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Gradient Perfusion Culture - Simulating a Tissue-Specific Environment

for Epithelia in Biomedicine
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Abstract: Epithelia act in the organism as biological barriers. All of them are exposed to different environments at the
luminal and basal side. To simulate such a tissue-specific situation Minusheet® gradient perfusion culture was developed.
For pharmaceutical research, biomaterial testing and tissue engineering epithelial cells are cultured on individually se-
lected supports (1). Growing epithelia are stabilized within a tissue carrier (2). Long term culture is performed in a gradi-
ent perfusion container (3). To expose epithelia to a tissue-specific environment fresh media of different composition are
transported parallel to the luminal and basal compartment of the gradient container. During culture leakage, edge damage
and pressure differences have to be avoided. Harvest of intact epithelia is promoted by the use of biocompatible supports
and innovative equipment such as transport of oxygen-rich and gas bubble-free medium. Actual literature demonstrates
that gradient perfusion culture is an effective method to investigate barrier functions under realistic conditions. Examples
of application comprise renal epithelia, retina, blood-air barrier, blood-brain barrier including aspects of tissue-specific

development and regeneration.
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EPITHELIAL BARRIERS

Beside the nervous tissue, the muscular tissue and the
connective tissue epithelia belong to the fourth group of ba-
sic tissues in the organism. All of the epithelia exhibit impor-
tant barrier functions. They are heterogeneously composed,
consist as simple, pseudostratified or stratified epithelia and
contain squamous, cuboidal or columnar cells. The tasks of
epithelia are manifold. The protection of underlying tissues
is the role of epithelium covering the external surfaces and
orifices, while transport of mucus and particles is performed
by ciliated epithelia found in secretory, respiratory and geni-
tal ducts. The epithelia of the intestine, liver and kidney are
involved in absorption, secretion and filtering of molecules
from and into a lumen. In follicles of the thyroid gland and
ovary the relation of the epithelia to a free surface is re-
tained. Taste buds and olfactory mucosa epithelia are in-
volved in sensory reception. Typical for all of the epithelia is
that they rest on a layer of extracellular matrix called base-
ment membrane or basal lamina.

NEED OF EPITHELIAL MODELS

An epithelium acts always as a physiological barrier
separating and controlling the exchange of molecules be-
tween the luminal and basal side. To investigate the devel-
opment of these polarized functions, to improve the adhesion
of cells on new biomaterials or to analyze the metabolism of
newly developed pharmaceuticals cultures with epithelial
cells are of great importance in biomedical research. For
example, to elaborate typical cell biological functions
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cultures were prepared from skin [1-5], endothelium [6-9]
and organ parenchyme [10,11] such as liver [12-14] or lung
[15-17]. Cultures from urothelial [18-21], esophageal [22-
25] and tracheal [26-31] epithelium revealed to be important
model tissues for optimizing the differentiation profile in
tissue engineering.

DIFFERENTIATION VERSUS
TION

Despite numerous efforts cultured epithelia often do not
develop the necessary degree of functionality [32-34]. The
reason is the very sensitive reaction of isolated epithelial
cells to environmental influences. It was shown for example
that the differentiation of cultured epithelia is highly depend-
ent on selected biomaterials [35-37], cellular attachment [38-
40], intercellular communication [41-43] and the environ-
mental conditions during culture [44-48]. All these factors
have to complement one another in order to support an opti-
mal differentiation, while preventing the development of
atypical features by dedifferentiation. Thus, the culture under
tissue-specific conditions is an essential presupposition to
reach a high degree of differentiation, since correct function-
ality is needed in biomaterial testing, tissue engineering and
pharmaceutical research [35, 49-55].

FINDING A COMFORT ENVIRONMENT

Adult epithelia from skin, lung and cornea are exposed to
air at the luminal and fluid at the basal side. All other epithe-
lia act as a functional barrier between two differently com-
posed fluids at their luminal and basal side. Only during fetal
development epithelial cells are exposed to an environment
consisting of the same fluid composition at the luminal and
basal side (Fig. 1a). This situation changes during maturation
as neighboring cells develop intercellular junctions. The lu-
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minal and basal sides of the epithelium become polarized
and a functional barrier develops (Fig. 1b). Yet the epithelia
start to be exposed to different environments. Such mature
epithelia exhibit continuous barrier functions throughout
their life span and control thereby the transport of molecules
from one side to the other.
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Fig. (1). Schematic illustration of epithelial development. (a) An
immature epithelium does not provide a barrier function. The junc-
tional belt is not fully developed, therefore the uncontrolled passage
of molecules is possible via the paracellular shunt (short arrows).
(b) In the matured state the tight junctions are sealing and the
paracellular shunt is closed. The epithelial barrier is yet intact and
the epithelial cells mediate selective passage of molecules (arrow
head). BL basal lamina.

