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Abstract
One of the greatest impacts on in vitro  cell biology 
was the introduction of three-dimensional (3D) culture 
systems more than six decades ago and this era may 
be called the dawn of 3D-tissue culture. Although the 
advantages were obvious, this field of research was a 
“sleeping beauty” until the 1970s when multicellular 
spheroids were discovered as ideal tumor models. With 
this rebirth, organotypical culture systems became valu-
able tools and this trend continues to increase. While in 
the beginning, simple approaches, such as aggregation 
culture techniques, were favored due to their simplicity 

and convenience, now more sophisticated systems are 
used and are still being developed. One of the boosts in 
the development of new culture techniques arises from 
elaborate manufacturing and surface modification tech-
niques, especially micro and nano system technologies 
that have either improved dramatically or have evolved 
very recently. With the help of these tools, it will soon 
be possible to generate even more sophisticated and 
more organotypic-like culture systems. Since 3D per-
fused or superfused systems are much more complex 
to set up and maintain compared to use of petri dishes 
and culture flasks, the added value of 3D approaches 
still needs to be demonstrated. 
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INTRODUCTION
Since Petri published his methodology of  growing 
bacteria in flat glass dishes in 1887[1], scientists have used 
this culture format for growing, not only prokaryotes, 
but all kinds of  eukaryotic cells and tissues. Even if  this 
culture technique is simple and convenient in daily cell 
culture routines, it is undisputable that growing cells on 
flat substrates is insufficient to reflect complex systems 
like tissues or whole organs. With this consideration, 
the introduction and systematic characterization of  new 
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culture techniques, generating spherical aggregates of  
isolated embryonic cells by Holtfreter in 1944[2] and 
Moscona in 1952[3-5], revealed new insights in tissue 
morphogenesis and opened a new chapter in cell 
culture technique. During the following years, studies 
on cell aggregates were extended to the research field 
of  tumor biology and were advanced in the 1970s by 
Sutherland et al[6], who used “multicellular spheroids” 
as a tumor model for radiation experiments. Three-
dimensional (3D)-culture models more closely resemble 
the in vivo situation concerning cell shape and the 
microenvironment. Compared to traditional monolayer 
techniques, it was shown that three-dimensionality is 
able to restore and maintain the differentiated status of  
adult cells, such as hepatocytes[7-9], cardiac myocytes[10,11], 
chondrocytes[12,13], and endocrine pancreatic islet cells[14] 
in vitro. Moreover, this culture configuration was applied 
to the study of  the growth and differentiation of  
progenitor cells such as osteoblasts[15,16], hematopoietic 
progenitor cells[17], and embryonic and mesenchymal 
stem cells[18-23]. More importantly, a considerable amount 
of  stem or progenitor cell cultivation techniques require, 
at least temporarily, aggregation into embryoid bodies 
for proper differentiation[24].

STATE OF THE ART OF 3D-CULTURE 
SYSTEMS
Systematic analysis of  various cell types in conventional 
monolayer- and 3D-culture revealed that parameters like 
spatial and temporal gradients of  soluble factors (growth 
factors, cytokines and hormones), homologous and 
heterologous cell-cell contacts, cell-matrix interactions, 
which are undoubtedly coupled with the molecular and 
physical properties of  the matrix, mechanical forces like 
fluid flow, as well as surface topography and chemistry of  
the cell culture substrate are of  particular importance for 
cellular behavior in vitro[25-30]. Based on this knowledge, 
numerous 3D-culture systems have been developed to 
restore and maintain or induce cellular differentiation  
in vitro: (1) explant cultures of  tissue slices or perfused 
whole organs, which retain tissue architecture; (2) 
cultivation of  reaggregated cells (e.g. spheroids, embryoid 
bodies) or simple micro-mass cultures in which isolated 
cells are pelleted; (3) three-dimensional cultivation of  
isolated cells embedded in gels or immobilized on porous 
matrices in stationary culture; and (4) systems using 
micro-bioreactors for high density 3D-cultures with 
active nutrient and gas supply. In the remainder of  this 
manuscript, only the latter two systems, using isolated 
cells together with synthetic scaffolds in 3D culture 
configurations, will be discussed in detail.

