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SUMMARY 
CaCo 2 and MDCK epithelial cells, cultivated on transparent polyethylene terephthalate or 
polycarbonate Cyclopore microporous membranes, adhere as good, grow and differentiate 
faster than on tissue culture polystyrene or Millicell CM culture inserts. The rate of growth of 
MDCK cells is slightly increased by raising pore density or diameter of PETP membranes, 
whereas that of CaCo 2 cells is decreased when pore diameter is raised. 

INTRODUCTION 

In vitro models to study transport problems in polarized animal cells require a micro- 

porous substratum allowing optimal cell cultivation. Suitable materials should : (i) be freely 

permeable to low and high molecular weight molecules secreted or transported and avoid the 

appearance of domes, characteristic of restricted permeability (Ramond et  al.,  1985); (ii) display 

surface properties promoting adhesion, growth and differentiation and, ideally, be almost all- 

purpose as the tissue culture grade of polystyrene; (iii) be transparent to facilitate routine 

examination of the cells, be strong, thin and resistant to chemicals used in cell biology. 

Different membranes have been used but none fulfills all these requirements. Cellulose 

esters membranes (von Bonsdorff et  al.,  1985; Heth et  al.,  1987) are thick, opaque, adsorb 

proteins and may leak out toxic surfactants (Kristensen et  al . ,  1985). Polycarbonate 

membranes (Ramond et  al. ,  1985; Caplan et  al. ,  1986; Hidalgo et  al., 1989) seem much more 

appropriate but, up to now, are only translucent. Recently Millicell CM, including Biopore 

membranes (Pitt et  al.,  1987), which could fulfill the criteria, became commercially available. 

The Cyclopore microporous membranes, made of polycarbonate of bisphenol A (PC) or of 

polyethylene terephthalate (PETP), are perfectly transparent and have different porosities 

(Legras and Jongen, 1986). We report here that they sustain, in the presence or absence of 

serum, adhesion and growth of different cell lines as good as or better than tissue culture 

polystyrene and much better than Biopore. Furthermore, they promote the differentiation of 

epithelial intestinal cells and allow to study cellular transport (Halleux and Schneider, 1988). 
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MATERIALS AND METHODS 

Cell lines were obtained from the American Type Culture Collection (RockviUe, MD). 
MCF 7 (human breast adenocarcinoma; epithelial) and HT 29 (human colon adenocarcinoma; 
epithelial) ceils were cultivated in DMEM containing 10% fetal calf serum (Gibco, Ghent, Bel- 
gium) and 1 ktg/ml of insulin (Gibco); CPAE (bovine pulmonary; endothelial), MDCK (Madin 
Darby cocker kidney; epithelial) and MRC 5 (human lung; fibroblasts) cells in MEM with 10% 
serum; J 774 (mouse-macrophages; tumoral origin) cells in RPMI with 10% serum; CHO 
(chinese hamster ovary; epithelial-like) cells in a basal defined medium (BDM) (Schneider, 
1989) with 1% serum; CaCo 2 (human colon adenocarcinoma; epithelial) and, for some 
experiments, MDCK cells in BDM supplemented with 100 nM hydrocortisone (Sigma, St 
Louis, MO), 2 nM triiodothyronine (Sigma), 1 ktg/ml insulin, 1 ng/ml epidermal growth factor 
(Gibco), trace elements (Mn, Mo, Ni, Si, Sn and V; Gibco) and 10 I.tg/ml of serum albumin 
complexed to linoleic acid (Sigma). 

Upon thawing, cells were cultivated in 25 cm 2 flasks (Becton Dickinson, Lincoln Park, 
NJ, USA or Nunc, Roskilde, Denmark). At near confluence, except for J 774 cells detached 
by pipetting, the monolayer was dissociated with 0.5% (w/v) trypsin-5 mM EDTA in PBS 
(Gibco) and subcultivated in a 75 cm 2 flask. Cells were then maintained in 175 cm 2 flasks. 
Cells were detached and plated on substrata at ca. 50 000 cells/cm 2 (trypan blue exclusion test). 
All incubations were performed at 37 ° under water saturation and 5% CO 2 in air. 