BL

To investigate specific features epithelial cells can be
cultured in classical culture dishes. When a serum-containing
medium is used, the cells adhere to the polystyrene surface,
divide and sprout out until a more or less confluent mono-
layer is established (Fig. 2a). However, in most of the cases
it is observed that the sprouting cells do not develop the re-
quired degree of polarization and functionality when grow-
ing in this environment. A limiting factor is the unequal dis-
tribution of nutrients and oxygen supply. One side of the
epithelial cells is resting on the bottom of the dish, where a
significantly reduced supply of nutrients and oxygen is found
as compared to the side facing the culture medium. Compar-
ing the bottom of a culture dish with the site of origin this is
a non-physiological situation for the growing cells, which in
turn does not promote the development of polarization.

To improve the culture environment for epithelia filter
inserts can be applied [23,56-60]. The cells grow on a filter,
which is fixed on a cylinder. Offering a culture medium the
epithelial cells are now exposed to an equal distribution of
nutrients and oxygen supply at the luminal and basal sides.
As long the cells are non-confluent a free exchange beween
the luminal and basal sides of the epithelium is given (Fig.
2b). However, a non-controlled mixing of media between the
luminal and basal side of the epithelial cell layer represents a
non-physiological situation and results in an un-typical bio-
logical short circuit current.

When a confluent cell monolayer is reached, the epithe-
lium can now be provided with media of different electrolyte
composition at the luminal and basal side. Yet, full polariza-
tion and transport features are up-regulated, which can be
registered as trans-epithelial potential difference respectively
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resistance in physiological set-ups (Fig. 2c). However, the
long term maintenance of epithelia in a filter insert cultured
in a fluid gradient is problematic due to the stagnant envi-
ronment and the un-equal volume of medium fluid between
the luminal (small) and basal (big) compartment. In conse-
quence, a continuous fluid gradient between the luminal und
basal side of the epithelium cannot be maintained over pro-
longed periods of time in the stagnant environment of a cul-
ture dish.
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Fig. (2). Schematic illustration of different culture conditions for
epithelia. (a) Suboptimal development of epithelial cells at the bot-
tom of a culture dish. (b) Non-confluent epithelial cells cultured in
a filter insert. (c) Confluent epithelial cells cultured in a filter insert.
(d) Confluent epithelial cells cultured on a support within a tissue
carrier inside a gradient container with constant luminal and basal
transport of fresh medium (long arrows). The leaky barrier is dem-
onstrated by short arrows, while the intact epithelial barrier is indi-
cated by arrow heads.

CONTINUOUS FLUID GRADIENT

To provide epithelia by a continuous flow of always fresh
media at the luminal and basal side gradient perfusion cul-
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ture has to be applied (Fig. 2d). Since such a technique was
commercially not available, a special system was designed,
machined and continuously improved [61-63]. Over pro-
longed periods of time the developed gradient perfusion cul-
ture technique should meet the individual needs for epithelia
resulting in a high degree of cellular differentiation [64-67].

During construction of equipment for gradient perfusion
culture multiple experimental steps had to be taken into con-
sideration, for example to understand how to maintain epi-
thelia as a living barrier in a permanent fluid gradient over a
longer space of time. In this context it was necessary to learn
about close adherence of epithelial cells on selected biomate-
rials used as mechanical support and to investigate problems
related to resistance to fluid stress. During gradient perfusion
culture the epithelia have to tolerate different fluid composi-
tion at the luminal and basal side over prolonged periods of
weeks maintaining differentiation and epithelial barrier func-
tion. Specific conditions are now elaborated for different
types of epithelia so that they develop in gradient perfusion
culture cell biological features closely resembling their func-
tional counterparts found within the organism. This was
achieved by solving technical needs in combination with cell
biological requirements [63]. Performance of gradient perfu-
sion culture appears quite simple at first sight. However,
closer examination reveals that it is a sophisticated tech-
nique, which requires knowledge, experience and extensive
practise in order to generate intact epithelia in long term cul-
ture experiments.

TECHNICAL REQUIREMENTS

In the organism epithelia are continuously supplied with
fresh nutrients and oxygen, while metabolic waste products
are eliminated. To offer such a physiological environment
under in vitro conditions on the one hand technical equip-
ment is required, on the other hand the development of a
sealing epithelium within the gradient perfusion culture con-
tainer is essential. The sealing of an epithelium in turn de-
pends on an optimal adherence and confluent growth of cells
on a selected support material, which occurs on a tissue car-
rier placed inside a gradient perfusion culture container.
Thus, only an optimal interaction between the technical
equipment and the growing epithelial cells results in the de-
velopment of an intact physiological barrier.
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The generation of functional epithelia in a gradient perfusion
culture container is an interactive process. It depends on:

