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Abstract
Functional tissues generated under in vitro conditions are urgently needed in biomedical research. However, the
engineering of tissues is rather difficult, since their development is influenced by numerous parameters. In
consequence, a versatile culture system was developed to respond the unmet needs.
Optimal adhesion for cells in this system is reached by the selection of individual biomaterials. To protect cells
during handling and culture, the biomaterial is mounted onto a MINUSHEETW tissue carrier. While adherence of
cells takes place in the static environment of a 24 well culture plate, generation of tissues is accomplished in one of
several available perfusion culture containers. In the basic version a continuous flow of always fresh culture medium
is provided to the developing tissue. In a gradient perfusion culture container epithelia are exposed to different
fluids at the luminal and basal sides. Another special container with a transparent lid and base enables microscopic
visualization of ongoing tissue development. A further container exhibits a flexible silicone lid to apply force onto
the developing tissue thereby mimicking mechanical load that is required for developing connective and muscular
tissue. Finally, stem/progenitor cells are kept at the interface of an artificial polyester interstitium within a perfusion
culture container offering for example an optimal environment for the spatial development of renal tubules.
The system presented here was evaluated by various research groups. As a result a variety of publications including
most interesting applications were published. In the present paper these data were reviewed and analyzed. All of
the results point out that the cell biological profile of engineered tissues can be strongly improved, when the
introduced perfusion culture technique is applied in combination with specific biomaterials supporting primary
adhesion of cells.
Keywords: Cell culture, Tissue culture, Tissue engineering, Biomaterial, MINUSHEETW tissue carrier, Perfusion culture,
Gradient perfusion culture, Artificial polyester interstitium

Review
Background

In tissue engineering, biomaterial research and regenerative medicine culture experiments with epithelial, connective, muscular and nervous tissues are of extreme
importance. In the focus of interest are cellular interactions with innovative biomaterials, controlled tissue regeneration and toxic influences of newly developed
pharmaceuticals preventing inflammation but promoting
renewal of tissues.
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While the expansion of isolated cells in the static environment of a culture dish is easy to perform, developing tissues frequently illustrate severe morphological,
physiological and biochemical alterations caused by dedifferentiation especially in combination with innovative
biomaterials [1-8]. Atypical features are not evoked by
one parameter, but are influenced on the one hand by
suboptimal material surfaces resulting in minor cell adhesion and communication. On the other hand culture
conditions such as suboptimal nutrition, low respiratory
gas or unstirred layers of fluid are responsible for the
process of atypical development [9-14]. Consequently,
several parameters have to complement one another for
an optimal generation of tissues. Since a classical dish
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does not comply to necessary needs of cells, advanced
culture techniques allowing creation of an adaptable environment have to be applied for intact development of
tissues [15].
Due to the multiple parameters that influence tissue
development a modular system is presented here that
adjusts culture conditions to individual needs of developing tissues [16]. Since suitable equipment for tissue
engineering was at that time not commercially available,
the described tools were developed for the own laboratory work. The innovative concept is based on a MINUSHEETW tissue carrier, which enables the researcher to
apply individually selected biomaterials promoting in
turn optimal cell adhesion. After transfer of a tissue carrier in a compatible perfusion culture container, the fluid
environment can be individually machted to the contained tissue. Thus, the modular system provides a
highly adaptable basis for adhesion of cells in a MINUSHEETW tissue carrier with subsequent culture in the
static environment of a 24 well culture plate. The compatible tissue carriers in combination with different
kinds of perfusion culture containers made it possible to
generate specialized tissues under continuous provision
with always fresh medium.
Modulating tissue development by an adapted
environment

Under natural conditions a basic prerequisite for optimal
tissue development is a positive interaction of adherent
cells with the extracellular matrix. Under in vitro conditions a selected biomaterial has to replace the naturally
occurring extracellular matrix.
Balance between differentiation and dedifferentiation

Tissue engineering experiments demonstrated that the
composition of applied materials such as synthetic polymers, decellularized matrix, biodegradable scaffolds, ceramics or metals has a strong influence on the adhesion
of cells and consequently on the generation of tissues
[17-26]. Furthermore, the roughness of an applied biomaterial can determine the development of maturing tissue in a good or bad sense. Also the spatial contour of
biomaterials available in form of filters, nets, foils,
fleeces or foams including small or big pores plays an essential role in regulation of tissue formation. Regarding
the huge amount of newly developed biomaterials the
challenge for the future is to recognize as early as possible the respective positive influences or toxic features
on adherent cells by an advanced culture system.
Mounting biomaterials in a tissue carrier

Adherent cells can be cultured on individually selected
biomaterials as a substitute for the extracellular matrix.
To stay compatible with a 24 well culture plate, the
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selected biomaterials are excised by a punching tool to a
diameter of 13 mm or are ordered in this format
(Figure 1a). For easy handling and to prevent damage
during culture, the selected material is mounted in the
base part of a MINUSHEETW tissue carrier (Figure 1b;
black ring). The biomaterial is held in position by pressing it down with a tension ring (Figure 1c; white ring).
The mounted tissue carrier is then enveloped and sterilized depending on the chemical composition of contained biomaterial either in formalin, ethylene oxide gas
atmosphere or in an autoclave. Subsequently the tissue
carrier can be frozen, stored at room temperature or
used immediately for cell seeding.
Seeding of cells on a tissue carrier

For cell seeding the tissue carrier including the biomaterial of choice is placed by forceps in a 24 well culture
plate (Figure 1d). To increase cell concentration, the
selected biomaterial is solely wetted with culture
medium. A standard culture on a MINUSHEETW tissue
carrier can be performed by seeding cells onto the upper
side of the selected biomaterial. When the carrier is
turned, cells can be also seeded on the basal side so that
co-culture with two different cell types becomes
possible [27,28].
Cells are transferred to the selected biomaterial by a
pipette within a small droplet of medium. Since the tissue carrier rests on small protrusions, cells are provided
from the upper and lower side by medium. Culture is
started with a conventional medium in a CO2 incubator
until primary adhesion of cells is replaced by adherence.
Depending on applied biomaterial and cell type this
process can last a few hours or even days.
Regardless of whether transparent or non transparent
biomaterials are used, the degree of cell adhesion can be
easily registered by fluorescence microscopy after ethanol fixation and propidium iodide incubation [29]. Such
a protocol illustrates fluorescent nuclei of cells adhering
to a biomaterial. For example, when MDCK cells were
cultured onto four different materials such as glass,
polystyrene (ThermanoxW), a white or black polycarbonate filter, it was observed that each of the specimens
reflects an individual growth pattern of cells ranging between perfect confluent adherence and atypical dome,
blister and cluster formation respectively. This result
illustrates that selected biomaterials have an enormous
influence on the spatial growth pattern of adherent cells.
Not only single cells but also a thin slice of tissue can
be mounted between two pieces of a woven net or a
fleece within a MINUSHEETW tissue carrier [30,31]. In
addition, flexible collagen sheets for adhesion of cells
can be stretched like the skin of a drum in a slightly
modified carrier [32,33]. The few examples show that
principally a broad spectrum of biomaterials can be
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inserted in a tissue carrier so that cells obtain an adequate surface for adhesion or adherence to develop further into a specialized tissue.
Compatible perfusion culture containers

Figure 1 Schematic illustration of mounting a MINUSHEETW
tissue carrier. (a) First an individual biomaterial supporting optimal
tissue development is selected. (b) For mounting the biomaterial
measuring 13 mm in diameter is placed in the black base part of a
tissue carrier. (c) After fixation by a white tension ring the mounted
tissue carrier can be used for cell seeding. For easy access of
medium at the basal side a tissue carrier rests with protrusions on
the bottom of a dish. (d) Tissue carriers including different
biomaterials are demonstrated within a 24 well culture plate.

It is obvious that the static environment within a culture
dish leads to an uncontrollable increase of metabolites
and a decrease of nutrition during time. Due to this reason a MINUSHEETW tissue carrier with adherent cells is
used only for the relatively short period of cell seeding
in the static environment of a 24 well culture plate. To
provide constant nutrition and respiratory gas during
further tissue development, the tissue carrier is consequently inserted in a perfusion culture container. The
exact geometrical placement of the tissue carrier within
a perfusion culture container guarantees on the one
hand an equal distribution and on the other hand a constant provision with always fresh culture medium. The
basic version of a container allows continuous medium
transport to developing tissues from all sides (Figure 2a).
In a gradient container the tissue carrier is held between
the base and the lid so that the luminal and basal sides
can be provided with individual media mimicking a typical environment for epithelia (Figure 2b). A further perfusion container is made of a transparent lid and base
allowing the microscopic observation during tissue development (Figure 2c). Yet another specific container
exhibits a flexible silicone lid. Applying force to this lid
by an eccentric rotor simulates a mechanical load, which
is required in cartilage and bone tissue engineering.
Shaped tissues such as an auricle or different forms of
cartilage implants can be generated with individual scaffolds in a special tissue engineering container. Finally,
spatial extension of tubules derived from renal stem/progenitor cells is obtained within a perfusion culture container filled with an artificial interstitium consisting of a
polyester fleece [30,31].
In conclusion, compared to other perfusion culture
experiments the presently described system exhibits up
to date unique features for the generation of specialized
tissues. Damage during culture and transfer of growing
tissue is prevented by applied MINUSHEETW tissue carriers (Figure 1). Adhesion of cells to natural extracellular
matrix or synthetic biomaterials can be modulated by
mounting individual supports (Figure 1a-c). While seeding of cells and initial culture can be performed in the
static environment of a 24 well culture plate (Figure 1d),
the exact positioning of a carrier within a perfusion container makes it possible to provide developing tissue
with always fresh medium (Figure 2a). It prevents an
overshoot of paracrine factors and keeps concentration
of harmful metabolites low. Finally, offering different
media at the luminal and basal side within a gradient
culture container allows simulation of a natural barrier
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environment for epithelia (Figure 2b). Thus, the
described technique bridges consequently static culture
in a conventional 24 well plate (Figure 1d) with modern
perfusion culture in different perfusion culture containers (Figure 2).
Permanent supply of fresh culture medium

