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In this study, the enzymatic activity and the influence of support filters and extracellular matrix proteins
on the differentiation of Caco-2 cells grown in a perfusion system (Minucells and Minutissue™) were
examined and compared to traditional culturing approaches. Differences were observed regarding the
differentiation of Caco-2 cells using the traditional approach and perfusion system such that the cell
monolayers grown in a perfusion system showed a significant increase in dipeptidase activities
(18.20 + 0.43 nmol - min' - cm~2) compared to the cells cultivated using the 21-day protocol
(9.45 + 0.50 nmol - min~' - cm~2). The peptidase activity of Caco-2 cells was strikingly inhibited when
Matrigel extraceliular protein was used for coating polycarbonate support filters. While the enzymatic
activities of the cell monolayers differentiated in the perfusion system were up-regulated, the transe-
pithelial electrical resistance values of the cell monolayers (171 £ 52 and 251 £ 62 Q - cm? for polycar-
bonate and polyester, respectively) decreased compared to the traditional Snapwell inserts
(644 = 119 Q - cm?). The results suggested that the perfusion systems were useful permeability mod-
els which reduce workload, resources and manpower needed to obtain useful Caco-2 monolayers. In
addition, the approach offers an efficient tool for long-term culturing of highly differentiated Caco-2 cell

monolayers.

1. Introduction

Caco-2 cell lines are the most popular in vitro model to
explore the mechanism of intestinal drug absorption and
metabolism of drugs. The cell line spontaneously trans-
forms into enterocyte-like structures and expresses a num-
ber of drug metabolising enzymes. These include alkaline
phosphatase, disaccharide hydrolases, aminopeptidase A,
aminopeptidase N, dipeptidylpeptidase IV as well as cyto-
chrome P450 1A1 and 1A2 (Fogh etal. 1977; Hauri et al.
1985; Rousset 1986; Hidalgo and Ji 1996). The aminopep-
tidase and dipeptidyl peptidase families are two of the nu-
merous enzymes of the intestinal brush border of the
small intestine responsible for digesting amino acids and
dipeptides located at the amino terminus of peptides and
proteins. These enzymes contribute to the metabolism of
peptides and proteins, and thus limit intestinal absorption
of peptides. Both enzymes are present in their active form
in Caco-2 cell culture model (Howell etal. 1993b; Ingels
et al. 2002) and can be used as an indication for the differ-
entiation of a cell monolayer.

Although Caco-2 cell lines are a useful model for study-
ing intestinal epithelial drug transport, the traditional cul-
turing of fully differentiated Caco-2 monolayers is time-
and labor-intensive due to the need for frequent replace-
ment of the supportive medium. The preparation of a fully
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differentiated, confluent Caco-2 monolayer requires at
least 21 days of cell culturing (Liang et al. 2000) as well
as intensive cell feeding procedures. To simplify the pro-
cess of Caco-2 cell culturing, a perfusion system was con-
sidered and developed. The functionality of the system
was demonstrated in a previously published study (Ma-
sungi etal. 2004). Our objective in this previously pre-
sented work was to adapt Caco-2 cell culturing to provide
a monolayer transport model which is more representative
of the in vivo situation and to explore its usefulness for
metabolism studies.

Environmental conditions for epithelia can be simulated
with Minusheet cell and tissue carriers combined with the
perfusion system (Minucells and Minutissue) (Minuth et al.
1994; Kloth et al. 1995; Minuth et al. 1997; Sittinger et al.
1997; Minuth et al. 1999; Kloth et al. 2000; Minuth et al.
2000). In this approach, the cell medium is constantly per-
fused to the apical and basolateral sides of the cultures
which results in a continuous supply of nutrients. The per-
fused culture medium permits efficient nutrient consump-
tion in high-density cell cultures and minimizes the accumu-
lation of toxic metabolites by a constant removal of the
waste (Schumacher et al. 2002a). The perfusion system not
only optimizes the delivery of culture medium components
to the cells but also prevents accumulation of secreted auto-
crine factors (Risbud and Sittinger 2002). By this design,

Pharmazie 64 (2009) 1



ORIGINAL ARTICLES

the perfusion system allows for the maintenance of cells in
a healthy state for an extended period of time. The system
also offers other advantages including the ability to select
the support filters for optimal cell anchorage.

