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Abstract: In this second part of our systematic review on the research area of 3D cell culture in
micro-bioreactors we give a detailed description of the published work with regard to the existing
micro-bioreactor types and their applications, and highlight important results gathered with the
respective systems. As an interesting detail, we found that micro-bioreactors have already been
used in SARS-CoV research prior to the SARS-CoV2 pandemic. As our literature research revealed a
variety of 3D cell culture configurations in the examined bioreactor systems, we defined in review
part one “complexity levels” by means of the corresponding 3D cell culture techniques applied in
the systems. The definition of the complexity is thereby based on the knowledge that the spatial
distribution of cell-extracellular matrix interactions and the spatial distribution of homologous and
heterologous cell–cell contacts play an important role in modulating cell functions. Because at least
one of these parameters can be assigned to the 3D cell culture techniques discussed in the present
review, we structured the studies according to the complexity levels applied in the MBR systems.

Keywords: micro-bioreactor; 3D cell culture; (hydro)gels; multicellular aggregates; co-culture; scaf-
fold; flow; simulations

1. Introduction

In part I of the review, we systematically analyzed the work published between 2000
and 2020 in the field of 3D cell culture in micro-bioreactors (MBRs), which were developed
for growing mammalian cells and/or tissues in vitro on a smaller scale when compared to
large-scale bioreactors for biotechnological applications and industrial production. Starting
from such small-scale bioreactor approaches, MBRs have become important tools in 3D
cell culture which prevail today as a specialized bioreactor group in the field of biomedical
research. The main aspects in the first part of the review were the MBR design, the
corresponding 3D cell culture techniques and the related cellular microenvironment, the
mode of cell stimulation and/or nutrient supply, the materials used for MBRs and scaffold
fabrication, the applications of the systems and the used cell type or in vitro-model. For
this, we used the following key search terms in the PubMed® database of the National
Library of Medicine of the National Center for Biotechnology Information (NCBI):

1. “3D cell culture” AND “microbioreactor”
2. (bioreactor OR microbioreactor OR micro-bioreactor) AND (“three-dimensional cell

culture” OR “3D cell culture” OR “3-D cell culture”)
3. (microbioreactor OR micro-bioreactor) AND “tissue engineering”

According to our literature analysis in the first part, application areas of MBR systems
for 3D cell and/or tissue culture involve mainly the research fields of in-vitro models,
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tissue engineering and high-throughput-screening. In this context, our literature research
revealed that characteristic features of most MBR systems are (i) a low volume of culture
medium (less than 500 mL), (ii) an active fluid flow, being realized by a pump, a stirring
mechanism, piston movements or mechanical movement of the cell-based constructs in
culture medium, and (iii) in some systems the use of scaffolds (see also review part I in this
issue).

In this second part of the review, we give a detailed description of the results of our
literature research with regard to the existing MBR types and their applications, as well as
on common cell/tissue types cultured in such systems. As our literature research revealed
a variety of 3D cell culture configurations in the MBR systems, in part I of the review we
defined “complexity levels” by means of the corresponding 3D cell culture techniques used
in the MBRs. The complexity levels are depicted in Figure 1 and are defined as follows:

1. Complexity level 1: cells immobilized in (hydro)gels as mono-culture (one cell type)
or co-culture (at least two cell types);

2. Complexity level 2: multicellular aggregates consisting of one cell type in 3D scaffolds
or in scaffold-free cultures;

3. Complexity level 3: multicellular aggregates consisting of at least two cell types in 3D
scaffold-based or in scaffold-free cultures.
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Figure 1. For a better overview of the discussed micro-bioreactors (MBR) systems and the corre-
sponding complexity levels the depicted icons are given in the particular sections.

The definition and organization of the complexity levels are based on the knowledge
that the spatial distribution of cell–extracellular matrix (ECM) interactions and the spatial
distribution of homologous and heterologous cell–cell contacts modulate, among other
parameters, the cell behavior. Because at least one of these parameters can be assigned to
the 3D cell culture techniques discussed in the present review, we structured the studies
according to the complexity levels applied in the MBR systems for better clarity. As already
discussed in review part I, the approaches applied to generate such 3D cell constructs
in vitro can be further subdivided in scaffold-based and scaffold-free techniques (see also
review part I in this issue). For a detailed overview of the 3D cell culture configurations,
fluid flow modes and the main MBR types which are discussed in detail in the present
review, the reader is referred to review part I.