Cell cultivations were carried out on different substrata. For native polystyrene (N PS), 
60 mm dishes (bacteriological grade; Nunc; growth area of 18 cm2; 5 ml medium) were used; 
for tissue culture polystyrene (TCPS), 6-well tissue culture plates (Becton Dickinson or Nunc; 
growth area of 9.9 cm2; 3 ml) were used. For PC and PETP, culture inserts were used in 6- 
well plates (2 ml in upper and lower compartments). They consist in a film (N PC or N PETP) 
or a microporous membrane (TC PC or TC PETP) embedded between two rings of PC with 
external diameter of respectively 28 and 30 mm giving a growth area of 5.4 cm 2. Cyclopore 
membranes consist in films (thickness of 13 ~tm) of PC or PETP tracked by heavy ions 
accelerated in a cyclotron and, thereafter, treated with chemicals in order to make calibrated 
pores and modify the surface (Legras and Jongen, 1986). Transparent membranes with low, 
medium or high porosities and with different pore diameters were manufactured by Cyclopore 
SA (Louvain-La-Neuve, Belgium). Before cell cultivation, the inserts were either autoclaved or 
gamma irradiated at 2.5 Mrads. Millicell CM, with Biopore microporous membrane of 
unpublished composition (Pitt et al., 1987), were purchased from Millipore Co. (Bedford, 
MA). For CaCo 2 cells, PS, PC and PETP (N or TC) substrata were precoated for 2 h at 37 ° 
with 33 Ixg type I collagen (Vitrogen 100, Collagen Corp., Palo Alto, CA) per mland washed 
with PBS. Millicell CM inserts were preincubated with 400/.tl of type I collagen at 750 ~tg/ml 
in 45% (v/v) ethanol, evaporated and washed with PBS. Culture was performed in synthetic or 
in serum-containing nutritive medium. 

Cell adhesion and growth were followed with a Labovert phase contrast microscope 
(Leitz, Wetzlar, FRG). At the end of the incubation, ceils were washed 3 times with PBS, 
scraped in twice 1 ml of 1% (w/v) Na deoxycholate at pH 11.3. Protein was assayed according 
to (Lowry et aL, 1951) with bovine serum albumin as standard. 

RESULTS AND DISCUSSION 

Figure 1 illustrates cell growth in synthetic, serum-free, nutritive medium on different 

substrata. CaCo 2 cells, which in such conditions, require collagen precoating of the sub- 

stratum rapidly adhere and spread on all surfaces. After 1 day however, more cell associated 

protein is found on the TC grade of the different materials. After 6 days, confluence, as 

observed by phase contrast microscopy, is reached on TC PS, TC PETP and on N and TC PC; 

however, more ceU protein is associated with the TC grade of PETP and PC microporous 

membranes, which results probably from a more rapid differentiation and from a more 

columnar shape of the cells (Halleux and Schneider, 1988 and in preparation). 

90 



Z 

~d 

:=L 

200' r-A NPS Ja 
[] TC PS ~- 
[] NPETP L l~ 
[] TC PETe ['~ ~[] 
[ ]  NPC ~a [ ~ [ ~  

1 0 0 L ~  ~ 

0 
1 6 

DAYS 

50 

6 

B NPS 
TC PS 
N PET 
TC PET 

~ NPC 
TC PC 

1 

100" 

DAYS 
Figure 1. Growth of  CaCo 2 (left) and MDCK (right) cells. Inoculation, cultivation, 
washing, cell solubilisation and protein assay were carried out as described in Methods. 
Substrata were precoated (CaCo 2) or not (MDCK) with collagen; both cell types were 
cultivated in synthetic BDM. Mean results of  3 independent experiments +_S.D. are given. 

In synthetic medium without collagen precoating, MDCK cells adhere and grow only 

poorly on N PS and N PETP. After 1 day, cells adhere and spread on the other substrata, but 

more protein is found on TC PS, suggesting that cells start to grow more rapidly. After 6 days, 

confluence is reached on these four substrata but, as for CaCo 2 cells, more cell protein is reco- 

vered on the TC PC and PETP membranes than on impermeable TC PS. These results indicate 

that these cell lines, cultivated in synthetic nutritive medium, adhere as good on Cyclopore TC 

PC and PETP than on TC PS, but grow better on microporous membranes than on imper- 

meable PS. The use of semi-permeable membranes increases the amount of cell protein/cm 2. 
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Figure 2. Growth of  CaCo 2 (left) and MDCK (righO cells on Millicell CM and Cyclopore 
TC PETP. Inoculation, cultivation, washing, cell solubilisation and protein assay were carried 
out as described in Methods. Millicell CM and Cyclopore TC PETP for CaCo 2 were precoated 
with collagen; CaCo 2 were cultivated in synthetic, serum-free BDM and MDCK in MEM with 
10% serum. Mean results of  3 independent experiments ~ S.D. are given. 