In the current study, the activity of dipeptidyl peptidases
and aminopeptidases were assessed in the apical side of
the cell monolayers grown in the perfusion system. In ad-
dition, the confocal analysis was applied to assess structur-
al characteristics of Caco-2 cell layers differentiated in the
novel system.

2, Investigations and results

2.1. Effect of continuous medium perfusion on the tight
- junction properties

2.1.1. Transepithelial electrical resistance (TEER)

The epithelial apical junction complex forms a network
of transmembrane scaffolds and signalling proteins, and
serves as a barrier to control cell polarity, proliferation
and differentiation. The integrity of Caco-2 cell mono-
layers grown in the perfusion system was assessed by
measuring the TEER prior to the enzymatic activity as-
say. When the cells were seeded on polycarbonate or
polyethylene terephthalate support filters attached to
Minucell (Minusheet) rings and exposed to the perfusion
system, they exhibited lower TEER values relative to the
traditional Caco-2 cell culture systems. Caco-2 cells
seeded on polycarbonate support filters displayed signifi-
cant lower TEER values (p < 0.05) (171 52 Q - cm?)
compared to the cells seeded on polyethylene terephthalate
support filters mounted in Minusheets (251 4 62 Q - cm?)
as illustrated in Fig. 1. To the point above, a TEER value of
644 + 119 Q - cm* was obtained for cells differentiated in
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Fig. 1: TEER values of Caco-2 cells seeded on Snapwells or polycarbo-
nate or polyester support filters mounted in Minusheets. The cells.
were cultivated according to the standard procedures or in the per-
fusion system as detailed in the Experimental section. Prior to en-
zymatic activity experiments, the resistance of the cell monolayers
was controlled. Each bar represents the mean and standard deviation
of 11 individual Snapwell, 31 polycarbonate (PC) and 42 polyethy-
lene terephthalate (PET) inserts. At the bottom of the graph, homo-
genous groups are identified using the letters a, b, and c. There are
no statistically significant differences between data belonging to a
homogenous group
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the traditional Snapwells. The results suggest that the tight
junction structure of Caco-2 cell monolayers may be af-
fected by the continuous media perfusion.

2.1.2. Confocal microscope

The confluence of Caco-2 cells grown in the perfusion
system was further investigated using a confocal micro-
scope. Caco-2 cells reached a monolayer density at day
6 after seeding on polycarbonate or polyethylene ter-
ephthalate support filters mounted in Minusheets and
coated with collagen IV or Matrigel extracellular proteins
(data not shown). That is, while Caco-2 cells, subjected
to the perfusion system, displayed lower TEER values,
confocal microscopy of the cell nuclei stained by propi-
dium iodide showed that full monolayer structure was
obtained and maintained (Fig. 2A). To provide 3-D infor-
mation of the cell layer, a series of confocal images
from different optical planes containing whole image in-
formation was further investigated. The thickness of the
slices in off/off focus was 18 pm, suggesting that Caco-2
cells seeded on polycarbonate or polyethylene terephtha-
late support filters attached to Minucell rings formed
monolayers (Fig. 2b).

2.2, Functionality of dipeptidases and aminopeptidases

Caco-2 cells were seeded on Snapwells coated with
2.5 ug/cm? of collagen IV for 28 days. The cell mono-
layers were incubated with glycine-proline-p-nitroanilide
or leucine-p-nitroanilide with or without diprotin A. The
absorbance of released p-nitroaniline was recorded and the
enzymatic activity calculated as indicated in the Experimen-
tal section. The enzymatic activity of dipeptidases was de-
monstrated by the generation of p-nitroaniline (pNA) from
gly-pro-p-nitroanilide whereas the generation of p-NA from
leu-p-nitroanilide indicated the presence of the active form
of aminopeptidases. Dipeptidase activity was higher than
the aminopeptidase activity under our experimental condi-
tions. The dipeptidase activity of Caco-2 cells grown in
Snapwells was 9.4 & 0.5 nmol - min~! - cm™2 while the
aminopeptidase activity was 1.1 & 0.1 nmol - min~! - cm™2.
The dipeptidase activity significantly decreased to
4.2 4 0.3 nmol - min~! - cm~2 by the addition of the speci-
fic inhibitor Diprotin A while this inhibitor has no effect on
aminopeptidase activity as shown in Fig. 3.