1. Adherence of cells on an individually selected sup-
port (Fig. 3a).

2. Protection of growing cells within a Minusheet® tis-
sue carrier (Figs. 3b, c).

3. Culture of epithelia in a gradient perfusion container
(Figs. 4,5, 6 e,f).

4. Transport of oxygenated but bubble-free medium
(Fig. 6).

5. Avoiding pressure differences (Figs. 7, 8).
Selection of an Individual Support

In gradient perfusion culture epithelia have to resist fluid
stress and media of different composition at the luminal and
basal side. One of the prerequisites for an optimal epithelial
development is therefore the positive interaction of cells with
a support selected as a basal lamina substitute. To obtain a
perfect confluent growth of cells the support has to show
complete biocompatibility [64-68]. The spectrum of prospec-
tive materials is broad. More rigid support materials such as
nitrocellulose, polycarbonate or polyester are available in
form of membranes, foils or meshes. All of these materials
are applied to improve the mechanical stability and to pro-
mote differentiation of the cultured epithelium. Rigid materi-
als such as nitrocellulose or polycarbonate can better with-
stand deformation during fluid stress resulting from pressure
differences in the gradient perfusion culture container. The
selected support has to be permeable and should have
enough porosity allowing free exchange of molecules (pores
> (0.2 pm). Many of described materials are commercially
available as discs measuring 13 mm in diameter. Other mate-
rials have to be excised by a punching tool in order to fit into
a tissue carrier. Finally, before cell seeding the selected sup-
port has to withstand a sterilization procedure without loos-
ing its specific properties for cell adherence.

Support within a Tissue Carrier

In order to prevent damage of the growing epithelial cells
the selected support is transferred to a tissue carrier made of
Procan” (Fig. 3a). For mounting the support is placed for

Fig. (3). Illustration of a tissue carrier used inside a gradient perfusion culture container. (a) A suitable biomaterial such as filters with 13
mm diameter is placed in a holder (black) and fixed by a tension ring (white). (b) Surface view on a mounted tissue carrier. (¢) Adherence of

cells is performed in a 24-well culture plate.
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example into the lower part (black) of a Minusheet® tissue
carrier and is stabilized by a tension ring (white) (Fig. 3b).
Another type of tissue carrier can hold flexible sheets of
natural extracellular matrices (not shown). In this case the
material is held in place by a silicone ring like the skin of a
drum. In both cases the fixation within a tissue carrier leads
to an exact orientation, stabilizes the developing epithelium,
prevents mechanical damage and facilitates handling during
transport.

The tissue carrier is resting on small protrusions. It al-
lows medium supply at the luminal und basal side, when
used for cell seeding at the bottom of a culture dish (Fig. 3c).
Since a tissue carrier is flat, it can be turned the way that
seeding of cells on both sides for co-culture experiments
becomes possible.

Gradient Perfusion Culture Container

A gradient container is CAD-constructed and CNC-
machined out of polycarbonate (Makrolon®) in a specialized
work shop (Minucells and Minutissue, Bad Abbach, Ger-
many). During fabrication the machined surfaces are treated
with a specific lubricant. This treatment makes the inner sur-
faces of the container non-attractive for cell attachment and
causes cells to grow exclusively on the support and not to
spread across the tissue carrier. A gradient container typi-
cally can hold 1 (Fig. 4a,b) or 6 (Fig. 4c,d) tissue carriers.
The flat form of a tissue carrier guarantees an exact geomet-
rical placement of the growing epithelium within a gradient
perfusion culture container. This specific construction facili-
tates the uniform supply of medium to the luminal and basal
sides. Gradient culture experiments under visual control can
be performed using a special microscope container (Fig.
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4e,f). In this case the tissue carrier with a diameter of 13 mm
is mounted between a transparent lid and base part.

In a gradient perfusion culture container (Fig. 4) the tis-
sue carrier is held in place between the base part and the lid
(Fig. 2d). By this principle of construction the luminal and
basal side can be provided with individual media mimicking
a tissue-specific environment for epithelia. Fresh culture
medium is continuously transported into the gradient con-
tainer at one side, while the metabolized medium is removed
to the other side.

Housing

Gradient perfusion culture experiments are performed
under room atmosphere at a constant temperature of usually
37°C. This can be achieved by placing the gradient perfusion
culture container onto a thermo plate (MEDAX-Nagel, Kiel,
Germany) covered by a removable lid (Fig. 5).

SELECTION OF MEDIA

Gradient perfusion culture can be performed principally
with all culture media. Publications from several laboratories
show that gradient perfusion culture was successfully per-
formed with HBSS, DMEM, IMDM or others [67, 69-71].
Depending on the experimental design some of the media
contain serum as a supplement, while in other series serum-
free media are applied. The typical medium used for gradient
perfusion culture in our laboratory is serum-free Iscove's
modified Dulbecco’s medium (IMDM; order # 21980 - 032;
Gibco/Invitrogen, Karlsruhe, Germany) for embryonic col-
lecting duct (CD) epithelia derived from renal
stem/progenitor cells [64,66,67]. In this case aldosterone (1 x
10”'M; Sigma-Aldrich Chemie, Munich, Germany) is added

Fig. (4). Photographs showing different kinds of gradient perfusion culture containers. Each gradient perfusion culture container consists of a
basal and upper part. The tissue carrier is placed in the space inbetween. (a - d) A gradient container typically can hold 1 (a, b) or 6 (c, d)
tissue carriers. (e, f) Gradient culture experiments under visual control are performed by a special microscope container.
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Fig. (5). Gradient perfusion culture is performed on a laboratory table. A peristaltic pump (left side) transports the media (1 ml/h) from the
storage bottles to a gas expander module and onward to a gradient container. The waste medium is collected in the bottles on the right side. A

heating plate and a lid maintain the desired temperature.

as tubulogenic factor and 1% antibiotic-antimycotic solution
(Gibco/Invitrogen) is used to prevent growth of microorgan-
isms.