Cell adhesion and growth were compared on Cyclopore TC PETP and on Biopore 

membranes. Figure 2 and phase contrast microscopy indicate that, in synthetic medium and 

with collagen precoating, CaCo 2 cells adhere on each substrata respectively after lh and 5 h. 

Whereas cells keep a round shape on Biopore, on Cyclopore TC PETP, they rapidly spread and 
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grow to reach confluence after 3-4 days. On Biopore, they spread only after 2 days and then 

grow; with this substratum, no significative improvement in cell adhesion nor rate of growth 

was observed after precoating with laminin, type IV collagen or Matrigel, under the 

experimental conditions recommended by Millipore (not illustrated). Cultivated in MEM 

containing 10% serum, MDCK cells adhere on Biopore after lh and spread rapidly (Fig. 2); 

this process requires about 5h on Cyclopore TC PETP and on TC PS (not illustrated). 

Confluence is reached after about 3 days on both membranes and on TC PS (not shown). After 

6 days cultivation, more cell protein is recovered on TC PETP than on the two other substrata, 

suggesting that the cells have a more columnar morphology. It should also be noted that 

inverted phase contrast microscopy of MDCK is much more easy on Cyclopore TC PETP than 

on Biopore. 

In order to extend the observations, different cell lines were cultivated on TC grades of 

PS, PC and PETP. Table 1 gives the amounts of cell protein associated with the substrata after 

3h, a duration allowing cell adhesion and, in some cases, partial spreading and after 6 days, 

after which cells are either still growing or have reached confluence. CaCo 2 cells rapidly 

adhere on the substrata and, then, spread and grow (but more slowly in the presence, without 

precoafing, than in absence of serum (C.Halleux and Y.-J.Schneider, unpublished work)) on 

TABLE 1. CULTIVATION OF DIFFERENT CONTINUOUS C E L L  LINES ON 
TC PS, TC PETP AND BIOPORE. 

CELL CELL GROWTH in gg of cell protein/cm 2 
LINE TC PS Biopore* Cyclopore 

(+) (Milliceli CM) TC PETP 
3h 6 days 3h 6 days 3h 6 days 

CaCo 2 2.9+_0.2 20.3_+1.0 3 .1+_0 .5  4.5+-1.1 4.4+-0.4 27.4_+5.2 

HT29 5.2+_0.5 67.8+_6.7 10.3+3.7 74.0+_12.0 6.6_+ 07 124.0+_21.0 

MCF7 15.0+-0.6 96.9_+8.8 12.7_+0.2 85.7+-12.7 14.7+-0.6 132.1_+9.8 

CPAE 11.2+-0.6 34.9+-1.3 14.2+_5.3 12.2+_1.0 12.4+0.5 33.1+_3.2 

CHO 32.4+_5.7 107.3+_9.2 17.3_+1.9 63.3_+1.3 36.6+_10.1 97.3+_11.4 
MRC 5 8.0+_0.4 13.8+_1.2 9 .8+_2.3  28.9+_8.9 7.7+_1.6 32.6+3.9 

J 774 7.41+-0.4 94.7+- 6.1 6.43+_0.7 18.4+_3.1 10.7+_1.9 113.5_+18.4 
i 

Cells were plated at ca. 50 000 viable cells/cm 2. Arter 3h or 6 days cultivation in serum 
containing medium, cells were washed and assayed for  protein content, as described in 
Methods .+: the upper part corresponds to polarized cells (epithelial or endothelial (CPAE)) and 
the lower to non-polarized cells, * : Biopore were coated with collagen, whereas TC PS and 
Cyclopore TC PETP were not. Mean results of 3 independent experiments +_S J). are given. 