Because many custom abbreviations are used, we have included a table (Table 1) that
summarizes the used abbreviations of the paper.
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Table 1. Abbreviations appearing in the text.

µCT Micro Computed Tomography

5-FU 5-fluoruracil
ALP alkaline phosphatase
BBB blood-brain-barrier
BCT bioartificial cardiac tissue
CFD computational fluidic dynamics

cfDNA cell free DNA
CVB coxsackievirus B
ECM extracellular matrix
FEA finite element analysis

HARV high aspect ratio vessel
hASCs human adipose stem cells
hBMCs human bone marrow cells

HCV hepatitis C virus
hEB human embryoid bodies

hMSCs human mesenchymal stem cells
HNCs human nasal chondrocytes
HSPCs hematopoietic stem/progenitor cells

HTS high-throughput-screening
IDCCM integrated dynamic cell culture microchip

iPSC induced pluripotent stem cells
LB Lattice-Boltzmann

LSEC liver sinusoidal endothelial cells
MAP microfluidic analysis platform
MBR micro-bioreactor

MOAB magnetic optically assessible bioreactor
MPPS micro-pathophysiological systems
MRI magnetic resonance imaging

NASA national aeronautics and space administration
OoC organ-on-a-chip
PBM pipe based microbioreactor

PDMS polydimethylsiloxan
PEG polyethylen glycol

PEGDA poly(ethylene glycol) diacrylate
PET polyethylene terephtalate
PGA polyglycolic acid
PGS poly(glycerol sebacetate)
PIC perfusion incubator liver chip
PLA poly(lactic acid)

PLGA poly(lactic-co-glycolic acid)
PLLA poly(L-lactic acid)
PTFE polytetrafluorethene

PU polyurethane
RCCS rotary cell culture system
ROS reactive oxygen species
RWV rotating wall vessel
SEM scanning electron microscope

SEVA-C blend of starch with ethylene vinyl alcohol
SPCL blend of starch with poly(ε-caprolactone)
STLV slow turning lateral vessel

TE tissue engineering
TLA tissue-like assemblies
ZIKV Zika virus

2. Complexity Level 1: Isolated Cells in (Hydro)Gels

The immobilization of tissue-specific cells in (hydro)gels and their subsequent im-
plantation into damaged tissues or organs is one of the first attempts in tissue engineering
(TE) to regenerate damaged tissue and dates back to the early 1980s. The implanted cells
were supposed to fulfill the secretory, structural or barrier- and transport-function of the
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damaged tissue. Examples of target tissues and organs were liver, pancreas, cartilage, skin
and blood vessels. The gel-based cell scaffolds represented a closed system that protected
the implanted cells against the immune system of the host, allowed the mass transfer of
nutrients and metabolites by diffusion and enabled the long-term secretion of signaling
molecules from the implanted cells into the surrounding tissue [1]. The first bioreactor
systems used for the expansion and proper in vitro-morphogenesis of the engineered tis-
sues included in this context mainly spinner flasks and stirred tank systems, and tubular
perfusion systems specifically designed for vessel culture, respectively [1–5] (for the defi-
nition of perfusion culture see also review part I, in this issue). One important finding of
these early works was that mechanical forces appeared to be another key parameter that
modulates the cell behavior in addition to the 3D organization of the ECM and growth
factors, and by this determines the quality of the engineered cell/tissue constructs.