Maintenance of Correct pH

Conventional culture media for the use in a CO,-
incubator are normally buffered by a system containing a
defined amount of NaHCO3, 95% air and 5% CO, to main-
tain a constant pH of 7.4. When such a buffer system is used
in gradient perfusion culture outside a CO,-incubator under
room atmosphere (0.3 % CO,), pH will shift out of the
physiological into the alkaline range. In consequence, the
medium has to be stabilized by reducing the NaHCOs;-
content and/or by adding a biological buffer.

Equilibration of a culture medium to maintain a constant
pH under room atmosphere can be performed in a 24-well
culture plate. Each well is filled with 1 ml of the selected
culture medium. Then an increasing concentration from 10
to 50 mmol/l HEPES (Nr. 15630-056, Gibco/Invitrogen)
and/or 0.1 to 1.5% Bufferall (Nr. B-8405, Sigma-Aldrich
Chemie) is added to each of the wells. For the following 24
hours the culture plate is incubated on a thermo plate at 37°C
under room atmosphere. After equilibration the pH in each
well is measured with a pH meter or with a whole blood ana-
lyzer such as the Stat Profile 9 Plus (Nova Biomedical,
Rodermark, Germany). In that way the HEPES respectively
Bufferall concentration, which yields a medium pH between
7.2 and 7.4 under room atmosphere, can easily be deter-
mined. Determination of the pH just by observation of the
phenol red indicator is not recommended, since phenol red is
not sensitive enough to indicate small pH shifts around the
physiological range between pH 7.2 and 7.4.

Content of Respiratory Gas

Epithelial tissues have highly individual oxygen require-
ments [72]. For that reason it is important to individually
adjust the respiratory gas content in perfusion cultures. Oxy-
genation in gradient perfusion culture is obtained by trans-
porting media through 1 m long highly gas-permeable sili-
cone tubes with 1 mm inner and 3 mm outer diameter to al-

low optimal exchange of gases. The tubing is highly gas-
permeable and guarantees optimal diffusion between culture
medium and surrounding room atmosphere.

Metabolic Parameters

To allow continuous control of the fluid environment
throughout an experiment, medium for analysis is aspired
with a sterile syringe through a T—connection in the tube
directly before or after the gradient perfusion culture con-
tainer. Since the epithelia are exposed to a luminal and basal
fluid environment, specimens of media are collected addi-
tionally from the luminal as well as the basal medium [73]
(Table 1).

TRANSPORT OF MEDIUM

Epithelia within a gradient perfusion culture container
have to be supplied with a continuous flow of fresh, oxygen-
ated culture medium in order to obtain constant nutrition and
to avoid unstirred fluid layers achieving a high degree of
histotypical differentiation.

Uni-Directional Transport

Transport of culture medium is best accomplished using
a slowly rotating peristaltic pump designed to deliver very
low adjustable and parallel pump rates (Fig. 5). For example,
it is favorable for the development of epithelia to transport
medium at a rate of 1 ml/h for a 2 week culture period using
an IPC N8 peristaltic pump (ISMATEC, Wertheim, Ger-
many). In this scenario fresh culture medium is continuously
supplied from a storage bottle to the gradient container. The
metabolized medium is collected in a separate waste bottle
and consequently not re-circulated. This guarantees on the
one hand a constant nutrition and oxygen supply, while on
the other hand a continuous elimination of harmful metabolic
products is obtained.

Medium transport is normally started by drawing the
medium up from the bottom of a storage bottle through tubes
connected with the inside of the bottle cap. The suction force
of the pump has to be high enough in order to overcome the
difference in elevation of medium within the storage bottle
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Table 1. Physiological Parameters in Gradient Perfusion Culture Including a Sealing Epithelium on the Luminal and Basal Side in
the Afferent and Efferent Tubes. During Culture the Epithelium is Exposed to a Gradient with a Na'-Load at the Luminal

Side (130 Versus 117 mmol/l Na*)