To maintain the desired temperature of 37°C within a perfusion culture container a heating plate (MEDAX-Nagel,
Kiel, Germany) and a cover lid (not shown) is used
(Figure 2d). The transport of culture medium is best
accomplished using a slowly rotating peristaltic pump
(ISMATEC, IPC N8, Wertheim, Germany), which is able
to provide adjustable pump rates of 0.1 to 5 ml per hour.
In personal experiments medium was transported with
1.25 ml/h for a period of at least 13 days. Adherent cells
growing on a mounted tissue carrier are supplied with always fresh medium flowing from the storage bottle to the
container. Thus, during long term culture the growing tissue is exposed to always fresh medium preventing in parallel an un-physiological accumulation of metabolic products
and an overshoot of paracrine factors. To maintain this
controlled environment for the whole culture period, the
metabolized medium is not re-circulated but collected in a
separate waste bottle.
Keeping the pH constant in culture medium

Figure 2 Application of a MinusheetW tissue carrier in
compatible perfusion culture containers. (a) A first type of
perfusion culture container can hold six tissue carriers to provide
them with always fresh medium. (b) In a gradient perfusion culture
container the respective tissue is exposed to different fluids at the
luminal and basal side. (c) In a microscope container with a
transparent lid and base developing tissue can be observed. (d)
Perfusion culture set-up is running on a laboratory table. A thermo
plate maintains the desired temperature of 37°C. During culture a
peristaltic pump transports the medium (1.25 ml/h) from a storage
bottle (left side) to the waste bottle (right side).

Working with perfusion culture equipment under atmospheric air on a laboratory table facilitates the
complete handling. However, in the majority of cases
conventional cell and tissue cultures are performed in a
CO2 incubator. In this case the applied media are buffered by a system consisting of a relatively high amount
of NaHCO3 and a 5% CO2 atmosphere to maintain a
constant pH between 7.2 and 7.4. If such a formulated
medium is used for perfusion culture outside a CO2 incubator, the pH will shift from the physiological range to
much more alkaline values due to the low content of
CO2 (0,3%) in atmospheric air.
For that reason any medium used for perfusion culture
outside a CO2 incubator has to be stabilized by reducing
the NaHCO3 concentration and/or by adding biological
buffers such as HEPES (GIBCO/Invitrogen, Karlsruhe,
Germany) or BUFFER ALL (Sigma-Aldrich-Chemie,
München, Germany). The necessary amount can be
determined by admixing increasing amounts of biological buffer solution to an aliquot of medium. Then
the medium must equilibrate over night on a thermo
plate at 37°C under atmospheric air. For example, application of 50 mmol/l HEPES or an equivalent of BUFFER
ALL (ca. 1%) to IMDM (Iscove’s Modified Dulbecco’s
Medium, GIBCO/Invitrogen) maintains a constant pH
of 7.4 throughout long term perfusion culture under atmospheric air on a laboratory table.
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Oxygen content in transported culture medium

When a perfusion culture experiment is performed, the
pH must be adjusted and sufficient respiratory gas must
be present. To enrich oxygen (O2) for example in
IMDM, the medium has to be transported through a
gas-permeable silicone tube. Such a silicone tube provides a large surface for gas exchange by diffusion due to
a thin wall (1 mm), the small inner diameter (1 mm) and
its extended length (1 m). Analysis of IMDM (3024 mg/l
NaHCO3, 50 mmol/l HEPES) equilibrated against atmospheric air during a standard perfusion culture experiment consequently showed partial pressures of 160
mmHg O2 and 12 mmHg CO2 [34].
Furthermore it has to be considered that depending
on the tissue types the requirements of oxygen are individual. Therefore it is important to note that the content
of oxygen can be adapted in individual perfusion culture
set-ups. The technical solution is a gas exchanger module containing a gas inlet and outlet. Moreover a spiral
with a long thin-walled silicone tube for medium transport is mounted inside the module. Since the tube is
highly gas-permeable, optimal diffusion of gases between
culture medium and surrounding atmosphere within the
gas exchange module is guaranteed. In consequence, the
desired gas atmosphere can be adjusted by a constant
flow of a specific gas mixture through the module. That
way the content of oxygen or any other gases can be
modulated in the medium by diffusion. By applying this
simple protocol it became possible to decrease the oxygen partial pressure within the transported medium during long term culture under absolutely sterile conditions
[34]. These kinds of experiments elicited that a decrease
in oxygen concentration was leading to a massive alteration of functional protein expression in generated renal
collecting duct epithelia.
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To minimize the content of gas bubbles within a perfusion culture set-up, a gas expander module was developed [36]. This module removes gas bubbles from the
medium. When medium is entering the module, it rises
within a small reservoir and expands before it drops
down onto a barrier. During this process gas bubbles are
separated from the medium and collected at the top of
the gas expander module. As a result, medium leaving
the gas expander module is oxygen-saturated but free of
gas bubbles.
Wide spectrum of applications

When tissues are generated in combination with new
biomaterials, it is expected that they develop a high degree of functionality similar to the one known from the
respective organism. Such a tissue-specific quality cannot be obtained by the use of a conventional dish, but is
reached by offering an optimal surface for cell adhesion,
compatible perfusion culture containers, permanent
transport of nutrition including respiratory gas and constant elimination of metabolic products. Years ago such
a compatible system was not available on the market. In
consequence, necessary tools such as the previously
described tissue carriers and versatile perfusion culture
containers were developed for performance of culture
experiments in the own laboratory (Figure 1 and 2).
After publication of successful results also other
groups were interested in application of the innovative
technique. As a result numerous papers were published
dealing with the MINUSHEETW perfusion culture technique. A list of those different culture set-ups is found
in the data bank ‘Proceedings in perfusion culture’:
http://www.biologie.uni-regensburg.de/Anatomie/Minuth/proceedings.htm
Creating an improved fluid environment for epithelia

Elimination of harmful gas bubbles

During perfusion culture experiments gas bubbles can arise
and influence in turn the flow of medium. Formation of
gas bubbles is not only observed during suction of medium
from the storage bottle but also during transport at material transitions between tubes and connectors.
First, these gas bubbles are so small that they cannot
be recognized, but during ongoing transport of culture
medium they increase in size and are able to form an
embolus that massively impedes medium flow. Second,
gas bubbles can accumulate in the culture container
leading to a regional shortage of medium supply and
breaks in the fluid continuum so that remarkable fluid
pressure changes result. Most importantly, in a gradient
perfusion culture experiment, in which two media are
transported at exactly the same speed embolic effects
can lead to pressure differences, which in turn destroy
the barrier function of the contained epithelia [35].

Experiments have shown that epithelial cells often do not
develop expected cell biological features when they are cultured at the bottom of a conventional dish. Consequently,
MINUSHEETW tissue carriers including an optimal biomaterial and compatible perfusion culture containers were applied to offer an improved environment.
Keeping specialized epithelia in perfusion culture

Pilot experiments were made with collecting duct (CD)
cells derived from the embryonic parenchyma of neonatal kidney [37,38]. By applying the mentioned tissue
carriers and perfusion culture containers polarized epithelia were harvested for the first time expressing under
in vitro conditions cell biological features such as
observed in adult Principal (P) and Intercalated Cells
(IC) of the renal collecting duct [33,39-42]. In the following experiments special attention was directed to the
selection of individual biomaterials improving adhesion
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of cells so that they can stand fluid flow in perfusion culture [29]. Further experiments with cells derived from
embryonic parenchyma brought new insights into the
spatial development of renal microvasculature and glomeruli [43-46]. In addition, perfusion culture was performed to accelerate regeneration by engineered
microvessels [47,48] and to investigate restoration of
endothelium [49,50].
To bridge time before an implantation is made, perspectives of living conservation of human gingival epithelium was investigated in long term perfusion culture
experiments [51,52]. Factors affecting reproductive aging
and the development of fertilized eggs were investigated
with anterior pituitary gland [53], oviduct epithelium
[54] and endometrium [55]. Optimal matrix coating and
adaption of continuous medium flow were elaborated
for hepatocytes [56-59]. Regeneration of urothelium was
investigated in combination with newly developed stent
materials [60]. Effects of newly developed pharmaceuticals on ciliary beat frequency (CBF) were elaborated by
differentiated nasal epithelium generated in described
perfusion culture [61].
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side (Figure 3). Surprisingly, in a continuous electrolyte
gradient over many days typical epithelial features such
as binding of lectins or expression of site-specific proteins such as Na/K ATPase α5 (Figure 3a), TROMA I
(Cytokeratin Endo-A; Figure 3b), cingulin (Figure 3c)
and COX 2 (Figure 3d) were found to be up-regulated.
However, when the increased NaCl content at the luminal side was replaced against a low NaCl concentration, gained features were found to be down-regulated.
This result illustrates that the luminal-basal electrolyte
gradient maintains functional features within renal
epithelia.
Further challenging experiments were performed with
hydrogel in MINUSHEETW tissue carriers mimicking
the glomerular basement membrane. In this experimental set-up it was possible to seed endothelial cells on the
one side and podocytes on the other side. Mounting
these co-cultures in a gradient perfusion container, development of urine-blood barrier functions were tested