2.1. Early MBR Designs in Complexity Level 1

From 2000 onwards, several research groups developed bioreactor systems to sys-
tematically investigate the effect of mechanical forces on cell functions and/or tissue
morphogenesis to improve the mechanical and morphological properties of tissue en-
gineered in vitro-constructs [6–9] (Figure 2). The primary aim of bioreactor design was
then to mimic the geometry and/or the nature of the mechanical stimuli of the target
tissue, e.g., mechanical strains, stretch and pulsatile flow. Thus, as diverse as the dif-
ferent tissue types are, so were the approaches. In detail, bioreactors designed for the
application of ligament-like multidimensional mechanical strains, e.g., translational and
rotational strain [6] (Figure 2A), or repetitive muscle-like stretch and relaxation of the
gel-based constructs [7], enabled the fixation of pre-cultured cell/gel constructs and the
mechanical stimulation of the cells by controlled displacement of the anchor points. In
this way, Altman et al. [6] proved that mechanical stimuli were able to support the se-
lective differentiation of bone marrow cells towards ligament-like cells in the absence
of specific growth/differentiation factors. One year later, Powell et al. [7] revealed that
repetitive stretch/relaxation of human muscle cells immobilized in collagen/Matrigel®

increased the biomechanical and morphological properties of such bioartificial muscles.
With respect to tissue engineered vascular grafts, Hahn et al. [8] developed a pulsatile
flow bioreactor which allowed for physiological shear and pulsatile conditioning of such
vascular in vitro-constructs. The system included a closed circulation loop with pumps
generating a pulsatile flow, a custom graft chamber, a medium reservoir and a peristaltic
pump (Figure 2B). The vascular constructs consisted of mouse smooth muscle progenitor
cells encapsulated within polyethylene glycol (PEG)-based hydrogels which contained
adhesive ligands and collagenase degradable sequences. In order to prepare perfusable
vascular constructs with a lumen of about 3 mm, the cell/gel mixture was first pipetted in
cylindrical molds fitted with inner glass mandrels. The polymerized constructs were then
fixed at the ends of a custom glass chamber and pre-cultured under static conditions in
the bioreactor before mechanical fluid flow stimulation. The preparation of the gel-based
cell constructs under static conditions, prior to the integration into the bioreactors, was a
common approach in these works and pre-culture time varied between 24 h and 1 week. A
microfluidic MBR setup was also applied by Moretti et al. [10] to stimulate bovine chon-
drocytes with hydrodynamic shear stress and/or hydrostatic pressure in a non-woven
hyaluronan scaffold. The results of this study demonstrated that the combination of hy-
drostatic pressure and perfusion was superior to static and perfusion cultures in terms of
cellular metabolic activity. Wilkes et al. [9] in turn presented an approach exploring the
biological effect of a clinically established wound therapy using vacuum-assisted negative
pressure, or more generally, the impact of mechanical stimulation by ECM compression on
cell response. In contrast to the aforementioned studies, the bioreactor culture used here
was not intended to generate improved tissue engineered constructs by means of biome-
chanical stimulation of the cells but rather to establish an in vitro-model for fundamental
research on the effect of subatmospheric pressure application to tissue in general. The biore-
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actor system consisted of commercially available cell culture inserts with associated 6-well
plates as a cell culture platform, combined with several sealing rings and syringe needles to
create self-sealing ports for media injection (perfusion culture) and negative pressure appli-
cation. Tissue analogues were prepared by immobilizing adult human dermal fibroblasts in
fibrin clots and pre-culturing of the cells until they reached 50% to 70% confluence. For the
mechanical stimulation of the cells, the fibrin clots were covered by commercially available
negative pressure dressings which provided a flexible, pneumatic barrier over the wound
model. With this experimental approach the authors demonstrated that subatmospheric
pressure resulted in fibrin matrices with characteristic geometry similar to that observed in
clinical application, and induced morphological changes on a cellular level which were
characterized by thicker cell bodies and denser cytoskeleton compared to unstimulated
cells. The impact of mechanical cues on cell morphology and the cytoskeleton was later
confirmed by a growing number of other studies, and has gained in importance to date in
biomedical research.
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Figure 2. Examples of MBRs for mechanical stimulation established for (A) the application of
ligament-like multidimensional mechanical strains; the arrow indicates a collagen gel suspended
between two bone anchors as it is stimulated translationally and torsionally. Reprinted from [6]
with permission of John Wiley and Sons. (B) The application of physiological shear and pulsatile
conditioning of vascular in vitro-constructs in a pulsatile flow bioreactor; a schematic of the system
design, which includes (1) one or more pulsatile pumps, (2) custom graft chamber, (3) media reservoir,
(4) a peristaltic pump, (5) compliance chamber, (6) check valves; close up of the graft chamber and
representative pressure waveforms. Reprinted with permission from [8]. (C) Application of biaxial
stretch to fibroblast-seeded cruciform shaped gels. Reprinted from [11] with permission of Elsevier.
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Further critical issues in the TE field at that time were the nutrient and gas supply
of the encapsulated cells in the bioreactor systems to ensure the generation of vital and
larger tissue engineered in vitro-constructs, and to gain a better understanding of how
to control cell behavior with respect to stem cell differentiation and the maintenance of
the tissue-specific phenotype of mature cells [1,12,13]. In this context, another research
focus in MBR design was the improvement of mass transfer and the creation of a well-
defined, homogenous cell culture environment. With respect to mass transfer, technical
approaches included the cultivation of encapsulated cells as mono- or co-cultures in MBRs
with perfusion chambers in a closed medium circulation loop [14] (Figure 3) or in a rotating
cell culture microgravity bioreactor (high aspect ratio vessel (HARV) [15]. The latter was
already developed in 1983 by Briegleb [16] to enable an optimal nutrient supply under low
shear stress conditions and will be described in more detail in Section 3.
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Figure 3. MBR with perfusion chambers and closed circulation loop for improved nutrient supply. Silicon tubes connected
two spatial separated bioreactor compartments in one common system. The pump performs the medium perfusion between
compartments with possibility for variable flow and pulsation rate. The multiple inputs and outputs permit optimized
medium flow distribution. Reprinted from [14] with permission of Elsevier.