3D-MATRICES
One frequently used culture technique is to entrap cells 
in natural or synthetic hydrogels consisting of  extracel-
lular matrix (ECM) components (e.g. collagen, laminin, 
Matrigel, hyaluronic acid), natural polymers like alginate 

and chitosan or synthetic polymers comprising poly-
ethylene glycol, synthetic self-assembling peptides or 
artificial DNA molecules[31,32]. Due to their mechanical 
and biochemical properties, hydrogels mimic the nature 
of  soft tissues and provide a 3D network for cell-matrix 
interactions. Furthermore, the vast number of  biocom-
patible natural and synthetic materials, which can be 
utilized in combination, turns hydrogels into many use-
ful 3D-substrates. However, as hydrogels lack a distinct 
porous structure corresponding to blood and lymphatic 
vessels, mass transport in gels depends on slow diffusion 
through the gel and consequently leads to the forma-
tion of  gradients of  oxygen, nutrients, metabolites, and 
soluble factors (e.g. growth factors, hormones) within 
the gel-matrix. Therefore, gel-based systems without any 
forced medium flow are limited to rather small setups, at 
least in one dimension, as exemplified by several thin gel 
sandwich constructs or very low densities of  cells with 
low metabolism-like cartilage[33]. The lack of  mechanical 
stability of  gel based tissue models often hampers the 
use of  preformed tissues for implantations, especially if  
a certain load bearing is needed with the beginning of  
the in vivo application. Therefore, approaches to culture 
cells in a 3D configuration in combination with porous 
3D-matrices based on sponge-like structures, usually 
prepared from biodegradable polymers, became attrac-
tive. Sponge-like structures exhibit larger pores than 
pure hydrogels and thus facilitate cell seeding and coloni-
zation of  the substrates. Important parameters for their 
application in cell culture are the number of  pores, pore 
size, as well as interconnectivity and distribution of  the 
pores[31]. If  the fenestrations are smaller than the cell size 
or the interconnectivity of  the pores within the scaffold 
is poor, cell migration into the 3D-matrix is limited and 
thus cell distribution is restricted to near-surface layers 
of  the substrate. Instead, perfused open porous foams 
from polylactic-co-glycolic acid that are collagenized and 
inoculated with immortalized bovine capillary endothe-
lial cells and a hepatoma cell line (C3A), show a spatial 
separation upon in vitro culture; endothelial cells invade 
the foam completely whereas the hepatoma cells form a 
dense layer on the inflow side of  the spongeous matrix 
(Figure 1). 

Depending on the cell type and pore size, a monolay-
er formation within the scaffold can be observed. Thus, 
optimal size and interconnectivity of  the pores may vary 
and must be determined for each cell type used. Al-
though a variety of  materials can be used to produce po-
rous sponge-like scaffolds, the most common are natural 
polymers often used for hydrogels (e.g. alginate, chitosan, 
collagen), synthetic polymers like polylactic acid, polygly-
colic acid and their copolymers or composite material[31]. 
Experiments in our laboratory with the hepatoma cell 
line HepG2 in alginate sponges revealed that, despite a 
larger pore size compared to hydrogels, mass transport 
between sponge and culture medium was limited in sta-
tionary culture conditions (unpublished data). 

Another approach to culture cells in a 3D configu-
ration came along with new technologies for scaffold 
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fabrication that comprises the immobilization of  cells in 
fibrous 3D-matrices. Fibrous scaffolds can be produced 
in an electrospinning process that allows the creation of  
micro- and nano-fibers from a polymer solution and the 
subsequent deposition of  a non-woven fibrous mesh 
on a collector[34,35]. This technique allows the fabrication 
of  two dimensional or 3D-matrices depending on the 
thickness of  the deposited fiber network on the collec-
tor. Fiber diameter can range from 3 nm to greater than 
5 µm[34] and therefore electrospun nanofibers reflect, in 
part, the fibrous structure of  natural extracellular matrix 
components. Commonly used materials for nanofi-
ber scaffolds are synthetic polymers like polylactic-co-
glycolic acid, poly-L-lactic acid-co-ε-caprolactone, poly- 
ε-caprolactone, polyamide and natural polymers like 
collagen, elastin, fibrinogen, alginate or hyaluronic acid 
or even combinations thereof[34]. One example of  3D tis-
sue culture scaffolds is based on electrospun biodegrad-
able aliphatic polycarbonates comprising photochemical 
post-treatments[36]. These scaffolds exhibit important ad-
vantages when compared with foams since the intercon-
nectivity of  voids available for tissue ingrowth is perfect. 
This is realized by a photopatterning of  the non-woven 
fabric selectively lowering the molecular weight of  the 
used polymer and, in turn, speeding up biodegradation. 
Within a couple of  days, voids are formed in the scaffold, 
opening ways for increased perfusion and tissue/ves-
sel ingrowth. In addition, ultrathin fibers produced by 
electrospinning offer an unsurpassed surface to volume 
ratio among applied tissue scaffolds. This has important 
consequences on the availability and presentation of  
polymer bound signaling molecules and on degradation 
rates of  biodegradable scaffolds. Finally, electrospinning 
offers new 3D scaffolds with double length scale features 
with combinations of  microfibers and electrospun nano-
fibers[37].