Parameters Afferent Efferent
Luminal IMDM + NaCl Na* mmol/l 130.0 129.7
K* mmol/l 4.0 3.9
cr mmol/l 91.5 91.0
Ca™ mmol/l 1.1 1.1
Osmolarity mOsm 275 275
pH 74 74
pO, mmHg 193.7 191.6
pCO, mmHg 10.7 6.2
Glucose mg/dl 443 443
Lactate mmol/l 0 0
Basal IMDM Na* mmol/l 117.7 117.9
K* mmol/l 3.9 3.9
cr mmol/l 79.8 80.4
Ca™ mmol/l 1.1 1.1
Osmolarity mOsm 253 253
pH 74 74
pO, mmHg 191.8 191.6
pCO, mmHg 11.9 6.5
Glucose mg/dl 446 445
Lactate mmol/l 0 0

and the capillary forces resulting from thin silicone tubes.
This high negative pressure in combination with low pump
rates of 1 ml/h parallels frequently with increased diffusion
of gas through the tube wall, which in turn causes arise of
numerous gas bubbles within the medium. The technical
need is to transport oxygen-rich media by avoiding forma-
tion of gas bubbles. For this purpose special bottle caps and
tubes were designed, which facilitate the transport of me-
dium from the storage bottles to the gradient container
[67,74]. One small opening in the cap allows a continuous
piece of silicone tube to pass through avoiding material tran-
sitions along the fluid path (Fig. 6a,b). This method
considerably reduces gas bubble formation. Another small
opening in the screw cap holds a sterile filter allowing gas to
enter the storage bottle as medium is drawn from it.

Elimination of Gas Bubbles in Afferent Tubes

The transport of medium in parallel tubes is influenced
by tube material, individually capillary forces in the fluid
path, hydrostatic pressure, material transitions and randomly
occurring gas bubbles. During the experiments it is observed
that these rheological influences are not identical in both of
the parallel transporting tubes. For that reason pressure dif-
ferences arise between the luminal and basal compartment of

the gradient perfusion culture container during transport of
medium. If this pressure difference is not compensated, this
can lead to a loss of the functional seal caused by mechanical
damage of the epithelial barrier.

It is frequently observed that during transport of medium
gas bubbles arise in the lumen of afferent tubes connected
with the gradient container. Over time the bubbles increase
in size, they can leave the site of primary accumulation and
then concentrate unpredictably within the afferent tubes,
inside the gradient culture container but also in the efferent
tubes.

Consequently, gas bubbles have to be eliminated first
before reaching the gradient container. For this special pur-
pose a gas expander module was constructed, which is linked
in front of the gradient container (Fig. 6c,d). The culture
medium has to cross a barrier leading to a separation of gas
bubbles from the liquid phase. During this process gas bub-
bles are eliminated while the content of solved oxygen
within the transported medium remains unaffected [75].

Moreover, the gas expander module can act as an ab-
sorber for pressure differences between the luminal and basal
compartment of the gradient perfusion culture container. It is
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Fig. (6). Schematic and photographic images of advanced technical
equipment for gradient perfusion culture. (a, b) Illustration of
newly developed closures for media bottles to minimize the forma-
tion of gas bubbles. A continuous piece of silicone tubing is con-
ducted through the closure to allow medium transport without con-
nectors. (c, d) Lateral view to the gas expander module. Gas satu-
rated medium enters at the one side of the module, then the medium
crosses a barrier allowing gas bubbles to separate and collect in the
upper half of the container. (e, f) Redesigned gradient perfusion
culture container. Medium inlet and outlet are located at the tangen-
tial aspects of each tissue carrier. When the gradient container is
turned to the lateral side, medium enters at the lowest point (left
side), while the outlet (right side) is found at the highest point of
the fluid reservoir leading to a continuous and efficient elimination
of gas bubbles.

constructed as a parallel and bicameral module. Each cham-
ber of the module is ventilated through a port at the top. This
port can be used for bridging the gas phase of both cham-
bers. This again results in identical pressures of liquid in the
tubes before reaching the gradient container.

Avoiding Bubbles Inside the Gradient Container

To avoid the accumulation of gas bubbles to a critical
size within the gradient container the technical contribution
is to locate the medium inlet and outlet to the tangential as-
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pects of the tissue carrier [76] (Fig. 6e,f). Then the gradient
container is turned from its base to its lateral side. Medium
enters now at the lowest point, while the outlet is located at
the highest point of the fluid compartment facilitating the
outflow of gas bubbles. Due to this improved flow geometry
gas bubbles cannot accumulate but are continuously elimi-
nated during medium transport. Thus, the combination of
newly constructed bottle caps including special tubes, a gas
expander module and the redesigned gradient perfusion cul-
ture container leads to a drastic reduction of gas bubbles
throughout the culture period, which in turn increases the
harvest of intact epithelia.

SEAL PILOTS EFFERENT FLOW

In gradient perfusion culture epithelia have to be pro-
vided in parallel at the luminal and basal side with medium.
During a long term culture period of 14 days the epithelia
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Fig. (7). The flow of medium inside a gradient perfusion culture
container is directed by the epithelial seal. To ensure equal trans-
port rates of medium parallel channels of a peristaltic pump are
used. (a) This is simply to perform, when two separate channels
including two separate tubes for transport of medium are used. (b,
c) An identical transport rate of medium is not any more achieved
when the parallel tubes are bridged by a gradient container includ-
ing a non-sealing epithelium. Mixing of both media occurs inside
the gradient container. The degree of mixed medium cannot be
predicted, which in turn leads to an unequal transport of medium
either to the one (b) or to the other (c) waste bottles. (d) Parallel
transport of medium is only obtained when both tubes are bridged
by a gradient culture container including a completely sealing epi-
thelium.
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must withstand the resulting rheological forces and have to
maintain a physiological barrier between the luminal and
basal compartment in the gradient container as it is known
from the organ site where they were derived [77].