Aiming at the improvement of the concept of a defined 3D cell microenvironment in
terms of a homogenous mass transfer, Wu et al. [17] presented a microfluidic perfusion
MBR which applied the concept of miniaturization to 3D cell culture. The system consisted
of two polydimethylsiloxane (PDMS) layers, one containing flow channels and the other
the associated culture chamber (Figure 4A).
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Figure 4. Steps in the development of miniaturized and parallelized microfluidic MBRs; Microfluidic platform with 5 MBRs.
Reprinted with permission from [17] with permission from Springer Nature. (B) Schematic diagram showing the set-up of
the parallel perfused bioreactor system with 12 micro-bioreactors. Each microbioreactor is individually supplied with culture
medium through a multi-channel peristaltic pump. The effluents downstream can be collected individually. Reprinted
from [18] with permission of Elsevier. (C) The assembly of the perfusion-based micro 3D cell culture platform including
30 MBRs and cross-sectional view of the laminate structure. Reprinted with permission from [19] from Springer Nature.

The microfluidic platform included five MBRs with 7 mm diameter each; containing the
chondrocyte/agarose-based constructs. To assemble the system, the chondrocyte/agarose
suspension was immediately loaded into each culture chamber which was subsequently
closed by fitting the two PDMS slabs together (flow channel and culture chamber layers).
Distinctive for this approach when compared to the aforementioned systems were (1) the
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integration of the miniaturization and parallelization concept into the bioreactor design and
(2) the elimination of the preparation and pre-culture of the gel-based constructs outside
the system. This culture system was then further downscaled to 12 MBRs on one platform
organized in a parallel manner and with an individual medium supply of each bioreactor
by a peristaltic pump or a number of syringe pumps [18] (Figure 4B). Within the scope
of this work, Cui et al. [18] examined the applicability of the modified system for drug
evaluation and toxicity testing by analyzing the cell response of human bone marrow cells
(hBMCs) immobilized in collagen-I-/Matrigel® scaffolds. Only one year later, another
modification and further development of the system was presented by Wu et al. [19]. Here,
the platform was downscaled again to 30 MBRs which were now supplied by S-shape
pneumatic micropumps connected to a pneumatic tank and microchannels for medium
flow and cell/agarose loading. In contrast to the first prototype presented in 2006, cell
loading of the present system was now performed via microchannels in the fully assembled
culture platform (Figure 4C). A different strategy to fabricate gel-based microfluidic devices
was pursued by Ling et al. [20] who generated the microfluidic channels by molding the
cell laden agarose gels into patterned silicon wafers (Figure 5A), or by Chang et al. [21]
through a direct cell writing bioprinting process of alginate encapsulated cells into glass
etched channels of the MBR device (Figure 5B). In both cases, the cell-laden gels were
filled into a shaping structure of the microfluidic device and thus rendered the external cell
loading of the system, as described above in the works of Wu and colleagues, unnecessary.
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Figure 5. Microfluidic MBRs with microchannels fabricated by: (A) molding of cell laden agarose gels into patterned silicon
wafers; reprinted from Ling et al. [20] with permission of the Royal Society of Chemistry, permission conveyed through
Copyright Clearance Center, Inc. or (B) bioprinting of alginate encapsulated cells into glass etched channels; reprinted from
Chang et al. [21] with permission from Springer Nature.