In contrast to the above mentioned techniques, we 
use a culture system developed at the Karlsruhe Institute 
of  Technology that is based on a microstructured poly-
mer chip that serves as a scaffold for the 3D cultivation 
of  cells[38-41]. Currently, the chip is manufactured in two 

different designs varying mainly in geometry and the 
manufacturing process. The so-called cf-KITChip has 
outer measures of  20 mm × 20 mm and a central grid-
like microstructured area of  10 mm × 10 mm to 14 mm 
× 14 mm with cubic microcavities in which cells can 
organize into multicellular aggregates (Figure 2B). The 
cavities of  the chips are open to the top and are 300 µm 
in each direction (w × l × d). However, the size and the 
shape of  the microcavities can be adjusted to experimen-
tal needs. The bottom of  the chip consists of  a track 
etched polycarbonate (PC) membrane (10 µm thickness) 
with a high pore density (2 × 106 pores per cm²) and a 
pore size of  3 µm. Thus, mass exchange by diffusion 
through the membrane is facilitated and cell migration 
onto the back of  the chip is prevented at the same time. 
The manufacturing process comprises a microreplication 
technique, such as microinjection molding or vacuum 
hot embossing of  polymethylmethacrylate (PMMA) or 
polycarbonate (PC), to produce the container array of  
the scaffold and a solvent-vapor-welding technique to 
bond the perforated membrane to the back of  the chip. 
The so-called r-KITChip represents another variant of  
the polymer chip. It differs in its current design from the 
cf-KITChip by the round geometry of  the microcavities 

A

B

Figure 2  Primary human hepatocytes and Hep G2 hepatoma cells 5 d and 
24 h after cell seeding into r- (A) and cf-KITChips (B) respectively (upper 
panels: top view, lower panels: cross section). The r-KITChip (20 mm ×  
20 mm in total) is comprised of up to 625 round microcontainers (diameter up to 
300 µm, depth up to 300 µm) or 1156 cubic microcontainers (300 µm × 300 µm 
× 300 µm in w × l × h) for the cf-KITChip of which 5 × 5 can be seen in 2A and 4 
× 4 can be seen in 2B. Live cell staining with Syto 16. Scale bar: 250 µm.
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Figure 1  Cross section of a resin embedded co-culture of a hepatoma 
cell line (C3A) and immortalized BCE in polylactic-co-glycolic acid foam. 
Medium inflow from the lower left side into the polymer foam (arrowhead). 
Staining of cytokeratin 18 (green, C3A cells), vimentin (red, BCE cells), Draq5 
nuclear stain (blue, both cell types). Scale bar: 250 µm.

2008-08-20  14:26:59



and the fabrication process called SMART (Substrate 
Modification and Replication by Thermoforming), 
which allows the production of  chips from thin poly-
mer films[42,43]. SMART consists of  a combination of  
microtechnical thermoforming or microthermoforming 
and various material modification techniques, and thus 
allows a site-specific functionalization of  3D cavities. 
By the combination of  microthermoforming and ion 
track technology, for instance, highly porous thin-walled 
microcavity arrays can be produced. Compared to hy-
drogels and nanofibrous or sponge-like scaffolds, the 
uniform geometry of  the microstructured polymer chip 
allows the formation of  cell aggregates with defined 
size in the microcavities (Figure 2). This is of  particular 
importance in terms of  a homogenous mass transport 
and diffusion gradients within the cell aggregates and 
the whole scaffold. Moreover, the influence of  aggregate 
size on cell differentiation could be recently demon-
strated for human embryonic stem cells[44]. Therefore, 
chips with defined geometries for cellular aggregation 
may be helpful tools in stem cell research. Another im-
portant advantage of  the chip is the defined surface area, 
which permits the application of  known cell densities in 
the chip cavities and defined surface modifications like 
coating with extracellular matrix components, leading to 
distinct culture conditions and reproducible experiments. 
In this context, simple coating of  the chip surface with 
extracted extracellular matrix proteins, such as collagen, 
represents a rather simple surface modification, whereas 
more sophisticated modification techniques have been 
developed in our laboratory, for example, the integration 
of  defined nanotopographies on the inner surface of  the 
curved microcavity walls[45].