To ensure equal transport rates of medium parallel chan-
nels of a peristaltic pump are used. Principally this is simply
to perform, when two separate channels including two sepa-
rate tubes for transport of medium are used (Fig. 7a). How-
ever, an identical transport rate of medium is not any more
achieved when the parallel tubes are bridged by a gradient
container including a non-sealing epithelium (Fig. 7b,c). In
this case a mixing of both media occurs inside the gradient
container. Experimental reality shows that the degree of
mixed medium cannot be predicted, which in turn leads to an
unequal transport of medium either to the one (Fig. 7b) or to
the other (Fig. 7c) waste bottle. In consequence, parallel
transport of medium is only obtained when both tubes are
bridged by a gradient culture container including a com-
pletely sealing epithelium (Fig. 7d).

When a tissue carrier with a growing epithelium is in-
serted in the gradient container crude handling has to be
avoided. It may produce mechanically micro-injuries in the
cell layer, which results in leakage of the barrier. Most im-
portant, the seal is made not only by the epithelium but in
close cooperation with a selected support including the tissue
carrier. For that reason different kinds of leakage occur. For
example, edge damage can be found at sites, where epithelial
cells, support and polymer material of the tissue carrier do
not stay in close contact (Fig. 8a). An epithelial leak may
appear when the cultured cells do not grow to perfect conflu-
ence on the support or do not develop complete sealing be-
tween neighboring cells due to cell biological reasons (Fig.
8b). Damage may also occur due to pressure differences lift-
ing one of the waste bottles higher than the other. Only a
careful mounting of the tissue carrier, a slow transport of
medium and a perfect growth of cells in combination keeps
the gradient container separated in a luminal and basal com-
partment, so that mixing of the two media does not occur
(Fig. 8c).

EMBOLIC OBSTRUCTION IN EFFERENT TUBES

The crucial technical problem in gradient perfusion cul-
ture is that the epithelial cells grow on a support, which vi-
brates between the luminal and basal compartment depend-
ing on the environmental pressure to a more or less extent.
As long as the epithelia are kept on mechanically rigid sup-
port materials such as nitrocellulose or polycarbonate filters,
the transport of media will not severely affect the barrier
function since a certain mechanical stability is given by
compensating the pressure difference to a certain degree.
However, in multiple cases epithelia are kept on mechani-
cally more fragile collagen supports. These can only be well
preserved in the gradient container as long as pressure differ-
ences between the luminal and basal compartment are mini-
mized.

Pressure differences do not only arise in afferent tubes,
but also in efferent tubes. They can be caused by lifting only
one of the waste bottles, but also by embolic obstruction.
During experimental run gas bubbles can be imported, but
they do also arise due to the respiratory activity of the cul-
tured epithelia within a gradient container. During a long
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Fig. (8). Schematic illustration of epithelial damage during run of
gradient perfusion culture. (a, b) Leakage in the seal may occur by
edge damage (a) or lack of confluence (b). (c) For a functional
barrier it is essential that the growing epithelium produces a perfect
seal together with the support and the tissue carrier. No epithelial
tissue damage will occur as long as pressure is identical at the lu-
minal and basal side of the gradient culture container (A p = 0). (d)
However, small gas bubbles (small black dot), for example in the
luminal efferent tube, will increase the pressure in the luminal com-
partment resulting in an extension of the epithelium towards the
basal side (A p > 0). (e) As gas bubble grow in diameter (bigger
black dot) a further pressure increase in the luminal compartment
occurs (A p > > 0) so that the epithelium disrupts during run of the
experiment.

term culture period they increase in diameter. Part of them is
leaving the gradient container towards an efferent tube. This
in turn leads to obstruction of the medium outflow. How-
ever, perfect culture in a gradient container only occurs in
the absence of a pressure difference between the luminal and
basal compartment (Fig. 8c; Ap = 0). As the obstruction ran-
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domly affects only the basal or the apical medium transport
the resulting pressure difference causes a protrusion of the
epithelium towards the side of lower pressure (Fig. 8d; Ap >
0). An increasing pressure difference will finally result in the
mechanical disruption of the epithelial barrier (Fig. 8e; Ap >
>0).

MONITORING THE EPITHELIAL BARRIER

After the careful insertion of a tissue carrier into a gradi-
ent perfusion culture container both the apical and the basal
side of the epithelium can be provided with media. Depend-
ing on the state of development identical or individual me-
dium composition is offered. If an immature epithelium is
inserted a sealing barrier between the luminal and basal
compartment is not established yet. Consequently, an uncon-
trolled exchange of fluid between the luminal and basal
compartment of the epithelium may occur until the epithe-
lium has matured during ongoing culture.