2.3. Comparison of dipeptidases and aminopeptidases
of Caco-2 cells grown using traditional techniques
versus in a perfusion system

Caco-2 cells were seeded on Snapwells or polycarbonate
inserts mounted in Minusheets. The inserts were coated
with 2.5 pg/cm? of collagen IV. The cells were allowed to
grow either in a CO, incubator (Snapwells) for 28 days
(standard protocol), or for 28 days in a perfusion system.
The dipeptidase and aminopeptidase activities of Caco-2
cells were compared. The results showed that the dipepti-
dase activity of Caco-2 cells grown in a perfusion system
was significantly higher (p < 0.05) than with the cells dif-
ferentiated in a CO, incubator; 18.2040.43 and
9.45 + 0.5 nmol - min~! - cm~2 for Minusheets and Snap-
wells, respectively (Fig. 4).
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Fig. 5: Dipeptidase (DP) and aminopeptidase (AP) activities of Caco-2
cells grown in the perfusion system. Caco-2 cells (passage 63)
were seeded on polyethylene terephtalate support filters mounted in
Minusheets. The inserts were coated with different amounts of
poly-L-lysine (PLL), collagen IV or Matrigel extracellular matrix
proteins. The cells were grown for 28 days in the perfusion system.
The dipeptidase (A) and aminopeptidase (B) activities were per-
formed as described in the section Materials and Methods. The
bars represent the mean and standard deviation of 3 individual ex-
periments. At the bottom of the graph, homogenous groups are
identified using the letters a, b, and c. There are no statistically
significant differences between data belonging to a homogenous
group

2.4. Effect of extracellular matrix protein coating
on dipeptidase and aminopeptidase activities

In a previous work, we showed that unlike Caco-2 cells
grown on non-coated polycarbonate Snapwell inserts, the
cells did not grow on non-coated polycarbonate support
filters mounted in Minusheets. To verify whether the base-
ment membrane proteins used to improve the cell attach-
ment and growth have an influence on the cell differentia-
tion, polycarbonate as well as polyethylene terephthalate
support filters mounted in Minusheets were coated with
increasing amounts of poly-L-lysine (PLL), collagen IV or
Matrigel. The cells were allowed to grow in the perfusion
system. Multiple range tests indicated that the dipeptidase
activity was similar when polyethylene terephthalate sup-
port filters were coated with PLL or collagen IV whereas
the activity decreased upon coating of the support filters
with Matrigel compared to poly-L-lysine (Fig. 5A). The
analysis of aminopeptidases did not show any difference
when the cells were seeded on polyethylene terephthalate
coated with increasing amounts of poly-L-lysine, collagen
IV or Matrigel (Fig. 5B). While the coating of polycarbo-

Pharmazie 64 (2009) 1

30

PLL Collagen IV

“Matrigel

DP activity (nmol.min".cm?)

25 5 10 25 5 10 25 5 10

Coating concentration (ug/cm?)

Fig. 6: Effect of coating amount on the dipeptidase (DP) activities.

The polycarbonate support filters mounted in Minusheets were
coated with increasing concentration of poly-L-lysine, collagen IV
or Matrigel. Caco-2 cells were seeded and grown for 28 days in the
perfusion system. Data represent the mean + SD of 3 individual
experiments. At the bottom of the graph, homogenous groups are
identified using the letters a, and b. There are no statistically signif-
icant differences between data belonging to a homogenous group

nate support filters with Matrigel matrix protein did not
affect the growth of the cells or the monolayer formation,
it inhibited the activities of dipeptidases and aminopepti-
dases in Caco-2 cells. As mentioned in Fig. 6, the cells
seeded on polycarbonate support filters coated with
Matrigel showed significant lower dipeptidase activities
6.5+ 1.9nmol - min! - cm™2) compared to the cells
grown on polycarbonate support filters coated with
PLL (19.5+0.5nmol - min"!-cm™%) or collagen IV
(17.9 &£ 1.3 nmol - min™! - cm™3).