Exposure of epithelia to a luminal-basal fluid gradient

When performing perfusion culture experiments one
has to consider that the environment of epithelia is
changing during development. In the fetal period epithelia are exposed to the same fluid composition at the luminal and basal sides due to the still leaky barrier.
However, in maturing epithelia a tight junction complex
and up-regulated transport features are leading to a
functional barrier. Because of the physiological seal different media are found at the luminal and basal sides
[15].
When epithelial cells are cultured at the bottom of a
conventional dish, all sides are exposed to the same
medium. This untypical situation is leading to a permanent biological short circuit promoting cell proliferation
but suppressing polar differentiation [62-67]. To overcome this problem, MINUSHEETW tissue carriers can
be mounted in a gradient perfusion culture container to
mimic at the luminal and basal sides a tissue-specific environment for epithelia. Following this strategy finally
functional renal membranes were generated [68,69].
Originally experiments with a gradient perfusion culture container were performed to investigate the influence of different fluids at the luminal and basal sides
of embryonic renal collecting duct (CD) epithelia
[32,33,38,70-76]. These experiments showed that the development of a CD epithelium has an unexpected long
latent period of three days. Moreover it takes at least 10
days until typical features of differentiation are up-regulated. The development is also depending on increasing
NaCl concentrations specifically offered at the luminal

Figure 3 Cell biological features of an embryonic renal
collecting duct (CD) epithelium kept for 13 days in a fluid
gradient. In the gradient container at the luminal side IMDM +
aldosterone (1 × 10-7 M) + 15 mmol/l NaCl, while at the basal side
IMDM + aldosterone (1 × 10-7 M) was transported.
Immunohistochemistry shows a positive label for tissue-specific (a)
Na/K ATPase α5, (b) TROMA I, (c) cingulin and (d) COX 2 protein. In
contrast, perfusion culture of epithelia with IMDM at the luminal and
basal side does not develop these features. Basal lamina (asterisk),
lumen (arrow).
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[77]. In so far gradient perfusion culture made it possible
to keep renal epithelia in vitro as observed under natural
conditions. Furthermore such a tissue-specific development made it apparent that the applied media had to be
adapted to the physiological requirements by addition of
defined electrolytes [34,78,79].
Maintenance of retina

It has been shown that the retina is a complex tissue
lined by a pigment epithelium that cannot be maintained in the static environment of a culture dish over
prolonged periods of time. To improve the environment, intact retina was mounted onto a tissue carrier
for culture within a gradient perfusion container
[80-86]. It was demonstrated that pigment epithelium
and neighboring neurons maintain a perfect morphology for at least 10 days. These exiting findings illustrate innovative perspectives for safety testing of newly
developed pharmaceuticals designed for the intraocular
medical application. Furthermore these experiments
show challenging options to investigate the wide field of
retina aging, degeneration and repair under realistic
culture conditions [87-91].
Blood-retina and blood-brain barrier in perfusion culture

Both blood-retina and blood-brain barrier are crucial for
the transport of pharmaceuticals. Gradient perfusion
culture appears as an ideal technique to simulate such a
blood-retina and blood-brain barrier under realistic
in vitro conditions [92-94]. Indeed, the perfusion culture
experiments showed new features of permeation and
displayed an intact polarized expression of efflux pumps
such as multidrug resistance protein (P-gp) and multidrug resistance-associated protein (MRP).
Creating a blood-air barrier

A specific environment for pneumocytes in form of a
blood-air barrier was simulated in gradient perfusion
culture [28]. When pneumocytes and endothelial cells
were co-cultured on a polycarbonate filter within a gradient perfusion container, development of a tight junction complex was observed sealing perfectly the bloodair barrier. Further characteristic features of polar differentiation within the epithelia were found to be up-regulated. It was argued that gradient perfusion culture in
combination with pneumocytes and endothelial cells is a
realistic model to investigate dose-controlled exposure
of airborne particles. Moreover, to elucidate barrier
transport and repair mechanisms after alveolar injury a
dose controlled air-liquid interface (ALI) was investigated in a gradient perfusion container by using A549
cells [95-97].
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Constructing a blood-gas barrier

Culture experiments on fish swim bladder gas gland
were successfully performed in a gradient perfusion container [98]. For these series of experiments cells of gas
gland were cultured on a filter at the interface between
gas and culture medium. The generated epithelium
revealed a typical polarity and functionality as it was
observed in the environment of swim bladder gas gland
in the fish.
Pharmaceutical applications applying a gradient container

Most of the administered pharmaceuticals have to pass
an epithelial barrier in the organism. To test the transport of newly developed drugs through an epithelial cell
layer long term gradient perfusion culture experiments
were performed [99,100]. In these series of experiments
it was found that Caco-2 cells are forming a tightly
sealing epithelial cell layer [101,102]. Further gradient
perfusion culture exhibited that reproducible results can
be achieved much earlier than observed in traditional 21
day static cultures. Interestingly the permeability coefficient of several model pharmaceuticals across a Caco-2
cell layer was approximately twofold higher than
obtained under conventional static conditions.
Renewal of skin

The regeneration and repair of skin is an important research area in actual biomedicine. Consequently, epidermis equivalents were generated by using gradient
perfusion culture [103]. In this investigation composite
grafts of INTEGRAW matrix and human keratinocytes
were cultured in a gradient container in order to evaluate the potential of the cost-effective engineering of fullthickness skin grafts and the treatment of ulcers. Furthermore it was demonstrated that generation of gingival
epithelium [52,104] or co-culture of keratinocytes with
osteoblast-like cells kept in perfusion culture results in a
much better tissue generation than observed under static
culture conditions [105].
Offering an artificial interstitium for regenerating
parenchyma

The repair of renal parenchyma is of special interest in
acute and chronic kidney failure. To investigate the spatial
regeneration of renal tubules under realistic conditions, an
advanced MINUSHEETW perfusion culture protocol was
developed (Figure 4). To replace coating by extracellular
matrix proteins renal stem/progenitor cells were mounted
between layers of a polyester fleece. The interface between
the polyester fibers creates an artificial interstitium promoting spatial extension of tubules [106,107]. For example,
SBA lectin labeling of a specimen kept for 13 days in perfusion culture illustrates that numerous tubules can be
detected in this specific area (Figure 4a). Each of the
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Figure 4 Generation of renal tubules at the interface of an
artificial interstitium. (a) SBA label visualizes in an individual
sample tubules developing within an artificial interstitium consisting
of a polyester fleece. (b) Scanning electron microscopy illuminates
growth of renal tubules (T) between fibers of the polyester fleece
(PF). (c) Semithin section after Richardson staining shows generated
tubules in oblique and vertical view. (d) Transmission electron
microscopy demonstrates that regenerating tubules contain a
polarized epithelium. Neighboring cells are separated by a tight
junctional complex (arrow head). Basal lamina (asterisk), lumen
(arrow).
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tubules exhibits a lumen and a basal lamina. Scanning electron microscopy further illuminates the spatial growth of
generated tubules between polyester fibers (Figure 4b).
Semithin sections (Figure 4c) and transmission electron
microscopy (Figure 4d) clearly demonstrate that generated
tubules contain a polarized epithelium. In the meantime
numerous data demonstrated that perfusion culture together with an artificial interstitium is an effective technique to investigate the process of tubule regeneration
[108-110]. In addition, for the first time it was shown that
tubule formation can be induced by aldosterone, while
antagonists such as spironolactone or canrenoate prevent
tubulogenic development [111-113]. By preventing the molecular contact between the mineralocorticoid receptor
(MR) and heat shock protein 90 geldanamycin leads to a
lack of tubule formation. In consequence, the results demonstrate that the signal initiated by aldosterone is not unspecific but is mediated via MR and depends on intact
molecular interactions with heat shock proteins.
It is a new aspect that the interface between layers of
polyester fleece promotes the spatial development of numerous tubules [114,115]. When such an artificial interstitium is applied, the surrounding of generating tubules
is not stacked by coated extracellular matrix proteins. In
consequence, it became possible for the first time to investigate the spatial growth of tubules by scanning electron microscopy and the synthesis of special interstitial
molecules during regeneration (Figure 4b). Recent data
further illustrate that developing tubules avoid a direct
contact to each other by keeping a discrete distance during spatial development. The separation seems to be
caused by an interaction between the basal lamina of
generating tubules, newly synthesized fibers of the extracellular matrix and neighboring polyester fibers of the
fleece [116-122].
Finally, perfusion culture experiments exhibited that
application of different kinds of polyester fleeces are
leading to various patterns of spatial tubule development
resulting in new challenging perspectives for the regeneration of diseased renal parenchyma [31]. By performing these pilot experiments it became evident that
aldosterone has a stimulating influence on the formation
of renal tubules, while glucocorticoids are inducing atypical structures in form of extended cell clusters [122]. In
conclusion, it is an important new finding that steroid
hormones occurring in the interstitial fluid may exhibit
a harmful influence on the regeneration of renal
parenchyma.