To summarize, it can be stated that during the first decade of the 21st century one
initial focus in MBR design for gel-based cell culture applications was the generation of
optimized tissue engineered in vitro-constructs for clinical applications. However, based
on these works and the gathered knowledge on the impact of the microenvironment on cell
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functions, in vitro-models for fundamental research were increasingly getting into focus.
Important aspects of bioreactor design, besides biomechanical cues, were the generation
of a defined cellular 3D microenvironment, and the miniaturization and parallelization
of the 3D culture for high-throughput capability in analogy to the already established 2D
monolayer cultures in 96 well format.

2.2. Latest MBR Developments in Complexity Level 1

After 2010, research in this field was mainly characterized by the optimization of the
established systems with respect to improved nutrient supply, cell seeding techniques
and biomechanical stimulation. As already described above, bioreactor design for specific
mechanical stimulation of tissue constructs was first based on the tissue geometry and
on locally occurring forces. This concept was further developed in the following years
especially in the field of cartilage TE. In detail, Schätti et al. [22] presented a system capable
to combine cyclic compressive forces and shear forces to stimulate human mesenchymal
stem cells (hMSCs) in a fimbrin matrix integrated in porous polyurethane (PU) scaffolds.
The system followed the earlier design presented by Wimmer et al. [23] consisting of a
ceramic ball which was pressed onto the scaffold. Compressive strain and interface shear
motion were generated by compression of the scaffold and simultaneous oscillation of
the ball. This system was later used as an in vitro-test system for the evaluation of a
new hydrogel-based biomaterial for MSC-based cartilage repair [24]). In 2012, Gharravi
et al. [25] presented a bioreactor consisting of a cell culture chamber capable to house
different culture configurations, i.e., chondrocytes in alginate hydrogel beads, alginate
hydrogel sheets and alginate hydrogel molds, and a motorized piston which could be
moved vertically on the gel-based constructs. In this way, both studies demonstrated that
the generated biomechanical cues were able to increase the expression of chondrogenic
biomarkers in hMSCs and to maintain the mature phenotype of chondrocytes, respectively.
A different approach in the biomechanics context was taken by Correia et al. [26] who
designed two bioreactors suitable for the application of high (up to 10 MPa) and low (up to
0.5 MPa) hydrostatic pressure on human nasal chondrocytes (HNCs) or human adipose
stem cells (hASCs) encapsulated in gellan gum hydrogels. The low-pressure bioreactor
was designed relatively simple and consisted of a 30 mL-Luer-Lock polypropylene syringe,
where the rubber piston is used to exert pressure on the cell constructs in the syringe.
The high-pressure bioreactor consisted of a stainless-steel device culture chamber which
was integrated in a closed circulation loop for permanent culture medium exchange. The
compressive force was generated via a compressed air-driven piston. The concept of tissue
adopted bioreactor design is employed till today in the TE field as demonstrated in a recent
work by Lee et al. [11]. Here, cruciform-shaped collagen gels with fibroblasts were used as
a soft tissue model for biomechanical studies (Figure 2D). The gels were prepared and pre-
cultured for 24h under static conditions and subsequently integrated into a biaxial actuator
system. The mechanical stimulation occurred in analogy to the 2D Flexcell® tension system
by the defined biaxial stretch of the cruciform shaped gels.