2.5. Effect of passage number on Caco-2 cell differentia-
tion

Caco-2 cells from passage 63 and 73 were seeded on
polycarbonate or polyethylene terephthalate support filters
coated with extracellular matrix proteins. The cells were
grown in the perfusion system under similar conditions
and the differentiation parameters were assessed. Figure 7
indicates that Caco-2 cells from passage 63 expressed sig-
nificant lower dipeptidases and aminopeptidases compared
to the activities of cells from passage 73 seeded on poly-
ethylene terephthalate support filters and grown in the per-
fusion system.

3. Discussion

The use of Caco-2 cells, the most popular in vitro cell line
for predicting intestinal drug absorption and drug metabo-
lism, is a high cost and time-consuming endeavour. Faced
with the increased number of drugs generated by combina-
torial chemistry, high-throughput assays are performed in
microplates combined with robotic systems to assess the
permeability and metabolic characteristics of the drug can-
didates. Laboratories have also sought alternatives to
speed up the procedure to promote the rapid differentia-
tion of Caco-2 cell monolayers. This includes, for exam-
ple, the three-day system of BD Biosciences (Chong et al.
1997). However, the short life span of the cells obtained
by the accelerated protocol restricts their use and suggests
that the cells were not fully differentiated (Van de Water-
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4. Experimental
4.1. Chemicals

Glycine-proline-p-nitroanilide, leucine-p-nitroanilide, p-nitroaniline, besta-
tin and diprotin A were purchased from Sigma (Bornem, Belgium). All
supplements and cell culture media were purchased from Invitrogen LTD,
Merelbeke, Belgium.

4.2. Cell culture

Caco-2 cells were obtained from the American Type Culture Collection
(ATCC), and were used between passage 63 and 73. The cultures were
mycoplasma free (mycoplasma detection kit; Roche Gmbh, Mannheim,
Germany). The cells were maintained in 175 cm? plastic culture flasks
(Becton Dickinson, Erembodegem, Belgium). Caco-2 cells were subcul-
tured with 0.25% trypsin and 0.2% EDTA (15 min) at 37 °C and seeded in
new flasks. Culture medium (Dulbecco’s Modified Eagle Medium
(DMEM)) was supplemented with 1% non-essential amino acids (NEAA),
2 mM L-glutamine, 100 U/ml penicillin/streptomycin and 10% fetal bovine
serum (FBS). For the experiments using the perfusion system, Caco-2 cells
were grown for an initial period of one week in a CO, incubator (5%
COy) at 37 °C prior to being mounted in the perfusion system. The cell
monolayers were used at 28 days post initiation of perfusion. For the con-
ventional system, Caco-2 cells were seeded in Snapwell™ polycarbonate
inserts (24 mm insert diameter, 0.4 um pore size) (Corning Costar, Cam-
bridge, U.K.) at a seeding density of 1.4 x 10° cells/cm?. The culture med-
ium was exchanged every two days and cells were used 28 days post-seed-
ing.

4.3. Matrix proteins

Poly-L-lysine hydrobromide 150,000-300,000 MW (PLL) and collagen IV
were supplied by Sigma (Bomem, Belgium) and Matrigel was obtained
from Becton Dickinson (BD Biosciences, Erembodegem, Belgium). The
following coating concentrations of matrix proteins were used: 2.5, 5, 10
and 20 pg/em® The proteins were diluted in sterile water from a stock
solution of 3 mg/ml or 0.3 mg/ml (0.1% acetic acid) for PLL and collagen
IV, respectively. For Matrigel, the stock solution was diluted to the desired
concentration in DMEM. 250 pl of the coating solutions were dispensed
per insert and incubated at 37 °C for 2 h. The coated support filters were
thereafter washed with medium without serum.