Engineering of connective tissue in perfusion culture

A big research field for tissue engineering and biomaterial research is the generation of connective tissue constructs. In this coherence it is barely considered that
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beside the epithelial cell layers also connective tissue can
build up important barrier functions.
Connective tissue barrier

For example, experiments related to such a nonepithelial barrier were performed with dentin discs
mounted in a MINUSHEETW gradient perfusion container [123-132]. Most interestingly, these data reveal
that polymerized dental resin materials release residual
monomers that may interact with pulp tissue. In consequence, to obtain information about diffusion of molecules through a dentin disc gradient perfusion culture
appears to be an ideal model to investigate long term
toxic effects under realistic in vitro conditions. Finally,
new aspects of testing permeability and degradation in
gelatine membranes were obtained by keeping fibroblasts in a gradient perfusion container [133].
Generation of hyaline cartilage

A great challenge in tissue engineering is the treatment of
cartilage defects by regenerating chondrocytes growing
onto innovative scaffold materials. In numerous cases it
was demonstrated that MINUSHEETW perfusion culture
can improve the cell biological quality of generated cartilage. An enormous advantage of the described technique is
that damage of developing tissue within the scaffold is
minimized due to the permanent elimination of biodegraded molecules by transported culture medium. For example, perfusion culture was applied successfully for the
controlled regeneration of hyaline cartilage [18,21,134,135].
In these experiments it became possible to elaborate exact
data concerning kinetics of the degradation process from
different scaffold materials [136,137]. Furthermore the cell
biological quality of generated cartilage was improved by
stepwise chemical modifications of the scaffold material by
perfusion culture. Following this strategy the risk of tissue
repulsion after implantation could be decreased by selecting optimal scaffold materials [138-145]. Surprisingly, it
was demonstrated that the application of natural extracellular matrix such as a collagen sponge does not improve
the quality of generated cartilage [146]. In contrast, scaffold
materials with modified polyethylene coating [147] or a
gelatine-based SpongostanW [23] revealed much more cartilage specific features than observed without surface treatment. It was further detected that synovial fibroblasts are
able to modulate articular matrix synthesis [148]. Finally,
tissue engineering of cartilage constructs by perfusion culture seemed to be an ideal model to investigate parameters
affecting destructive joint diseases [149-151].
Formation of bone constructs

Beside cartilage formation MINUSHEETW perfusion culture technique was also applied for bone tissue engineering
to investigate the development of osteoblasts on ceramic
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materials [24-26,152,153], decellularized spongeous bone
[154], collagen membranes [155], mineralized collagen
[156,157], hydroxyapatite scaffolds [158-161], PLGA sheets
[162], iron based metals [163], bioactive glass [164], textile
chitosan [165-167] or 3D biphasic calcium phosphate [168]
scaffolds and biocorrodible bone replacement materials
[169]. Finally, most important for clinical applications are
experiments, which exhibit that bone development can be
influenced by the sterilization procedure of scaffolds consisting of poly-d,l-lactic-co-glycolic acid [162].
A permanently occurring problem in bone tissue engineering is that unstirred and consequently harmful
layers of fluid within growing tissue can arise. To compensate for this the continuous provision with nutrition
and oxygen must be replaced by transportation of fluid
in pulses so that generation of bone constructs results
in an increased cell biological quality [170]. Last but not
the least, the insights gained by bone formation may
lead to an effective strategy for the regeneration of
dentin [127].
Growth of muscular tissue

Surprisingly, only three papers were found that deal with
the regeneration of muscular tissue in MINUSHEETW
perfusion culture. When gastric mucosa was kept in a
culture container, it was recognized that also smooth
muscular tissue is developing within the lamina propria
[67]. By applying improved biomaterials for cell seeding
numerous cerebral pericytes were found to express sitespecific pericytic aminopeptidase N/pAPN [171]. Proliferation and adhesion of smooth muscle cells was investigated on electrospun polymer scaffolds [172].
Development of nervous tissue

One of the main subjects in the area of neurology is the
escape of dopamine synthesis during Parkinson’s disease. To investigate influences affecting synthesis of
dopamine, MINUSHEETW perfusion culture was performed successfully using mesencephalic neurons [173].
These experiments demonstrated for example that neurothrophins stimulate the release of dopamine via Trk
and p75Lntr receptors. Furthermore it was shown in
hippocampal neurons and the pheochromacytoma cell
line PC 12 that application of exogenous neurotrophins
exhibits positive feedback effects on secretion of synthesized neutrotrophins. This pathway is mediated via an
activation of tyrosine kinase neurotrophin receptors
[174]. The influence of sodium in an activity-dependent
secretion of neurotrophins plays thereby an important
role [175]. Further significant differences in the secretion between nerve growth factor and brain-derived
neurotrophic factor were observed [176]. Finally,
SH-SY5Y human neuroblastoma cells were found to differentiate into a neuronal-like state in long term
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perfusion culture [177]. The cells could be maintained
in an active state for more than two months without the
need of passaging them. In a further set of experiments
RAT-1 fibroblasts were investigated expressing Cypridina noctiluca luciferase (CLuc) driven by the promoter
of the circadian clock gene Mma11 [178]. The performed experiments showed that the CLuc reporter
assay in combination with the described perfusion culture appears to be an innovative pharmacological tool
for drug discovery. Finally, most promising results were
obtained with fish pituitary explants to investigate vasotocin and isotocin release when kept in perfusion
culture [179].
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Conclusions
MINUSHEETW perfusion culture technique was developed
to improve the environment of adherent cells and developing tissues. For optimal adhesion of cells an individual biomaterial is selected and mounted onto a tissue carrier.
Seeding of cells is performed in the static environment of a
conventional 24 well culture plate, while perfusion culture
is performed with compatible containers offering an adequate fluid environment for the generation of specialized
tissues. Numerous papers illustrate that the modular system is generating cells and tissues in excellent cell biological quality urgently needed in tissue engineering,
biomaterial research and advanced pharmaceutical drug
testing.
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Final remarks

Numerous patents (not listed) demonstrate that Will W.
Minuth has invented the presented MINUSHEETW perfusion culture technique. To introduce the developed
tools on the market Katharina Lorenz-Minuth founded
non-profit orientated Minucells and Minutissue GmbH
(D-93077 Bad Abbach/Germany, www.minucells.com).
In 1992 the project received the Philip Morris research
award ‘Challenge of the Future’ in München/Germany.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
WM contributed to the collection of information, interpretation of data and
writing of the manuscript. LD performed the generation of renal tubules,
histochemistry, electron microscopy, design of figures and critical revision of
the manuscript. All authors read and approved the final manuscript.

17.

18.

19.

20.

21.

22.

23.

Received: 27 February 2012 Accepted: 2 October 2012
Published: 5 October 2012
References
1. Elaut G, Henkens T, Papeleu P, Snykers S, Vinken M, Vanhaecke T, Rogiers V:
Molecular mechanisms underlying the dedifferentiation process of
isolated hepatocytes and their cultures. Curr Drug Metab 2006, 7:629–660.
2. Schuh E, Hofmann S, Stok K, Notbohm H, Müller R, Rotter N: Chondrocyte
redifferentiation in 3D: the effect of adhesion site density and substrate
elasticity. J Biomed Mater Res A 2011, 100:38–47.

24.

25.

Zhang Y, Li TS, Lee ST, Wawrowsky KA, Cheng K, Galang G, Malliaras K,
Abraham MR, Wang C, Marban E: Dedifferentiation and proliferstion of
mammalian cadiomyocytes. PLoS One 2010, 5:e12559.
Liu Y, Jiang X, Yu MK, Dong J, Zhang X, Tsang LL, Chung YW, Li T, Chan HC:
Switching from bone marrow-derived neurons to epithelial cells through
dedifferentiation and translineage redifferentiation. Cell Biol Int 2010,
34:1075–1083.
Russ HA, Bar Y, Ravassard P, Efrat S: In vitro proliferation of cells derived
from adult human beta-cells revealed by cell-lineage tracing. Diabetes
2008, 6:1575–1583.
Flieger A, Golka K, Schulze H, Follmann W: Primary cultures of human
urothelial cells for genotoxicity testing. J Toxicol Environ Health A 2008,
71:930–935.
Cournil-Henrionnet C, Huselstein C, Wang Y, Galois L, Mainard D, Decot V, et
al: Phenotypic analysis of cell surface markers and gene expression of
human mesenchymal stem cells and chondrocytes during monolayer
expansion. Biorheology 2008, 45:513–526.
Stoddart MJ, Grad S, Eglin D, Alini M: Cells and biomaterials in cartilage
tissue engineering. Regen Med 2009, 4:81–98.
Mikos AG, Herring SW, Ochareon P, Elisseeff J, Lu HH, Kandel R, et al:
Engineering complex tissues. Tissue Eng 2006, 12:3307–3339.
Sands RW, Mooney DJ: Polymers to direct cell fate by controlling the
microenvironment. Curr Opin Biotechnol 2007, 18:448–453.
Hwang NS, Varghese S, Elisseeff J: Controlled differentiation of stem cells.
Adv Drug Deliv Rev 2008, 60:199–214.
Dawson JI, Wahl DA, Lanham SA, Kanczler JM, Czernuszka JT, Oreffo ROC:
Development of specific collagen scaffolds to support the osteogenic
and chondrogenic differentiation of human bone marrow stromal cells.
Biomaterials 2008, 29:3105–3116.
Lopez JI, Mouw JK, Weaver VM: Biomechanical regulation of cell
orientation and fate. Oncogene 2008, 27:6981–6993.
Potter W, Kalil RE, Kao WJ: Biomimetic material systems for neural
progenitor cell-based therapy. Front Biosci 2008, 13:806–821.
Minuth WW, Denk L: Advanced culture experiments with adherent cells. From
single cells to specialized tissues in perfusion culture: University of Regensburg;
2011. URN:nbn:de:bvb:355-epub-214847.
ISBN 978-3-88246-330-9.
Minuth WW, Denk L, Glashauser A: A modular culture system for the
generation of multiple specialized tissues. Biomaterials 2010,
31:2945–2954.
von Recum HA, Cleek RL, Eskin SG, Mikos AG: Degradation of
polydispersed poly(L-lactic acid) to modulate lactic acid release.
Biomaterials 1995, 16:441–447.
Thomson RC, Yaszemski MJ, Powers JM, Mikos AG: Fabrication of
biodegradable polymer scaffolds to engineer trabecular bone. J Biomat
Sci-Polym E 1995, 7:23–38.
Hutmacher D, Hürzeler MB, Schliephake H: A review of material properties
of biodegradable and bioresorbable polymers and devices for GTR and
GBR applications. Int J Oral Maxillofac Implants 1996, 11:667–678.
Bujia J, Sittinger M, Minuth WW, Hammer C, Burmester G,
Kastenbauer E: Engineering of cartilage tissue using bioresorbable
polymer fleeces and perfusion culture. Acta Otolaryngol 1995,
115:307–310.
Sittinger M, Bujia J, Minuth WW, Hammer C, Burmester GR: Engineering of
cartilage tissue using bioresorbable polymer carriers in perfusion culture.
Biomaterials 1994, 15:451–456.
Chen DC, Avansino JR, Agopian VG, Hoagland VD, Woolman JD, Pan S, et al:
Comparison of polyester scaffolds for bioengineered intestinal mucosa.
Cells Tissues Organs 2006, 184:154–165.
Anders JO, Mollenhauer J, Beberhold A, Kinne RW, Venbrocks RA:
Gelatin-based haemostyptic Spongostan as a possible threedimensional scaffold for a chondrocyte matrix? An experimental
study with bovine chondrocytes. J Bone Joint Surg Br 2009,
91:409–416.
Uemura T, Dong J, Wang Y, Kojima H, Saito T, Iejima D, et al:
Transplantation of cultured bone cells using combinations of scaffolds
and culture techniques. Biomaterials 2003, 24:2277–2286.
Wang Y, Uemura T, Dong J, Kojima H, Tanaka J, Tateishi T: Application of
perfusion culture system improves in vitro and in vivo osteogenesis of
bone marrow-derived osteoblastic cells in porous ceramic materials.
Tissue Eng 2003, 9:1205–1214.