Electrophysiological registration of trans-epithelial po-
tential difference and resistance over 14 days in a continuous
process proved less suitable to control the development and
maintenance of a sealing barrier during long term gradient
perfusion culture experiments. Electrode fouling, resulting
tissue damage and a decreased degree of cellular differentia-
tion were observed. Addition of radiolabeled molecules to
the luminal culture medium in combination with detection of
radioactivity in the basal medium path seems possible. How-
ever, this is not preferred since non-radioactive fluorescent
molecules can be employed better to monitor the quality of
the epithelial barrier throughout a long term gradient perfu-
sion culture period.

A simple and cost saving method to detect non-
physiological epithelial leaks is to transport IMDM contain-
ing phenol red (order # 21980 - 032; Gibco/Invitrogen) at the
luminal compartment, while IMDM without phenol red (or-
der # 21056 - 023; Gibco/Invitrogen) is provided at the basal
side of the gradient container. Photometrically recorded
traces of phenol red indicator in the clear medium indicate
mixing of both media and demonstrate the leakage of the
epithelium. Only experiments with a perfect parallel trans-
port of red and clear media in the waste bottles indicate a
successful barrier function.

A further way of detecting epithelial leakage is to collect
medium samples just before and after the luminal and basal
compartment of the gradient perfusion container and to ana-
lyze these samples in a blood electrolyte analyzer (Table 1).
As the media used in the luminal and basal fluid path differ
in their electrolyte composition, the stability of the fluid gra-
dient can be controlled over days. In this case the concentra-
tions of key electrolytes (e.g. Na or CI) or osmolarity in me-
dium are compared as well in afferent and efferent tubes at
the luminal and basal compartment of the gradient perfusion
culture container [64,65,73].

HARVESTING DIFFERENTIATED EPITHELIA

A parallel transport of medium during experimental run
shows that an intact barrier is established. The biological seal
is produced by the epithelial cells during gradient perfusion
culture. This development is a rather complex cell biological
process starting with the formation of cell-cell-contacts, fol-
lowed by the intense adhesion to the extracellular matrix and
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the definition of polarization [44]. A complex concert of
further influences such as paracrine factors, growth factors,
hormones, nutrition, respiratory gas, metabolites and bio-
physical stress such as hydrostatic pressure or fluid osmolar-
ity stimulates the development from an immature state to-
wards a physiological epithelial barrier (Fig. 1). As a conse-
quence, the junction belt between the luminal and lateral
plasma membrane is functionally closed so that the para-
cellular shunt is controlled [77]. From this point of develop-
ment onward exclusively the epithelial cells control, which
electrolytes or other molecules are allowed to pass the bar-
rier. Once the development is finished, the luminal and basal
fluid environments are completely separated by the epithe-
lium during gradient perfusion culture. Under these condi-
tions the development of embryonic cells towards a matured
renal collecting duct epithelium was investigated [62,64-
67,75,78-82]. During a culture period of 14 days the epithe-
lium was provided with 1 ml/h on the basal side with IMDM,
while on the luminal side IMDM + 12 mmol/l NaCl was
transported. Immuno-histochemistry demonstrates that a
polarized collecting duct epithelium with a nephron-specific
differentiation profile is harvested (Fig. 9). The occurrence
of laminin y1 for example shows, that the epithelium rests on
a newly synthesized basal lamina (Fig. 9a). The up-
regulation of cingulin reveals the formation of a tight junc-
tional complex between the luminal and lateral plasma
membrane (Fig. 9b), while the label for Na/K-ATPase (Fig.
9c¢), aquaporin (AQP 3, Fig. 9d) and Cox 2 (Fig. 9¢) demon-
strates the presence of typical functional features. Finally,
occurrence of cytokeratin 19 (Fig. 9f), cytokeratin EndoA
(Fig. 9g) and e-cadherin (Fig. 9h) exhibits further nephron-
specific characteristics.

APPLICATIONS OF GRADIENT PERFUSION CUL-
TURE

Up to date more than 180 reviewed papers including pat-
ents could be found dealing with Minusheet® perfusion cul-
ture technology. Among them over 40 are reviewed papers
using Minusheet® gradient perfusion culture technique. Re-
lated literature is listed: www.biologie.uni-regensburg.de/
Anatomie/Minuth/proceedings.htm.

Renal Collecting Duct Epithelium

Experiments with gradient perfusion culture were started
years ago in our laboratory to investigate the maturation of
an embryonic collecting duct epithelium derived from renal
stem/progenitor cells [62,64-67,75,78,79,80-82]. In this co-
herence it was found that differentiation of a renal epithe-
lium takes an unexpected long period of 14 days and is de-
pendent on the electrolyte composition offered at the luminal
and basal side. Only in an electrolyte gradient specific fea-
tures such as binding for PNA-lectin or binding of mono-
clonal antibodies 503 and 703 - all of them specifically react-
ing on renal collecting duct cells - were found to be up-
regulated. Applying gradient perfusion culture it became for
the first time possible to investigate the maturation of an
embryonic epithelium under realistic conditions as found
during development within an organ.