Cyclopore TC PETP and TC PS; spreading and rate of growth are poor on Biopore. HT 29 

cells rapidly adhere on Biopore but spread slowly; confluence is reached after 6 days on TC 

PETP and TC PS and more cell protein is found on the microporous membrane. MCF 7 and 

CPAE cells rapidly adhere to the three substrata; after 6 days, MCF 7 cells reach confluence on 

TC PS and TC PETP, but not on Biopore, although a same amount of cell protein is assayed 
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than on TC PS; CPAE cells do not grow on Biopore. CHO cells adhere and grow on the three 

substrata but slowly on Biopore. MRC 5 cells adhere similarly and grow to confluence on all 

surfaces, but less cell protein is recovered on TC PS. J 774 cells adhere, spread and grow 

much better on TC PETP and TC PS than on Biopore; in particular, more than 90% of the cells 

spread on TC PETP, ca. 50% on TC PS and only ca. 10% on Biopore. 

Cell attachment to the substratum, as determined by phase contrast microscopy and 

protein assay after 3h, appears largely comparable on the three surfaces. Cells then adhere 

equally on Cyclopore TC PETP and TC PS and better than on Biopore. After 6 days 

cultivation, for all cell lines tested, the amount of cell protein associated with Cyclopore TC 

PETP microporous membranes is, either not significatively different or better than on TC PS 

and better than on the Biopore (except for MRC 5, which give similar results). 
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Figure 3. Growth of  CaCo 2 and MDCK cells after 6 days cultivation on Cyclopore TC 
PETP membranes of different pore densities (left) or diameters (right). Inoculation, cultivation, 
washing, cell solubilisation and protein assay were carried out as described in Methods. 
Substrata were precoated (CaCo 2) or not (MDCK) with collagen; both cell types were 
cultivated in synthetic, serum-free BDM. Results are expressed as percent of  the values 
obtained with TC PS. Mean results of  at least 3 independent experiments +_SJD. are given. 

Figure 3 gives the amount of substratum associated cell protein for MDCK and CaCo 2 

cells cultivated in synthethic BDM on Cyclopore PETP membranes of different porosities, 

expressed as the percentage of the level reached on TC PS, used as reference. The growth of 

MDCK cells is slightly improved on membranes with higher pore density or diameter. In 

contrast, the growth of CaCo 2 cells is not significantly affected by pore density, but is 

decreased when the diameter of the pores is raised from 0.5 to 4.1 ~tm. Other experiments 

(C.Halleux and Y.-J.Schneider, unpublished work) have however indicated that higher pore 

density and/or diameter, on the one hand, increases the rate of diffusion through the membrane 

of small molecules and of neosynthesized transferrin molecules secreted at the basal pole and, 

on the other hand, decreases the number of domes. On the basis of all these results, it seems 

therefore that membrane optimized for the cultivation of polarized cells should have a high pore 

density and pore diameters ranging from 0.5 to 1.5 ~tm. 
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In conclusion, it appears that Cyclopore TC PETP and TC PC microporous membranes 

provide excellent substrata for animal cell cultivation. First of all, these membranes allow the 

adhesion of all the anchorage dependent animal cell lines tested so far and, furthermore, 

improve their growth. Results are equal or better than with TC PS, the reference substratum for 

most cell types. The observation that cell cultivation is improved as compared to that on native 

PETP and, to a lesser extent to N PC, could be due to the microporosity of the substratum 

which improves the access of nutrients to the cellular membrane anchored to the substratum and 

the removal of toxic metabolites. In addition, this could result from physicochemical 

modifications of the polymer surface (J.L.Dewez, A.Doren, Y.-J.Schneider and P.Rouxhet.; 

unpublished observations) which could facilitate the spreading of the cells adhering on the 

substratum. 

As Cyclopore PC and PETP membranes are transparent, (micropores appear as small 

dots), the cells.can be easily seen Membranes are very thin, which improves permeability of 

molecules which have to gain access to the cells or are secreted by them (C.Halleux and Y.- 

J.Schneider, unpublished work) and do not bind to a significant extent exogeneous proteins 

(G.Clarotti and Y.-J.Schneider ; unpublished observations). Finally, preliminary observations 

(Halleux and Schneider, 1988; C.Halleux and Y.-J.Schneider, unpublished work) have 

indicated that CaCo 2 cells cultivated on high pore density microporous Cyclopore TC PETP 

membranes for 2-3 weeks in synthetic nutritive medium exhibit enterocyte-like differentiation 

patterns of this cell line (Chantret et al., 1988), they express brush border microvilli but do not 

form domes. They synthesize and secrete, either at the apical and/or the basolateral pole, 

proteins such as apolipoprotein B, fibronectin and transferrin and synthesize transferrin receptor 

and ferritin. 
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