Minuth and Denk Clinical and Translational Medicine 2012, 1:22
http://www.clintransmed.com/content/1/1/22

26. Leukers B, Gülkan H, Irsen SH, Milz S, Tille C, Seitz H, et al: Biocompatibility
of ceramic scaffolds for bone replacemant made by 3D printing.
Materialwiss Werkst 2005, 36:781–787.
27. Gueven N, Glatthaar B, Manke HG, Haemmerle H: Co-cultivation of rat
pneumocytes and bovine endothelial cells on a liquid-air interface. Eur
Respir J 1996, 9:968–975.
28. Glaum R, Wiedmann-Al-Ahmad M, Huebner U, Schmelzeisen R: Tissue
engineering of composite grafts: cocultivation of human oral
keratinocytes and human osteoblast-like cells on laminin-coated
polycarbonate membranes and equine collagen membranes under
different culture conditions. J Biomed Mater Res 2009, 93:704–715.
29. Minuth WW, Majer V, Kloth S, Dermietzel R: Growth of MDCK cells on nontransparent supports. In Vitro Cell Dev Biol Anim 1994, 30:12–14.
30. Minuth WW, Denk L, Heber S: Growth of embryonic renal parenchyme at
the interphase of a polyester artificial interstitium. Biomaterials 2005,
26:6588–6598.
31. Roessger A, Denk L, Minuth WW: Potential of stem/progenitor cell
cultures within polyester fleeces to regenerate renal tubules. Biomaterials
2009, 30:723–3732.
32. Minuth WW, Dermietzel R, Kloth S, Henerkes B: A new method culturing
renal cells under permanent perfusionand producing a luminal-basal
medium gradient. Kidney Int 1992, 41:215–219.
33. Minuth WW, Aigner J, Kloth S, Steiner P, Tauc M, Jennings ML: Culture of
embryonic renal collecting duct epithelia kept in a gradient container.
Ped Nephrology 1997, 11:140–147.
34. Strehl R, Schumacher K, Minuth WW: Controlled respiratory gas delivery to
embryonic renal epithelial explants in perfusion culture. Tissue Eng 2004,
10:1196–1203.
35. Minuth WW, Denk L, Roessger A: Gradient perfusion culture-simulating a
tissue-specific environment for epithelia in biomedicine. J Epithel Biology
& Pharmacology 2009, 2:1–13.
36. Minuth WW, Strehl R, Schumacher K: Tissue factory: conceptual design of
a modular system for the in vitro generation of functional tissues. Tissue
Eng 2004, 10:285–294.
37. Minuth WW, Rudolph U: A compatible support system for cell culture in
biomedical research. Cytotechnology 1990, 4:181–189.
38. Minuth WW, Stöckl G, Kloth S, Demietzel R: Construction of an apparatus
for cell and tissue cultures which enables in vitro experiments under
organo-typical conditions. Eur J Cell Biol 1992, 57:132–137.
39. Herter P, Laube G, Gronczewski J, Minuth WW: Silver-enhanced colloidalgold labelling of rabbit kidney collecting-duct cell surfaces imaged by
scanning electron microscopy. J Microsc 1993, 171:107–115.
40. Minuth WW, Fietzek W, Kloth S, Aigner J, Herter P, Röckl W, et al:
Aldosterone modulates PNA binding cell isoforms within renal collecting
duct epithelium. Kidney Int 1993, 44:537–544.
41. Aigner J, Kloth S, Kubitza M, Kashgarian M, Dermietzel R, Minuth WW:
Maturation of renal collecting duct cells in vivo and under perifusion
culture. Epithelial Cell Biol 1994, 3:70–78.
42. Aigner J, Kloth S, Jennings ML, Minuth WW: Transitional differentiation
patterns of principal and intercalated cells during renal collecting duct
development. Epithelial Cell Biol 1995, 4:121–130.
43. Kloth S, Schmidbauer A, Kubitza M, Weich HA, Minuth WW:
Developing renal microvasculature can be maintained under
perfusion culture conditions. Eur J Cell Biol 1994, 63:84–95.
44. Kloth S, Ebenbeck C, Kubitza M, Schmidbauer A, Röckl W, Minuth WW:
Stimulation of renal microvascular development under organotypic
culture conditions. FASEB J 1995, 9:963–967.
45. Kloth S, Gerdes J, Wanke C, Minuth WW: Basic fibroblast growth factor is a
morphogenic modulator in kidney vessel development. Kidney Int 1998,
53:970–978.
46. Kloth S, Suter-Crazzolara C: Modulation of renal blood vessel formation by
glial cell line-derived neurotrophic factor. Microvasc Res 2000, 1:190–194.
47. Frerich B, Zückmantel K, Hemprich A: Microvascular engineering in
perfusion culture: immunohistochemistry and CLMS findings.
Head Face Med 2006, 2:26.
48. Frerich B, Zückmantel K, Winter K, Müller-Dürwald S, Hemprich A:
Maturation of capillary-like structures in a tube-like construct in
perfusion and rotation culture. Int J Oral Maxillofac Surg 2008,
37:459–466.
49. Bakowsky U, Ehrhardt C, Loehbach C, Li P, Kneuer C, Jahn D, et al: Adhesion
molecule-modified cardivasculare prothesis: Characterization of cellular

Page 11 of 14

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.

62.
63.
64.
65.

66.

67.

68.

69.

70.
71.