4.4. Perfusion culture system

The 0.45 um pore size support filters of polycarbonate or a mixture of
cellulose acetate and cellulose nitrate were obtained from Millipore (Brus-
sels, Belgium). Polyethylene terephthalate was purchased from Cyclopore,
Whatman (Louvain-La-Neuve, Belgium). The support filters were mounted
in Minusheets (Minucells and Minutissue Gmbh, Bad Abbach, Germany)
and autoclaved. The sterile support filters were placed into 24-well plates
(BD Biosciences, Erembodegem, Belgium) and Caco-2 cells were seeded
at 5.26 x 10° cells/cm? (7 x 10° cells/mV/insert). The effective growth sur-
face of the support filter fixed to Minusheets is 0.5 cm? Following an
overnight incubation, the support filters were transferred to 6 well plates
containing 6 m! of complete DMEM medium (10% FBS). The medium
was replaced every other day. After a period of one week in a CO, incuba-
tor, Caco-2 cells grown on support filters were placed in Minucell rings
and transferred into the perfusion culture chambers which were maintained
at 37 °C. CO, independent medium supplemented with 5% FBS, 100 U/ml
penicillin and streptomycin, 2mM glutamine, and 1% non-essential amino
acids was used as the perfusion medium. A peristaltic pump was operated
to guarantee a constant supply of 1 ml! medium/hour. The fresh medium
was taken from a cooled reservoir, warmed to 37 °C prior to passing over
the cultured cells and spent medium was pumped into a waste bottle. The
temperature inside the perfusion culture system was maintained by a heat-
ing plate to guarantee a constant temperature of 37 °C. Otherwise, the sys-
tem was operated on a laboratory bench, at ambient temperature (Masungi
et al. 2004).

4.5. Measur ‘of // yer integrity

Measurement of transepithelial electrical resistance (TEER) was used to
evaluate the integrity of the cell monolayers. The resistance of the cell
monolayers grown on coated or uncoated support filters was measured
using an Evom resistance voltohm meter (World Precision Instruments,
Berlin, Germany). The background resistance values of the support filters
without cells were subtracted from the resistance of support filters contain-
ing cells. Only the cell monolayers having TEER values above
100 Q - cm? were used in these experiments.

4.6. Confocal microscopy

The Minusheet rings containing Caco-2 cells were removed from the incu-
bator and put in an empty 24-well plate. The cells were incubated with
1 ml glutaraldehyde (1%) for 10 min at room temperature, in the dark.

Pharmazie 64 (2009) 1

Subsequently, they were washed twice with 1 ml of Ca?* and Mgt free
PBS (Invitrogen, Merelbeke, Belgium) and stained with 500 pl of propi-
dium iodide (0.4 pg/ml in PBS) (Sigma, Bomem, Belgium). The cells
were incubated for 5 min at room temperature in the dark and washed
twice with milliQ water (Millipore, Brussels, Belgium). The support filters
were removed from the inserts and put on a microscopic glass slide with a
drop of mounting medium and covered. The mounting media is a solution
of polyvinyl alcohol (Mw = 10,000) in saline, buffered to pH 7.2 and
mixed with glycerol. A Zeiss (Carl Zeiss, Jena, Germany) LSM 410 in-
verted microscope was used to analyze the slides. Optical sections in off-
focus of 18 um thickness were recorded. The Z scans were performed with
fluorescein/thodamin channel for the nuclei stained with propidium iodide.

4.7. Dipeptidase and aminopeptidase enzymatic activity

Enzymatic activity was assessed under static conditions. The apical side of
the cell monolayers was incubated for 5 min with one of the following
substrates: gly-pro-p-anilide or leu-p-anilide (100 pM), in the presence or
the absence of diprotin A. The activity of the enzymes was measured spec-
trophotometrically by analysing the UV absorbance of p-nitroaniline
(404 nm), a metabolite generated by these enzymes. The UV absorbance
values were processed using a spectramax 190 Spectrophotometer (Mole-
cular Devices).

4.8. Calculation

The activity of the enzyme expressed in nmol - min™
lated as follows:

1 2

-cm™* was calcu-

VxC
A=——
txS

where V is the volume of the solution (ml), C, the concentration of p-nitro-
aniline (UM), t, the time of incubation (min) and S the surface of the
monolayer (cm?).

4.9. Statistical analysis

Statistical analysis was done using Anova test (Statgraphics Plus, version
3.3). The multiple range tests was applied to determine which means were
significantly different from others. The method currently used to discrimi-
nate among means was the Tukey’s honestly significant difference (HSD)
procedure.

Part I of this series: Masungi et al. (2004).
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