Unlike aforementioned approaches using compression or stretch of the 3D cell con-
structs, Santoro et al. [27] cultured human articular chondrocytes seeded in mesh-like
scaffolds in a perfusion bioreactor system to generate human cartilage grafts with clinically
relevant cell density and size. Further approaches using (hydro)gel-based cell cultures
address tumor modelling in the field of preclinical in vitro cancer research. In this context,
Jaeger et al. [28] established synthetic vessels made from oxygen-permeable silicone hy-
drogel membranes containing arrays of micropillars. The membranes were surrounded
by basement membrane extract with ovarian cancer cells and inserted into a custom-
made bioreactor to examine the role of oxygen tension gradients on tumor growth in
gel-embedded cells. In another study, Sriram et al. [29] used a bioreactor compatible
with hyperpolarized 13C magnetic resonance to investigate the role of lactate efflux as a
biomarker of cancer aggressiveness. The bioreactor setup comprised a perfusion chamber
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which was suitable to culture immobilized cells in alginate microspheres or tissue slices
derived from patients.

With respect to high-throughput-screening (HTS), several works on the technical
improvement of the previously described MBR system established by the work groups
around Wu and Cui have been published after 2010. The main focus was here the further
increase of MBR units on one platform (Figure 6A), the optimization of the cell/hydrogel
loading mechanism, the integration of a “plug module” to facilitate the preparation of cell
encapsulated 3D hydrogel constructs (Figure 6B), the integration of a heater chip for stable
thermal conditions during cell culture, of a waste medium collector module which could
be combined with a plate reader for subsequent bioassays (Figure 6C) and the integration
of novel micropumps for the corresponding functions [30–32]. Applications of this MBR
system focused on cell-based assays in the context of new biomaterial evaluation [33] and
drug chemosensitivity assay [34].
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Figure 6. Advanced development of miniaturized MBRs for HTS applications. (A) MBR platform with 16 cell culture
sections comprising three MBRs; reprinted from [31] with permission from Springer Nature. (B) MBR platform with
integrated “plug module” to facilitate the production of cell laden hydrogel constructs; reprinted from [30] with permission
form Springer Nature. (C) MBR platform with integrated waste medium collector module compatible with a plate reader for
bioassays; reprinted from [32] with permission of the Royal Society of Chemistry, permission conveyed through Copyright
Clearance Center, Inc.
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Further approaches in this HTS context were presented by Moraes et al. [35] and
Pagano et al. [36]. Moraes and his colleagues focused on the biomechanical stimulation
of mouse MSCs in poly(ethylene glycol) hydrogels which were injected into a PDMS de-
vice consisting of 25 vertically actuated loading posts and related cavities housing the
cell laden gels (Figure 7A). Hence, for the first time this system specifically combined
mechanical compressive loading with an HTS concept, i.e., miniaturization and paralleliza-
tion (Figure 7A). Pagano et al. designed an MBR with one central channel containing
the cell laden hydrogel, and two identical channels, juxtaposed to the lateral edges of
the hydrogel for the medium flow (Figure 7B) [36]. The central and side channels were
divided by an array of S-shaped micropillars which allow the formation and maintenance
of a stable concentration gradient of molecules for chemotaxis experiments (Figure 7B).
In the context of TE, Goldman et al. [37] integrated microfluidic networks in chondro-
cyte/agarose gels by casting the agarose solution between an acrylic casing and a PDMS
mold (Figure 7C). For an active perfusion of the gel, the MBR device housing the constructs
were connected to medium flow loops equipped with a syringe pump with dual check
valves to generate unidirectional flow through the microchannels. The aim of this work
was to enhance proliferation and biosynthesis of ECM components by improved nutrient
transport through the gel, and by this to generate in vitro-constructs with a clinically rel-
evant thickness and robustness for articular cartilage TE. Another approach to generate
tissue engineered constructs for cell-based therapies was to entrap MSCs derived from the
periodontal ligament in alginate microbeads and to culture them in a Rotary Cell Culture
System (RCCS), also known as the rotating wall vessel system, which is described in the
following section. The 3D dynamic conditions provided by the bioreactor increased the
osteogenic potential of the MSCs and appeared, according to the authors, as an appropriate
method to generate 3D constructs applicable for treatment of oral bone defects [38]. In
contrast to the described microfluidic systems, Rödling et al. [39] presented magnetic
cell-laden hydrogels for contactless movement of the gel-based constructs by an external
magnetic field (Figure 7D). The underlying idea of this approach is to perfuse 3D scaffolds
in a contactless manner without the use of pumps or custom-made accessories, and by this,
to run dynamic cultures in conventional, relatively inexpensive ready-to-use disposable
cell culture tubes which may facilitate the maintenance of sterility and the parallelization
of the setup.