Ophalmology

Successful perfusion culture in a gradient container was
performed with retina [69,83-88]. In contrast to static culture
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Fig. (9). Immunohistochemistry on cryosections of an epithelium
kept for 14 days in gradient perfusion culture with IMDM on the
basal side and IMDM + 12 mmol/l at the luminal side. (a) Anti-
laminin y1 shows, that the epithelium rests on a newly synthesized
basal lamina. (b-e) Positive reaction with anti-cingulin reveals the
formation of a junctional complex between the luminal and lateral
plasma membrane (b), while the label for Na/K-ATPase (c), ag-
uaporin 3 (AQP 3, (d) and Cox 2 (e) demonstrates the presence of
cell-specific functional features. (f-h) Expression of cytokeratin 19
(f) and cytokeratin EndoA (g) and e-cadherin (h) presents nephron-
specific antigens. Basal lamina — asterisk; lumen — arrow.

it could be shown, for example, that neurons and retinal
pigment epithelium maintains a perfect morphology for at
least 10 days. This opens new perspectives for safety testing
of pharmaceuticals designed for intraocular application. The
new approach opens now the possibility to investigate in
vitro the wide field of related regeneration.

Blood-Retina and Blood-Brain Barrier Tests

For pharmaceutical studies experiments with blood-retina
and blood-brain barrier were performed in gradient perfusion
culture to investigate drug permeation by different methods
[89,90]. The permeation characteristics displayed an intact
polarized expression of efflux pumps such as multidrug re-
sistance protein (P-gp) and multidrug resistance-associated
protein (MRP).

Minuth et al.

Blood-Air Barrier

Investigations on lung were performed with gradient per-
fusion culture [91-94]. In those experiments cellular interac-
tions and the alveolar metabolism were investigated. When
pneumocytes and endothelial cells were co-cultured on a
polycarbonate filter within a gradient perfusion container
characteristic morphological features were developed and
tight junctions were sealing the blood-air barrier. It was con-
cluded that gradient perfusion culture in combination with
pneumocytes and endothelial cells is a promising realistic
model to investigate dose-controlled exposure of airborne
particles, features of barrier transport and repair mechanisms
after alveolar injury.

Blood-Gas Barrier

Experiments on fish swim bladder gas gland was suc-
cessfully performed with gradient perfusion culture [95].
Cells of gas gland were cultured at the interface between gas
and medium. The epithelium revealed a typical polarity and
functionality as observed in the in vivo situation.

Pharmaceutical Application

Pharmaceuticals were applied in gradient perfusion cul-
ture [71, 96-98]. It was found for example that the gradient
perfusion culture with Caco-2 cells generated sealing epithe-
lia and revealed reproducible results much earlier than tradi-
tional 21-day static cultures. In addition, the permeability
coefficient of several model compounds across Caco-2 cells
was in gradient perfusion culture approximately twofold
higher than obtained with static conditions.

Regenerating Vessels

Development on micro-vessels was made by gradient
perfusion culture [99,100]. In these experiments capillary-
like structures were found in the luminal portion of perfused
vessel equivalents. It is shown that pulsatile perfusion pro-
motes better the development of a capillary-like network
than continuous transport of medium.

Reparing Epidermis

Epidermis equivalents were generated with gradient per-
fusion culture [101]. Composite grafts of INTEGRA® matrix
and human keratinocytes were cultured in a gradient con-
tainer in order to evaluate the potential for the cost-effective
engineering of full-thickness skin grafts and the treatment of
ulcers.

Non-Epithelial Barrier

Experiments related to non-epithelial biomaterial testing
were performed with dentin discs in gradient perfusion cul-
ture [102-109]. Polymerized dental resin materials release
residual monomers that may interact with pulp tissue. This
modified dentin barrier test reveals as an ideal model to in-
vestigate described effects. New insights in permeability
testing of gelatine membranes were obtained by using fibro-
blasts in a gradient container [110].

Over-View

Finally, basic information due to Minusheet® gradient
perfusion culture technique was earlier described [63,75].
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The increasing applications made it necessary to write this
article focussing to actual applications.

CONCLUSIONS

During the last years a versatile modular system for the
generation of epithelia within a gradient perfusion culture
container was elaborated. With respect to the numerous fac-
tors that influence epithelial development the culture system
was designed to allow individual control of a number of im-
portant environmental parameters. That way the microenvi-
ronment within the gradient perfusion culture container can
be fine-tuned to meet the physiological needs of numerous
types of epithelia. An innovative construction principle al-
lows the application of gradient perfusion culture at minimal
financial expenditure and the individual modules can be
combined as needed to build a number of advanced custom-
ized culture set-ups. Thus, a variety of epithelia can be kept
under tissue-specific conditions to study adherence on new
biomaterials, cellular communication, epithelial development
and effects of newly developed pharmaceuticals.
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