adhesion in a cell culture model and by cellular force spectroscopy. In
Current Research and Applications. Weinheim: Wiley-VCH; 2005:157–173.
Hayashi M, Matsuzaki Y, Shimonaka M: Impact of plasminogen on an
in vitro wound healing model based on a perfusion cell culture system.
Mol Cell Biochem 2009, 322:1–13.
Lehmann P, Kloth S, Aigner J, Dammer R, Minuth WW: Lebende
Langzeitkonservierung von humaner Gingiva in der Perfusionskultur.
Mund Kiefer Gesichtschir 1997, 1:26–30.
Lauer G: Optimizing the mucosa graft: Developing gingival keratinocytefibroblast contact. In Fundamentals of tissue engineering and regenerative
medicine 2009, Kap 27.6. Edited by Meyer U, et al. Heidelberg: Springer
Verlag:375–380.
Zheng W, Jimenez-Linan M, Rubin BS, Halvorson LM: Anterior pituitary
gene expression with reproductive aging in the female rat. Biol Reprod
2007, 76:1091–1102.
Reischl J, Prelle K, Schöl H, Neumüller C, Einspanier R, Sinowatz F, et al:
Factors affecting proliferation and dedifferentiation of primary bovine
oviduct epithelial cells in vitro. Cell Tissue Res 1999, 296:371–383.
Tiemann U, Bücher K, Pfarrer C, Pöhland R, Becker F, Kanitz W, et al:
Influence of ovarian steroid hormones or platelet-activating factor on
mRNA of platelet-activating factor receptor in endometrial explant
perfusion cultures from ovariectomized bovine. Prostaglandins Other Lipid
Mediat 2005, 76:35–47.
Fiegel HC, Havers J, Kneser U, Smith MK, Moeller T, Kluth D, et al: Influence
of flow conditions and matrix coatings on growth and differentiation of
three-dimensionally cultured rat hepatocytes. Tissue Eng 2004,
10:165–174.
Schumacher K, Khong Y, Chang S, Ni J, Sun W, Yu H: Perfusion culture
improves the maintenance of cultured liver tissue slices. Tissue Eng 2007,
13:197–205.
Du Y, Han R, Wen F, Ng San San S, Xia L, Wohland T, et al: Synthetic
sandwich culture of 3D hepatocyte monolayer. Biomaterials 2008,
29:290–301.
Xia L, Ng S, Han R, Tuo X, Xiao G, Leo HL, et al: Laminar-flow immediateoverlay hepatocyte sandwich perfusion system for drug hepatotoxicity
testing. Biomaterials 2009, 30:5927–5936.
Sternberg K, Selent C, Hakanßon N, Töllner J, Langer T, Seiter H, et al:
Bioartifizielle Materialien in der Urologie. Urologe 2004, 10:1200–1207.
Dimova S, Vlaeminck V, Brewster ME, Noppe M, Jorissen M, Augustijns P:
Stable ciliary activity in human nasal epithelial cells grown in a perfusion
system. Int J Pharm 2005, 292:157–168.
Bianco P, Robey PG: Stem cells in tissue engineering. Nature 2001,
414:118–121.
Bhadriraju K, Hansen LK: Hepatocyte adhesion, growth and differentiated
function on RGD-containing proteins. Biomaterials 2000, 21:267–272.
Pilot F, Lecuit T: Compartimentalized morphogenesis in epithelia: from
cell to tissue shape. Dev Dyn 2005, 232:685–694.
Minuth WW, Aigner J, Kubat B, Kloth S: Improved differentiation of renal
tubular epithelium in vitro Potential for tissue engineering. Exptl Nephrol
1997, 5:10–17.
Klug MG, Soonpaa MH, Koh GY, Field LJ: Genetically selected
cardiomyocytes from differentiating embronic stem cells form stable
intracardiac grafts. J Clin Invest 1996, 98:216–224.
Kloth S, Eckert E, Klein SJ, Monzer J, Wanke C, Minuth WW: Gastric
epithelium under organotypic perfusion culture. In Vitro Cell Dev Biol Anim
1998, 7:515–517.
Dankers PY, Boomker JM, Huizinga-van der Vlag A, Wisse E, Smeths
FM, Harmsen MC, Bosman AW, Meijer W, van Lyn MJ:
Bioengineering of living renal membranes consisting of
hierarchical, bioactive supramolecular meshes and human tubular
cells. Biomaterials 2011, 32:723–733.
Dankers PY, Boomker JM, Huizinga-van der Vlag A, Smedts FM, Harmsen
MC, van Lyn MJ: The use of fibrous, supramolecular membranes and
human tubular cells for renal epithelial tissue engineering towards a
suitable membrane for a bioartificial kidney. Macromol Biosci 2010,
10:1345–1354.
Minuth WW: Methode zur Kultivierung von Zellen. Patent 1990, DE-PS
3923279.
Minuth WW, Steiner P, Strehl R, Kloth S: Electrolyte environment
modulated differentiation in embryonic renal collecting duct epithelium.
Exp Nephrol 1997, 5:414–422.

Minuth and Denk Clinical and Translational Medicine 2012, 1:22
http://www.clintransmed.com/content/1/1/22

72. Minuth WW, Steiner P, Strehl R, Schumacher K, de Vries U, Kloth S:
Modulation of cell differentiation in perfusion culture. Exptl Nephrology
1999, 7:394–406.
73. Minuth WW, Strehl R, Schumacher K, de Vries U: Long term culture of
epithelia in a continuous fluid gradient for biomaterial testing and tissue
engineering. J Biomat Sci Polymer Edn 2001, 12:353–365.
74. Minuth WW, Schumacher K, Strehl R: Renal epithelia in long term gradient
culture for biomaterial testing and tissue engineering. Biomed Mater Eng
2005, 15:51–63.
75. Steiner P, Strehl R, Kloth S, Tauc M, Minuth WW: In vitro development and
preservation of specific features of collecting duct epithelial cells from
embryonic rabbit kidney are regulated by the electrolyte environment.
Differentiation 1997, 62:193–202.
76. Schumacher K, Strehl R, Vries U, Minuth WW: Advanced technique for long
term culture of epithelia in a continuous luminal - basal medium
gradient. Biomaterials 2002, 23:805–815.
77. Bruggeman LA, Doan RP, Loftis J, Darr A, Calabro A: A cell culture system
for the structure and hydrogelproperties of basement membranes:
applications to capillary walls. Cell Mol Bioeng 2012, 5:194–204.
78. Schumacher K, Strehl R, Kloth S, Tauc M, Minuth WW: The influence of
culture media on embryonic renal collecting duct cell differentiation. In
Vitro Cell Dev Biol Anim 1999, 8:465–471.
79. Schumacher K, Castrop H, Strehl R, de Vries U, Minuth WW:
Cyclooxygenases in the collecting duct of neonatal rabbit kidney.
Cell Physiol Biochem 2002, 12:63–74.
80. Framme C, Kobuch K, Eckert E, Monzer J, Roider J: RPE in perfusion tissue
culture and its response to laser application. Ophthalmologica 2002,
216:320–328.
81. Spiegel D, Schefthaler M, Kobuch K: Outflow facilities through Descemet’s
membrane in rabbits. Graef’s Arch Clin Exp Ophatalmol 2002, 240:111–113.
82. Saikia P, Maisch T, Kobuch K, Jackson TL, Bäumler W, Szeimies RM, et al:
Safety testing of indocyanine green in an ex vivo porcine retina model.
Invest Ophthalmol Vis Sci 2006, 47:4998–5003.
83. Jian GE, Jingbo L: The stem cell and tissue engineering research in
chinese ophalmology. Front Med China 2007, 1:6–10.
84. Hamilton RD, Foss AJ, Leach L: Establishment of a human in vitro model
of the outer blood-retinal barrier. J Anat 2007, 211:707–716.
85. Hammer M, Richter S, Kobuch K, Mata N, Schweitzer D: Intrinsic
tissue fluorescence in an organotypic perfusion culture of the
porcine ocular fundus exposed to blue light and free radicals.
Graefes Arch Clin Exp Ophtalmol 2008, 246:979–988.
86. Kobuch K, Hermann WA, Framme C, Sachs HG, Gabel VP: Maintenance of
adult porcine retina and retinal pigment epithelium in perfusion culture:
characterization of an organotypic in vitro model. Exp Eye Res 2008,
86:661–668.
87. Klettner A, Roider J: Constitutive and oxidative-stress-induced expression
of VEGF in the RPE are differently regulated by different mitogenactivated protein kinases. Graefes Arch Clin Exp Ophthalmol 2009,
247:1487–1492.
88. Klettner A, Kruse M, Meyer T, Welch D, Kabelitz D, Roider J: Different
properties of VEGF-antagonists: bevacizumab but not Ranibizumab
accumulates in RPE cells. Graefes Arch Clin Exp Ophthalmol 2009,
247:1601–8.
89. Miura Y, Klettner A, Noelle B, Hasselbach H, Roider J: Change of
morphological and functional characteristics of retinal pigment
epithelium cells during cultivation of retinal pigment epitheliumchoroid perfusion tissue culture. Ophthalmic Res 2010, 43:122–133.
90. Klettner AK, Doths J, Roider J: Nicotine reduces VEGF-secretion and
phagocytotic activity in porcine RPE. Graefes Arch Clin Exp Ophthalmol
2011, 250:33–8.
91. Treumer F, Klettner A, Baltz J, Hassain AA, Brinkmann AA, Roider J,
Hillenkamp J: Vectorial relase of matrix metalloproteineases
(MMPs) from porcine RPE-choroid explants following selective
retina therapy (SRT): Towards slowing the macular aging process.
Exp Eye Res 2012, 97:63–72.
92. Steuer H, Jaworski A, Stoll D, Schlosshauer B: In vitro model of the outer
blood-retina barrier. Brain Res Protocols 2004, 13:26–36.
93. Steuer H, Jaworski A, Eleger B, Kaussmann M, Keldenich J, Schneider H, et al:
Functional characterization and comparison of the outer blood-retina
barrier and the blood–brain barrier. Invest Ophthalmol Vis Sci 2005,
46:1047–1053.

