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Liver cells culture on three-dimensional micropatterned polydimethylsiloxane surfaces
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Abstract
Current in vitro cell culture technologies present some limitations as they can't simulate or mimic in vivo 
situations. Indeed, in vivo cells function in a three-dimensional (3D) structure where they have a close contact 
with adjacent cells. In this study, human hepatocarcinoma Hep G2 cells were cultured on 3D micropatterned 
polydimethylsiloxane (PDMS) substrates. Using soft-lithography techniques, arrays of octagonal macropillars 
(40 µm width, 50 µm spacing, 100 µm height) in a hexagonal arrangement were fabricated to get a high 
surface/volume ratio to culture cells at a high density. Those 3D substrates were assembled on a PDMS 
membrane into a bottomless polycarbonate 12-well plate, thus enabling direct oxygenation of the cells by 
diffusion of atmospheric air through the polymer. We observed remarkable enhancement of cellular growth 
due to the high oxygen supply. Cells grew up until forming a quite thick cellular multilayer supported by the 
pillars. Such 3D substrates are likely to be a new design suitable for inducing organ-specific 3D organization 
in a conventional microplate-based culture format.
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Introduction
When culturing liver cells, it is of importance to 

recover tissue organization and cell contacts to retain 
their specific functions when compared to monolayer 
cultures performed in conventional culture plates 
(Clayton, 1985; Rogiers and Vercruysse, 1993). 
In vivo, cells function at a high density within a 
3D structure what promotes cell-cell interactions. 
Moreover, blood flow ensures good supply of various 
nutrients to the cells, such as glucose or oxygen. 
In case of hepatocytes which are highly oxygen 
consuming cells, Tilles et al. (2001) observed 
a decrease of viability and function under low-
oxygenated conditions. 

In the present study, we cultured Hep G2 cells 
as a model for liver cells. The objectives are to 
culture them at a high density on a 3D structure so 
that they can organize in a 3D in vivo-like manner 
while retaining their specific functions, but also to 
improve oxygen supply to the cells as it is insufficient 
when only supplied through culture medium. To 
achieve this, Hep G2 cells were cultured on 3D 
PDMS structures consisting in arrays of macropillars 
fabricated using replica-moulding method. Indeed, 

various microstructures can be easily fabricated in 
such a way from this polymer. Moreover, PDMS 
has already been demonstrated to be suitable for 
cell culture (Leclerc, 2003; 2004). In addition to 
this, considering PDMS's high gas permeability 
(Charati and Stern, 1998), such structures assembled 
on a bottomless culture plate should enable direct 
oxygenation of the cells by diffusion through the 
polymer. 

Materials and methods
1. Cells and culture medium

We used Hep G2 cel ls purchased f rom the 
JCRB (Japanese Cancer Research Bank). Culture 
medium was Dulbecco's Modified Eagle Medium 
(DMEM high glucose +4.5 g/L D-glucose; Gibco) 
supplemented with 10 % fetal bovine serum (FBS; 
Gemini Bio-Products), 2 % hydroxyethylpiperazine-
N'-2-ethanesulfonic acid (HEPES), 1 % non-
essential amino acids solution for MEM (Gibco), 1 
% antibiotic and antimicotic solution (which contains 
penicillin, streptomycin and amphotericin B) and 0.5 
mM ascorbic acid diphosphate (from magnesium salt 
n-hydrate; Wako).
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2. Fabrication of 3D micropatterned PDMS 
substrates

3D PDMS structures were fabricated using a replica 
moulding method against a silicon wafer patterned 
using soft-lithography techniques (Fig. 1). Briefly, 
SU-8 2100 photoresist (MicroChem) was first spin 
coated on a silicon wafer at 2500 rpm for 30 seconds 
to reach 100 µm height, then pre-baked at 95 ºC for 
20 minutes. It was exposed for 35 seconds under UV 
light (290 mJ/cm2) through a photomask, after what 
it was post-baked 1 minute at 65 ºC then 10 minutes 
at 95 ºC, then developed 45 minutes in MicroChem's 
SU-8 Developer, then rinsed with isopropanol. It was 
finally hard-baked 10 minutes at 150 ºC to remove 
cracks. The mould master was then treated by CHF3 
plasma using a RIE (Reactive Ion Etching) machine 
(RIE-10NR, Samco) to enable easy separating of 
PDMS polymer from the mould.