In conclusion, MBR design for gel-based 3D scaffolds in the TE field still remains
manifold and primarily addresses the application of mechanical forces on the target cells
to improve the function of tissue engineered constructs. In the HTS area in turn, much
work is invested to solve technical issues and to improve the already established systems
in terms of user friendliness and cost reduction. The MBR systems in the area of gel-based
cell cultures, classified in the current review as complexity level 1, due to the flexible use of
cell-laden gels, are applied in a wide range of applications including fundamental research,
TE and HTS.
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3. Complexity Level 2: Multicellular Aggregates of One Cell Type

Multicellular aggregates have been known since 1944 [40], when Holtfreter conducted
a study to reveal the mechanisms of gastrulation. In an elegant set of experiments, he could
show that the morphogenetic movements of gastrulation are caused by specific changes
in the shape and arrangement of the cells involved by using spheroids of endodermal
cells placed onto a thick layer of either endoderm, mesoderm or ectoderm. However, it
took nearly 30 years until Inch and Sutherland discovered that spheroids can be used as
models for nodular carcinomas [41,42]. Since then, numerous applications with homotypic
multicellular aggregates have been described which we will highlight according to the cell
culture/bioreactor technique applied. Complexity level 2 comprises 123 publications. Of
these, the by far largest group is the in vitro-models sub-category which represents 92 of
123 publications, whereas tissue engineering comprises 16 and HTS 15 of 123 publications,
respectively (see also review part I in this issue).