Page 12 of 14

94. Hamilton RD, Leach L: Isolation and properties of an in vitro human outer
blood-retinal barrier model. Methods Mol Biol 2011, 686:401–416.
95. Tippe A, Heinzmann U, Roth C: Deposition of fine and ultrafine aerosol
particles during exposure at the air/cell interface. Aerosol Sci 2002,
33:2007–2218.
96. Bitterle E, Karg E, Schroeppel A, Kreyling WG, Tippe A, Ferron GA, et al:
Dose-controlled exposure of A549 epithelial cells at the air-liquid
interphase to airborne ultrafine carbonaceous particles. Chemosphere
2006, 65:1784–1790.
97. Maier KL, Alessandrini F, Beck-Speier I, Hofer TPJ, Diabaté S, Bitterle E, et al:
Health effects of ambient particulate matter–biological mechanisms and
inflammatory responses to in vitro and in vivo particle exposures. Inhal
Toxicol 2008, 20:319–337.
98. Prem C, Pelster B: Swimbladder gas gland cells of the European eel
cultured in superfusion system. Methods Cell Sci 2000, 22:125–132.
99. Kloth S, Kobuch K, Domokos J, Wanke C, Minuth WW: Interactive tissue
culture systems: innovative tools for toxicity testing. BIOforum Int 1999,
3:70–72.
100. Kloth S, Kobuch K, Domokos J, Wanke C, Monzer J: Polar application of test
substances in an organotypic environment and under continuous flow: a
new tissue-based test concept for a broad range of applications in
pharmacotoxicity. Toxicology in vitro 2000, 14:265–274.
101. Masungi C, Borremans C, Willems B, Mensch J, van Dijck A, Augustijns P, et
al: Usefulness of a novel Caco-2 cell perfusion system. I. In vitro
prediction of the absorption potential of passively diffused compounds.
J Pharm Sci 2004, 93:2507–2521.
102. Masungi C, Mensch J, Willems B, van Dijck A, Borremans C, Noppe M, et al:
Usefulness of a novel Caco-2 cell perfusion system II. Characterization of
monolayer properties and peptidase activity. Die Pharmazie 2009,
64:36–42.
103. Kremer M, Lang E, Berger A: Organotypical engineering of differentiated
composite-skin equivalents of human keratinocytes in a collagen-GAG
matrix (INTEGRA Artificial Skin) in a perfusion culture system.
Langenbecks Arch Surg 2001, 386:357–363.
104. Hagedorn GM, Blank A, Weiland B, Spassov A, Lauer G: Perfusion culture
promotes differentiation of oral keratonocytes in vitro. J Physiol
Pharmacol 2009, 60:25–9.
105. Glaum R, Wiemann-Al-Ahmad M, Huebner U, Schmelzeisen R: Cocultivation
of human keratinocytes and human osteoblast-like cells on laminincoated polycarbonate membranes under different culture conditions.
J Biomed Mater Res A 2009, 93:704–714.
106. Minuth WW, Schumacher K: From the renal stem cell niche to functional
tubule. Med Klin (Munich) 2003, 15:31–35.
107. Minuth WW, Sorokin L, Schumacher K: Generation of renal tubules at the
interface of an artificial interstitium. Cell Physiol Biochem 2004, 14:387–394.
108. Heber S, Denk L, Hu K, Minuth WW: Modulating the development of renal
tubules growing in serum-free culture medium at an artificial
interstitium. Tissue Eng 2007, 13:281–292.
109. Hu K, Denk L, de Vries U, Minuth WW: Chemically defined medium
environment for the development of renal stem cells into tubules.
Biotechnol J 2007, 2:992–995.
110. Minuth WW, Denk L, Hu K: The role of polyester interstitium and
aldosterone during structural development of renal tubules in
serum-free medium. Biomaterials 2007, 30:4418–4428.
111. Minuth WW, Denk L, Hu K, Castrop H, Gomez-Sanchez C: The
tubulogenic effect of aldosterone is attributed to intact binding
and intracellular response of the mineralocorticoid receptor.
CEJB 2007, 2:307–325.
112. Minuth WW, Denk L: Aldosterone-dependent generation of tubules
derived from renal stem/progenitor cells. Transplantationsmedizin 2008,
20:42–47.
113. Minuth WW, Blattmann A, Denk L, Castrop H: Mineralocorticoid receptor,
heat shock proteins and immunophilins participate in the transmission
of the tubulogenic signal of aldosterone. J Epithel Biol Pharmacol 2008,
11:24–34.
114. Blattmann A, Denk L, Strehl R, Castrop H, Minuth WW: The formation of
pores in the basal lamina of regenerated renal tubules. Biomaterials 2008,
29:2749–2756.
115. Minuth WW, Denk L, Meese C, Rachel R, Roessger A: Ultrastructural insights
in the interface between generated renal tubules and a polyester
interstitium. Langmuir 2009, 25:4621–4627.

Minuth and Denk Clinical and Translational Medicine 2012, 1:22
http://www.clintransmed.com/content/1/1/22

116. Glashauser A, Denk L, Minuth WW: Polyester fleeces used as an artificial
interstitium influence the spatial growth of regenerating tubules. J Tissue
Sci Eng 2011, 2:105.
117. Minuth WW, Denk L, Roessger A: Regenerating tubules for kidney repair.
In Stem Cell Engineering-Principals and Applications. Edited by Artmann,
Minger, Hescheler. Heidelberg: Springer Verlag; 2010:321–344.
118. Minuth WW, Denk L, Glashauser A: Towards a guided regeneration of
renal tubules at a polyester interstitium. Materials 2010, 3:2369–2392.
119. Miess C, Glashauser A, Denk L, de Vries U, Minuth WW: The interface
between generating renal tubules and a polyester fleece in comparison
to the interstitium of the developing kidney. Ann Biomed Eng 2010,
38:2197–2209.
120. Minuth WW, Denk L, Glashauser A: Cell and drug delivery therapeutics for
renal tissue regeneration. Adv Drug Deliv Rev 2010, 62:841–854.
121. Minuth WW, Denk L: Interstitial interfaces show marked differences in
regenerating tubules, matured tubules, and the renal stem/progenitor
cell niche. J Biomed Mater Res A 2012, 100:1115–25.
122. Minuth WW, Denk L, Glashauser A: Promoting and harmful effects of
steroid hormones on renal stem/progenitor cells development. J Tissue
Sience Engeering 2010, 1:101.
123. Schmalz G, Garhammer P, Schweiki H: A commercially available cell
culture device modified for dentin barrier test. J Endod 1996, 22:249–252.
124. Schmalz G, Schuster U, Nuetzel K, Schweikl H: An in vitro pulp chamber
with three-dimensional cell cultures. J Endod 1999, 25:24–29.
125. Schmalz G, Schuster U, Thonemann B, Barth M, Esterbauer S: Dentin barrier
test with transfected bovine-pulp derived cells. J Endod 2001, 27:96–102.
126. Schmalz G, Schuster U, Koch A, Schweikl H: Cytotoxicity of low pH dentinbonding agents in a dentin-barrier test in vitro. J Endod 2002, 28:188–192.
127. Camps J, About L, Thonneman B, Mitsiadis TA, Schmaltz G, Franquin JC:
Two- versus three-dimensional in vitro differentiation of human pulp
cells into odontoblastic cells. Connect Tissue Res 2002, 43:396–400.
128. Galler K, Hiller KA, Ettl T, Schmalz G: Selective influence of dentin thickness
upon toxicity of dentin contacting materials. J Endod 2005, 31:396–399.
129. Demerci M, Hiller KA, Bosi C, Galler K, Schmalz G, Schweikl H: The induction
of oxidative stress, cytotoxicity and genotoxicity by dental adhesives.
Dent Mater 2008, 24:362–371.
130. Vajrabhaya L, Korsuwannawong S, Bosl C, Schmalz G: The cytotoxicity of
self-etching primer bonding agents in vitro. Oral Surg Oral Med Oral
Pathol Oral Radiol Endod 2009, 3:e86–90.
131. Ulker HE, Sengun A: Cytotoxicity evaluation of self adhesive composite
resin cements by dentin barrier test on 3D pulp cells. Eur J Dent 2009,
3:120–126.
132. Sengun A, Yalcin M, Ulker HE, Oztürk B, Hakki SS: Cytotoxicity evaluation of
dentin bonding agents by dentin barrier test on 3-dimensional pulp
cells. Oral Surg Oral Pathol Oral Radiol Endond 2011, 112:e83–8.
133. Dreesmann L, Hajosch R, Ahlers M, Nuernberger JV, Schlosshauer B:
Permeability testing of biomaterial membranes. Biomed Mater 2008,
3:34119.
134. Bujia J, Sittinger M, Hammer C, Burmester G: Züchtung menschlichen
Knorpelgewebes mit Hilfe einer Perfusionskammer. Laryngo Rhino Otol
1994, 73:577–580.
135. Sittinger M, Bujia J, Rotter N, Reitzel D, Minuth WW, Burmester GR:
Tissue engineering and autologous transplant formation: practical
approaches with resorbable biomaterials and new cell culture
techniques. Biomaterials 1996, 17:237–242.
136. Sittinger M, Schultz O, Keyszer G, Minuth WW, Burmester GR: Artificial
tissues in perfusion culture. Int J Artif Organs 1997, 20:57–62.
137. Guarnizo AC, Rodriguez EV, Albaladejo JM, Carrasquer TC, Manzano JA,
Cacha JP, et al: Autoinjerto subcutaneo de cartilago neosintetizado
utilizando el polimero ETHISORB en conejos. Acta Otorrinolaringol Esp
2002, 53:631–636.
138. Schneider T, Kohl B, Sauter T, Becker T, Kratz K, Schossig M, Hiebl B,
Jung F, Lendlein A, Ertel W, Schulze-Tanzil G: Viability, adhesion
and differentiated phenotype of articular chondocytes on
degradable polymers and electro-spun structures thereof.
Macromol Symp 2011, 309/310:28–39.
139. Rotter N, Aigner J, Naumann A, Planck H, Hammer C, Burmester G,
et al: Cartilage reconstruction in head and neck surgery:
comparison of resorbable polymer scaffolds for tissue engineering
of human septal cartilage. J Biomed Mater Res 1998, 42:347–356.