A 10:2 mass ratio mixture of PDMS pre-polymer 
and curing agent (Silpot 184, Dow Corning) was 
poured on the mould, degassed in a vacuum chamber, 
cured for 45 min at 100 ºC in an oven after what 
PDMS replica was peeled off. Pillars are octagonal 
and they are disposed in a hexagonal arrangement; 
they are 100 µm high, 40 µm wide and spacing 
between 2 adjacent pillars is 50 µm (Fig. 2).

3. Hep G2 cells culture
Hep G2 cells were cultured on PDMS substrates 

which were transferred into the wells of a standard 
tissue-culture-treated 12-well plate (Iwaki), or into 
a bottomless polycarbonate 12-well plate to enable 
direct oxygenation of the cells from the bottom by 
diffusion through PDMS (Fig. 3). In that last case, 
PDMS substrates were covalently bound to a 2 mm-
thick PDMS membrane by applying oxygen plasma 
exposure for 7 seconds using the RIE machine. 

PDMS membrane was then assembled on the 
bottomless plate: it was fixed by screws between 
the polycarbonate plate and a stainless steel pierced 
blade. 

Prior to cell culture, PDMS substrates were 
oxidized by 10 seconds oxygen plasma exposure then 
sterilized with ethanol 70 % for 1 hour. After rinsing 
3 times with phosphate buffered saline (PBS; Sigma), 
both smooth and 3D-patterned devices were coated 
with 0,3 g/L type I collagen (Nitta Gelatin) for 1 hour 
then rinsed 3 times with PBS before cell inoculation. 

All devices (both smooth and pillared ones) were 
inoculated with the same number of cells (3 × 105 
cells/well). Cells were cultured at 37 ºC in a 5 % CO2 
incubator for 12 days. Samples were collected every 
2 days and stored at -20 ºC for assays, after what 
medium was changed (2 ml).

4. Measurement of cellular DNA content and 
glucose consumption 

- Cellular DNA content: Cells were recovered 
in 1 ml PBS after trypsinization using the 
trypsin/EDTA method and then sonicated for 
60 seconds at 40 watts. DNA concentrations 
were measured by 4 ' ,6 -d iamid ino-2-
phenylindole (DAPI; Dojindo) fluorimetry 
(Brunk, 1979). 

- Glucose consumption: Glucose concentration 
in culture medium was measured with a 
glucose analyzer (Glucose Analyzer 2, 
Beckman Coulter).

5. Vertical cross-section view analysis
At the end of the culture, 2 pillared-PDMS devices 

were stored at 4 ºC in paraformaldehyde (Sigma) 

Fig. 1: Fabrication process of the 3D PDMS structures.

Fig. 2: Top and cross section views of the 3D PDMS structures.

Fig. 3: Hep G2 cells culture on PDMS membrane in bottomless 
polycarbonate 12-well plate: direct oxygenation of the cells 
from the bottom, through the membrane.

Fig. 4: Vertical cross section views (hematoxylin and eosin 
staining) of Hep G2 cells cultured on pillared PDMS substrates: 
(A) in standard tissue-culture-treated 12-well plate (low 
oxygenation); (B) in bottomless polycarbonate 12-well plate, on 
PDMS membrane (high oxygenation). 
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solution for vertical cross-section view analysis 
(paraffin embedding and hematoxylin and eosin 
staining).

Results
1. Cellular organization

Histological examination of vertical cross-
sections after paraffin embedding and staining with 
hematoxylin and eosin showed that the growth of 
Hep G2 cells was far much enhanced when they 
were cultivated under higher oxygenated conditions. 
Indeed, when cells were cultured on PDMS substrates 
into standard tissue-culture-treated 12-well plate 
(no oxygenation from the bottom), they formed a 
cellular monolayer that surrounds the pillars (Fig. 
4A), whereas when they were cultured in bottomless 
12-well plate on PDMS membrane, they formed 
several layers and they organized in a 3D manner 
until completely filling up the volume between the 
pillars (Fig. 4B). 