MICRO-BIOREACTORS FOR 3D-CULTURE 
As a result of  cellular metabolic activity, 3D high density 
cell culture can lead to limited nutrient and oxygen 
supply as well as accumulation of  toxic metabolites in 
the tissue construct. Furthermore, it has been shown that 
fluid flow or shear stress can influence cell behavior like 
osteogenic differentiation of  human mesenchymal stem 
cells[46-49]. Micro-bioreactors specifically designed for 3D 
cell culture provide an opportunity to overcome these 
mass transfer limitations in high density cell cultures 
and offers the possibility of  studying the influence 
of  mechanical forces like fluid flow or hydrodynamic 
pressure on cell responses. For this purpose numerous 
bioreactor designs have been developed, which can be 
divided in stirred flasks like spinner-flask or rotating-
wall vessel (RWV) bioreactors, fluidized or fixed bed 
bioreactors, hollow-fiber bioreactors and systems using 
perfused scaffolds. All these systems to some extent use 
a combination of  common 3D cell culture techniques 
like gel-based techniques, spheroids, encapsulated or 
immobilized cells on various types of  3D-matrices. 
However, many bioreactor systems must cope with 
difficulties like large death volumes, heterogeneous cell 
distribution in the scaffold or bioreactor, large diffusion 

distances and non-uniform perfusion of  the scaffolds 
due to different flow resistances inside the matrices[50]. 
For instance, in hollow-fiber bioreactors cells may be 
embedded in gels to improve cell distribution and are 
cultured inside or outside of  semi-permeable hollow 
fibers, while culture medium flows on the reverse side, 
respectively. In these systems mass transport takes 
place by diffusion and it has to be considered that fiber 
diameter and length play an important role since radial 
and longitudinal gradients may be formed. 

Systems using encapsulated cells like fluidized or fixed 
bed bioreactors show similar mass transfer limitations 
due to slow diffusion across the capsules[50]. Bioreactors 
based on perfused scaffolds show a better nutrient supply 
compared to the above mentioned systems since cells 
immobilized on 3D-matrices are in direct contact with 
the culture medium. However, not all of  the systems, 
termed “perfusion systems”, use a setup where scaffolds 
are directly perfused with culture medium. More 
precisely, one should differentiate between perfused 
culture chambers where culture medium flows around 
the scaffold[51,52], and perfusion through the scaffold 
and the tissue inside[46,53,54]. For better differentiation 
between the two different setups, we have coined the 
term superfusion for the flow around the scaffold. The 
KITChip-culture system is comprised of  a chip and a 
bioreactor that allows the use of  both superfusion and 
perfusion and even a combination of  the two. Moreover, 
sensors for oxygen and other determinations can easily 
be integrated. 

CONCLUSION
Since the early days of  3D-culture a vast number of  
investigations have been performed to identify the 
factors relevant for cell survival, proliferation and/or 
differentiation in vitro. Based on progress in the research 
fields of  biology, material science and engineering, a 
multitude of  different culture techniques, sophisticated 
cell culture scaffolds and micro-bioreactors have been 
developed that are nearly as diverse as the tissues of  the 
body. 

Based on the advances in surface modification 
and micro- and nano-structuring techniques, new 
applications and, therefore most likely, new concepts 
for 3D-tissue cultures will arise. Today, scientists 
already provide a tool box for the design of  appropriate 
3D-culture configurations depending on the cell type 
and experimental setup, thus moving closer to in vivo 
conditions. This is of  particular importance with 
regard to control stem cell maintenance, expansion and 
differentiation, as well as the generation of  artificial tissue 
for applications in medicine or high-throughput screening 
systems in the pharmaceutical and chemical industry. 

However, if  3D cell culture techniques better reflect 
the natural microenvironment of  tissues and current 
advanced technologies allow the design and fabrication 
of  numerous 3D-culture systems, why then is the Petri 
dish, or rather the monolayer culture, still the standard 
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technique in most cell culture labs? The reasons are 
simple and convincing: monolayer culture devices are 
easy to manufacture and thus they are inexpensive to 
produce, which in turn allows mass production. Many 
companies have a large portfolio of  related products 
and, last but not least, they are easy to handle. Especially 
the latter and the fact that many 3D-culture systems 
are of  academic nature and not commercially available 
are the major obstacles that prevent faster distribution 
of  organotypic culture systems and their becoming 
new standards. For instance, commercially available 
3D-culture systems comprise mainly sponges (e.g. 
collagen or calcium-phosphate sponges), hydrogels 
made of  natural polymers like alginate or extracellular 
matrix components or more rare synthetic peptide 
hydrogels and cell culture flasks coated with nanofibers 
representing a synthetic substrate for cells in monolayer 
culture. All these systems are designed for stationary 
culture in multiwell cell culture plates, while available 
fluidic 3D-culture systems using bioreactors are based on 
encapsulated cells or cells immobilized on microcarriers 
in rotating bed/wall vessel bioreactors displaying in part 
the already discussed limitations. Furthermore, many 
standardized techniques for cell analysis used so far in 
conventional monolayer culture, like cell lysis for mRNA 
or protein extraction, immunostaining or quantification 
of  secreted proteins into the culture medium, are often 
difficult to transfer to 3D-culture systems, especially in 
gel-based systems as gels often hinder the accessibility of  
the cells. However, as more and more academic systems 
become commercially available, the increasing number 
of  standard protocols adapted to 3D-cultures will help 
to improve their acceptance and diffusion.
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