Page 13 of 14

140. Kreklau B, Sittinger M, Mensing MB, Voigt C, Berger G, Burmester GR, et al:
Tissue engineering of biphasic joint cartilage transplants. Biomaterials
1999, 20:1743–1749.
141. Rotter N, Aigner J, Naumann A, Hammer C, Sittinger M: Behavior of tissueengineered human cartilage after transplantation into nude mice.
J Mater Sci Mater Med 1999, 10:689–693.
142. Duda GN, Haisch A, Endres M, Gebert C, Schroeder D, Hoffmann JE, et al:
Mechanical quality of tissue engineered cartilage: results after 6 and 12
weeks in vivo. J Biomed Mater Res 2000, 53:673–677.
143. Haisch A, Kläring S, Gröger A, Gebert C, Sittinger M: A tissue-engineering
model for the manufacture of auricular-shaped cartilage implants.
Eur Arch Otorhinolaryngol 2002, 259:316–321.
144. Duda GN, Kliche A, Kleemann R, Hoffmann JE, Sittinger M, Haisch A: Does
low-intensity pulsed ultrasound stimulate maturation of tissueengineered cartilage? J Biomed Mater Res B Appl Biomater 2004, 68:21–28.
145. Gille J, Meisner U, Ehlers EM, Müller A, Russlies M, Behrens P: Migration
pattern, morphology and viability of cells suspended in or sealed with
fibrin glue: a histomorphologic study. Tissue Cell 2005, 37:339–348.
146. Fuss M, Ehlers EM, Russlies M, Rohwedel J, Behrens P: Characteristics of
human chondrocytes, osteoblasts and fibroblasts seeded onto a type I/III
collagen sponge under different culture conditions. A light, scanning
and transmission electron microscopy study. Ann Anat 2000, 182:303–310.
147. Röpke E, Schön I, Vogel J, Jamali J, Bloching M, Berghaus A: Screening von
modifizierten Polyethylenoberflächen für das Tissue engineering von
Chondrozyten. Laryngo-Rhino-Otol 2007, 86:37–43.
148. Steinhagen J, Niggemeyer O, Fuerst M, Rüther W, Schünke M, Kurz B:
Perfusion culture system: Synovial fibroblasts modulte articular
chondrocyte matrix synthesis in vitro. Tissue Cell 2010, 42:151–157.
149. Schultz O, Keyszer G, Zacher J, Sittinger M, Burmester GR: Development of
in vitro model systems for destructive joint diseases: novel strategies for
establishing inflammatory pannus. Arthritis Rheum 1997, 40:1420–1428.
150. Risbud MV, Sittinger M: Tissue engineering: advances in in vitro cartilage
generation. Trends Biotechnol 2002, 20:351–356.
151. Bücheler M, Haisch A: Tissue engineering in otorhinolaryngology. DNA Cell
Biol 2003, 22:549–564.
152. Yeatts A, Fisher JP: Bone tissue engineering bioreactors: dynamic culture
and the influence of shear stress. Bone 2010, 48:171–81.
153. Bernhardt A, Lode A, Peters F, Gelinsky M: Optimization of culture
conditions for osteogenically-induced mesenchymal stem cells in βtricalcium phosphate ceramics with large interconnected channels.
J Tissue Regen Med 2010, 5:444–53.
154. Seitz S, Ern K, Lamper G, Docheva D, Drosse I, Milz S, et al: Influence of
in vitro cultivation on the integration of cell-matrix constructs after
subcutaneous implantation. Tissue Eng 2007, 13:1059–1067.
155. Rothamel D, Schwarz F, Sculean A, Herten M, Scherbaum W, Becker J:
Biocompatibility of various collagen membranes in cultures of human
PDL fibroblasts and human osteoblast-like cells. Clin Oral Implants Res
2004, 15:443–449.
156. Gelinsky M, König U, Sewing A, Pompe W: Poröse Scaffolds aus
mineralisiertem Kollagen - ein biomimetisches Knochenersatzmaterial.
Materialwiss Werkst 2004, 35:229–233.
157. Bernhardt A, Lode A, Boxberger S, Pompe W, Gelinsky M: Mineralised
collagen–an artificial, extracellular bone matrix-improves osteogenic
differentiation of bone marrow stromal cells. J Mater Sci Mater Med 2008,
19:269–275.
158. Leukers B, Gülkan H, Irsen SH, Milz S, Tille C, Schieker M, et al:
Hydroxyapatite scaffolds for bone tissue engineering made by 3D
printing. J Mater Sci Mater Med 2005, 16:1121–1124.
159. Detsch R, Uhl F, Deisinger U, Ziegler G: 3D-Cultivation of bone
marrow stromal cells on hydroxyapatite scaffolds fabricated by
dispense-plotting and negative mould technique. J Mater Sci Mater
Med 2008, 19:1491–1496.
160. da Silva HM, Mateescu M, Damia C, Champion E, Soares G, Anselme K:
Importance of dynamic culture for evaluating osteoblast activity on
dense silcon-subsituted hydroxyapatite. Colloids Surf B Biointerfaces 2010,
80:138–44.
161. da Silva HM, Mateescu M, Ponche A, Damia C, Champion E, Sorases G,
Anselme K: Surface transformation of silicon-doped hydroyapatite
immersed in culture medium under dynamic and static conditions.
Colloids Surf B Biointerfaces 2010, 75:349–55.

Minuth and Denk Clinical and Translational Medicine 2012, 1:22
http://www.clintransmed.com/content/1/1/22

162. Shearer H, Ellis MJ, Perera SP, Chaudhuri JB: Effects of common sterilization
methods on the structure and properties of poly(D, L lactic-co-glycolic
acid) scaffolds. Tissue Eng 2006, 12:2717–2727.
163. Quadbeck P, Hauser R, Kümmel K, Standke G, Stephani G, Nies B, Rößler S,
Wegener B: Iron based cellular metals for degradable synthetic bone
replacement. PM2010 World Congress. PM Biomaterials 2010, 1–8.
164. Yue S, Lee PD, Poologasundarampillai G: Evaluation of 3D bioactive glass
scoffolds dissolution in a perfusion flow system with X-ray
microtomography. Acta Biomater 2011, 7:2637–43.
165. Heinemann C, Heinemann S, Bernhardt A, Worch H, Hanke T: Novel textile
chitosan scaffolds promote spreading, proliferation, and differentiation
of osteoblasts. Biomacromolecules 2008, 9:2913–2920.
166. Heinemann C, Heinemann S, Lode A, Bernhardt A, Worch H, Hanke T: In
vitro evaluation of textile chitosan scaffolds for tissue engineering using
human bone marrow stromal cells. Biomacromolecules 2009,
10:1305–1310.
167. Heinemann C, Heinemann S, Bernhardt A, Lode A, Worch H, Hanke T: In
vitro osteoclastogenesis on textile chitosan scaffold. Eur Cell Mater 2010,
19:96–106.
168. Rath SN, Strobel LA, Arkudas A, Beier JP, Maier AK, Greil P, Horch R, Kneser
U: Osteoinduction and survival of osteoblasts and bone marrow stromal
cells in 3D biphasic calcium phosphate scaffolds under static and
dynamic culture conditions. J Cellular Molecular Medicine 2012, doi:10.1111/
j.1582-4934.2012.01545.x.
169. Farack J, Wolf-Brandstetter C, Glorius S, Nies B, Standke G, Quadbeck P,
Worch H, Scharnweber D: The effect of perfusion culture on proliferation
and differentiation of human mesenchymal cells on biocorrodible bone
replacement material. Materials Sci and Eng 2011, 176:1776–1722.
170. Volkmer E, Drosse I, Otto S, Stangelmayer A, Stengele M, Kallukalam BC, et
al: Hypoxia in static and dynamic 3D culture systems for tissue
engineering of bone. Tissue Eng Part A 2008, 14:1331–1340.
171. Ramsauer M, Kunz J, Krause D, Dermietzel R: Regulation of a blood–brain
barrier-specific enzyme expressed by cerebral pericytes (pericytic
aminopeptidase N/pAPN) under cell culture conditions. J Cereb Blood
Flow Metab 1998, 18:1270–1281.
172. Rüder C, Sauter C, Becker T, Kratz K, Hiebl B, Jung F, Lendlein A, Zohlnhofer
D: Viability, proliferation and adhesion of smooth muscle cells and
human umbilical vein endothelial cells on electrospun polymer scaffolds.
Microcirc 2012, 50:101–12.
173. Blöchl A, Sirrenberg C: Neurotrophins stimulate the release of dopamine
from rat mesencephalic neurons via Trk and p75Lntr receptors. J Biol
Chem 1996, 271:21100–21107.
174. Canossa M, Griesbeck O, Berninger B, Campana G, Kolbeck R, Thoenen H:
Neurotrophin release by neurotrophins: implications for activitydependent neuronal plasticity. Proc Natl Acad Sci USA 1997,
94:13279–13286.
175. Hoener MC: Role played by sodium in activity-dependent secretion of
neurotrophins - revisited. Eur J Neurosci 2000, 12:3096–3106.
176. Griesbeck O, Canossa M, Campana G, Gärtner A, Hoener MC, Nawa H, et al:
Are there differences between the secretion characteristics of NGF and
BDNF? Implications for the modulatory role of neurotrophins in activitydependent neuronal plasticity. Microsc Res Tech 1999, 45:262–275.
177. Constantinescu R, Constantinescu AT, Reichmann H, Janetzky B: Neuronal
differentiation and long-term culture of the human neuroblastoma line
SH-SY5Y. J Neural Transm Suppl 2007, 72:17–28.
178. Yamagishi K, Enomoto T, Ohmiya Y: Perfusion-culture-based secreted
bioluminescence reporter assay in living cells. Anal Biochem 2006,
345:15–21.
179. Kalamarz-Kubiak H, Gozdowska M, Nietrzeba M, Kulcykska E: A novel
approach to ATV and IT studies in fish brain and pituitary: in vitro
perfusion technique. J Neuroscience Methods 2011, 199:56–61.
doi:10.1186/2001-1326-1-22
Cite this article as: Minuth and Denk: Supportive development of
functional tissues for biomedical research using the MINUSHEETW
perfusion system. Clinical and Translational Medicine 2012 1:22.

Page 14 of 14

Submit your manuscript to a
journal and beneﬁt from:
7 Convenient online submission
7 Rigorous peer review
7 Immediate publication on acceptance
7 Open access: articles freely available online
7 High visibility within the ﬁeld
7 Retaining the copyright to your article

Submit your next manuscript at 7 springeropen.com