2. Cellular DNA content
DNA amount was measured on Day 3 and Day 12 

(Fig. 5). A slight increase in time was observed when 
cells were cultured in standard tissue-culture-treated 
12-well plate, whereas DNA amount remarkably 
increased in the case where the cells were cultured 
on PDMS membrane in the bottomless 12-well plate. 
In that last case, DNA reached on Day 12 to almost 
double amount of that in low-oxygenated culture. In 
both conditions, cellular DNA contents were the same 
on pillared and on smooth PDMS surfaces. 

3. Glucose measurement
Glucose concentration in culture medium was 

measured every 2 days. Daily glucose consumption 
by the cells increased quickly and in a regular 
manner until Day 8, then it saturated at around 1.8 
mg/well/day (Fig. 6). The trend and values of glucose 
consumption were similar between the different 
conditions of culture (culture in bottomless 12-well 
plate vs. in standard tissue-culture-treated 12-well 
plate, on pillared PDMS substrate vs. smooth PDMS 
surface).

Discussion
To get closer to in vivo situation where liver cells 

function within a 3D structure in which they are in 
close contact with each others, we cultivated Hep G2 
cells on three-dimensional micropatterned PDMS 
substrates. These structures are made of arrays of 
100 µm-high macropillars. Such kind of structure, 
as it presents a high surface/volume ratio, seems 
to be suitable for culturing cells at a high density, 
thus promoting interactions between adjacent 
cells. Moreover, when culturing cells on a PDMS 
membrane, one can expect enhancement of oxygen 
supply to the cells as this polymer is known to be 
highly permeable to gases.

3D micropat terned PDMS substra tes were 
fabricated using replica molding method. They were 
transferred into a standard tissue-culture 12-well 
plate or bounded on a PDMS membrane assembled 
on a bottomless polycarbonate 12-well plate. In 
that last case, we could observe that cellular growth 
was remarkably enhanced: at the end of the culture, 
cellular DNA content was almost double amount 
when compared to standard oxygenated conditions, 
what was also consistent with vertical cross-
section observations. Whereas cells formed only a 
monolayer when cultured in conventional tissue-
culture plate, they grew up to several layers when 
culture was realized in the bottomless plate. Indeed, 
in such conditions, cells are continuously supplied 
with oxygen as it diffuses through PDMS; oxygen 
diffusion coefficient in PDMS is reported as 4.1 × 10-5 
cm2/s (Charati and Stern, 1998). Moreover, oxygen 

Fig. 5: Cellular DNA content on Day 3 and Day 12. +O2: culture 
in bottomless 12-well plate on PDMS membrane; -O2: culture in 
standard tissue-culture-treated 12-well plate. Data are expressed 
as mean values ± SD of three separate samples with n = 9. 

Fig. 6: Glucose consumption per well and per day. +O2: culture 
in bottomless 12-well plate on PDMS membrane; -O2: culture in 
standard tissue-culture-treated 12-well plate. Data are expressed 
as mean values ± SD of three separate samples with n = 6. 
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solubility in this polymer is 10 times higher than in 
culture medium (Shiku, 2006). In addition to this, we 
could observe that cells tend to organize themselves 
around the pillars in a three-dimensional manner.

Glucose measurements showed that cells grew until 
Day 8; indeed, from that day glucose consumption 
saturated. Furthermore, daily glucose consumption 
per well was almost the same when cells were 
cultured either in bottomless 12-well plate or in 
standard tissue-culture plate, whereas in the first 
situation they were far more numerous and organized 
in 3D (Fig. 4B). This is consistent with the fact that 
cellular respiration is suppressed when cells are 
organized in a 3D structure.

In conclusion, we demonstrated that direct 
oxygenation of the cells by diffusion through PDMS 
membrane leads to remarkable enhancement of 
cellular growth and subsequent 3D organization up to 
several layers. At present, the pillared structure itself 
does not seem to have further beneficial effects on 
cellular behavior when compared with that of direct 
oxygenation. Further detailed examinations of various 
liver-specific functions are now under study.
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