old 

medium (to leave 500 μl of old medium in the culture 

container), replace it with 473.5 μl of fresh medium 

(osmolarity 240 mosmol/kg) and add 62.5 μl of ultrapure 

sterile water to get a fi nal medium volume of 1 ml in the 

culture container, which would have the desired osmolarity 

of 240 mosmol/kg. The calculation requires two steps:

(i)

with

FinalVol μl DesiredOsmo
mosmol

kg

mainingVol μl Curren

[ ] [ ]

Re [ ]= ttOsmo
mosmol

kg

AddedVol μl
mosmol

kg

[ ]

[ ] [ ]+ SearchedOsmo

FinalVol: Final volume in the culture container 

(1000 μl)

RemainingVol: Remaining volume in the culture 

container (500 μl) after aspirating the 

medium to be discarded (440 μl)

AddedVol: Added volume, which corresponds to 

the 500 μl to be added to the remaining 

volume (500 μl) to give the fi nal 

volume of 1 ml in the culture container 

after the successful medium exchange. 

The AddedVol will be composed of 

fresh medium from the medium supply 

bottle and a bit of ultrapure water to 

compensate for the higher osmolarity 

of the medium that is left in the culture 

container.

DesiredOsmo: Desired osmolarity of the medium 

after the medium exchange. This 

osmolarity will usually correspond to 

the osmolarity of the medium supply 

(e.g. in the medium stock bottle; 

240 mosmol/kg in this example).

CurrentOsmo: Measured osmolarity (270 mosmol/kg) 

of the medium that will be exchanged. 

This is the osmolarity of the medium 

that remains in the culture container 

and that of the medium which will be 

discarded.

SearchedOsmo: Theoretical osmolarity of the freshly 

added medium to bring the fi nal 

osmolarity of the medium in the culture 

container to the desired osmolarity 

after fresh medium addition. The 

SearchedOsmo has to be lower than the 

DesiredOsmo of the medium from the 

supply bottle because the osmolarity 

(270 mosmol/kg) of the remaining 

medium volume (500 μl) needs to be 

diluted with water to adjust it to the 

value of the medium from the supply 

bottle (240 mosmol/kg).
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Rearranging the equation to solve for SearchedOsmo 

gives:

Entering the hypothetical values from the example 

gives:

Thus, the osmolarity of the 500 μl of the freshly added 

medium to the 500 μl of old medium, which remains in the 

culture dish, should be 210 mosmol/kg. This fresh medium 

will be composed of the medium from the supply bottle 

(component 1), which has an osmolarity of 240 mosmol/kg, 

and ultrapure water (0 mosmol/kg) (component 2) to dilute 

the medium from the supply bottle down to 210 mosmol/kg. 

The following dilution equation gives the required volumes 

of the two components:

(ii)

with

Solving this equation for SupplyVol gives:

Entering the values gives a SupplyVol of

Thus, 437.5 μl should be taken out of the supply bottle 

(component 1) and added to the 500 μl of the old medium 

in the culture dish. This gives a volume of 937.5 μl in 

the culture dish with an osmolarity that is in between the 

old osmolarity (270 mosmol/kg) and that of the fresh 

medium (240 mosmol/kg). To reach the fi nal volume of 

1 ml and the desired overall osmolarity of 240 mosmol/kg 

in the culture dish, the missing volume of 62.5 μl has to 

be added to this medium mix as ultrapure sterile water 

(component 2).

To make the calculation less cumbersome, the two 

equations can be combined by substituting SearchedOsmo 

in equation 2 by equation 1:

The problem with this approach is that usually the 

remaining volume before the medium exchange (940 μl in 

this example) is not known. To ensure that 500 μl of old 

medium will remain in the culture container, the old medium 

could fi rst be aspirated entirely and then 500 μl of it fi lled 

back in the culture container.

SearchedOsmo[ ]

[ ] [ ]

mosmol

kg

FinalVol μl DesiredOsmo
mosmol

kg

=

−RRe [ ] [ ]

[ ]

mainingVol μl CurrentOsmo
mosmol

kg

AddedVol μl

(1)

SearchedOsmo[
mosmol

kg

μl
mosmol

kg
μl

mosmol

k
] =

−1000 240 500 270
gg

μl

mosmol

kg

500

= 210

SupplyVol l DesiredOsmo
mosmol
kg

=AddedVol l

μ

μ

[ ]⋅
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

[ ]⋅SearrchedOsmo
mosmol
kg

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

SupplyVol: Volume of the medium with the desired 

osmolarity (240 mosmol/kg, which 

in this case also corresponds to the 

osmolarity of the medium in the supply 

bottle) to be taken from the supply bottle.

SupplyVol [ ]

[ ] [             ]

μl

AddedVol μl
mosmol

kg

DesiredOs

=

SearchedOsmo

mmo
mosmol

kg
[ ]

(2)

SupplyVol [ ]

.

μl

μl
mosmol

kg

mosmol

kg

μl

=

=

500

240

437 5

210

SupplyVol [ ]

[ ] [ ] Re

μl

FinalVol μl DesiredOsmo
mosmol

kg
maining

=

− VVol μl CurrentOsmo
mosmol

kg

DesiredOsmo
mosmol

kg

[ ] [ ]

[ ]
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Supplement D

1. Three-dimensional CAD models of the adjustable 

template, and of the lid sealing a glass ring cell-culture 

container

The following pages show different views of three-

dimensional CAD models. The fi rst and second depict the 

adjustable template, the third the lid (transparent blue) 

sealing a glass ring (transparent grey) cell-culture chamber 

attached to a square multielectrode array substrate. The 

cell-culture medium is coloured purple. The models can be 

viewed from any angle using any CAD-enabled PDF viewer 

such as Adobe Acrobat Reader (version 8 and above). Two 

overall views (assembled and exploded) as well as section 

views are available to choose from the View dropdown list.

These drawings are 3D models of the moulding template that can be manipulated within Adobe Acrobat version 8 (or later).