3.1. Applications Based on Rotary Wall Vessel Systems

A system that does not per se lead to 3D cultures is the rotating wall vessel (RWV)
bioreactor (Figure 8A) or its derivative, the high-aspect ratio vessel (HARV)
system (Figure 8B), which can be operated in many different ways. One way relies on
the culture of cells on top of microcarriers whereas others don’t use any scaffolds. In
setups in which the microcarrier density is low, in most of the cases no 3D cultures can be
achieved due to rare collision events between individual microcarriers. Once the micro-
carrier density is increased large agglomerates can be produced with 3D cultures between
adjacent spheres. Other researchers have used the RWV without any scaffolds and gener-
ated spheroids without carriers. The RWV culture technique, described first by Briegleb
in 1983 [16], was patented in 1991 by Schwarz and Wolf (National Aeronautics and Space
Administration (NASA)) [43,44], and unites several advantages. Due to a rotating cylinder
around a horizontal axis, which served as an oxygenator membrane holder, this type of
bioreactor can be driven in a low shear force, low gravity (microgravity) mode leading
to turbulence-free culture conditions. This can be achieved by the complete filling of the
cylindrical vessel with culture medium, leading to zero headspace, and, in later versions of
this bioreactor type, unnecessary stirring blades for an even mixing of buoyant particles
and gases. Because of the advantages of this culture method, the RWV has been used for
many different experimental approaches as will be described in the following paragraphs.Processes 2021, 9, x FOR PEER REVIEW 15 of 56 
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Aucamp et al. [46] used this type of bioreactor to study the role of cell-free DNA
(cfDNA) production in a “closed-circuit” in vitro-model. For this, spheroids of C3A cells,
generated in aggrewells, were transferred into an RWV bioreactor and characterized for
cfDNA release in control and acetaminophen-challenged cultures. This type of culture
technique has also been extensively used in infection studies for various viruses and
bacteria and their target tissues. Bramley et al. [47] modeled a blood–brain barrier (BBB) to
analyze infections of the central nervous systems with RNA-viruses such as the ZIKA virus.
Drummond et al. [48] used an RWV to establish an organotypic model of the gastrointestinal
epithelium by culturing Caco-2 cells on microcarriers. The cells were then infected with
coxsackievirus B (CVB) and it was shown that although the levels of intracellular virus
production were similar in 2D and 3D, the release of infectious CVB particles was enhanced
in 3D cultures at early stages of infection. The studies of Bramley et al. and Drummond
et al. also have in common that they could show by RNASeq that 2D and 3D cultures
largely differed in their gene expression profiles. In a study of Sainz et al. [49] another
member of the flavivirus family, the hepatitis C virus, was studied in this system. It was
shown that Huh7 cells cultured in this way acquired a more differentiated phenotype
with regard to polarization, expression of HCV receptors and tight junction markers, and
that they were highly permissive for HCV infection. Papafragkou et al. [50] reported
on the use of the system by two independent laboratories that tried to cultivate human
norovirus in human embryonic intestinal epithelial cells (Int-407) or human epithelial
adenocarcinoma cells (Caco-2) after a 28 day culture period and concomitant transfer
of the aggregates into a 24-well plate but were unable to show an increase in viral titer.
In the context of bacterial infection, several bacteria and target tissue models have been
established. Carterson et al. [51] used A549 lung epithelial cells in the system to analyze the
interaction of Pseudomonas aeruginosa with lung epithelium. The same model was used by
Crabbé et al. [52] to study antimicrobial efficacy of various antibiotics against Pseudomonas
aeruginosa biofilms. Within the topic of bacterial infection models, salmonellosis was
studied by a number of groups. Nickerson et al. [53] could already show that Int-407 cells
cultivated on microcarriers preserved more in vivo-characteristics and that this leads to a
protective behavior after Salmonella enterica serovar typhimurium pathogenesis with respect
to the Salmonella adhesion, invasion and apoptosis induction. Höner zu Bentrup et al. [54]
and Radtke et al. [55] modeled a large intestinal epithelium with HT-29 cells to investigate
interactions between the host tissue and Salmonella typhimurium and De Weirdt et al. [56]
added Lactobacillus reuteri to this model, however, their analysis was taking place in 24-well
plates. The effects of uropathogenic Escherichia. coli strain CP9 on human bladder cells was
investigated by Smith et al. [57] and Carvalho et al. [58] used this model to study the attach
and efface lesion formation of enteropathogenic and enterohaemorrhagic E. coli in HCT-8
organoids. A model of cryptosporidiosis was realized in HCT-8 organoids by culturing
them in an RWV by Warren et al. [59] and an endometrial epithelial cell model to study
host interactions with vaginal bacteria and Neisseria gonorrhoeae was studied by Laniewski
et al. [60]. David et al. [61] studied the host-pathogen interaction of Francisella tularensis
in human lung epithelial cells. The RWV was also used to study molecular mechanisms
underlying the enhanced functions of 3D hepatocyte aggregates [62] and as an approach to
tissue engineer the temporomandibular joint [63].

Other applications of the RWV technique comprise tissue engineering approaches
for functional cardiac muscle from rat heart cells [64] or from mouse embryonic stem
cells [65] as well as bone tissue engineering [66,67], chondrogenesis [68], connective tis-
sue [69], pancreas [70], and Schwann cells [71]. A human vaginal epithelial cell model [72],
a cytotrophoblast invasion model [73], and a human intestinal epithelial cells (INT-407)
for implantation model [74] and human colorectal cancer cell lines were used (LS180) for
compound screening [75]. More general studies such as that of Wrzesinski et al. showed
that metabolic reprogramming of 3D cultures is strongly influenced by hypoxia [76] and
Chang et al. studied the molecular mechanisms underlying the enhanced functions of 3D
hepatocyte aggregates [62]. Yamashita et al. [77] used the system for the billion-scale pro-
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duction of hepatocyte-like cells from iPSCs. A different 3D culture technique was realized
by Cortiella et al. [78], who seeded murine embryonic stem cells onto acellularized lung
tissue and compared the differentiation potency with that of cells in Gelfoam, Matrigel®

and collagen I-hydrogels. The seeded lung constructs were then placed into an RWV
bioreactor with a volume of 50 mL and were cultivated for 14 or 21 days. They could show
that cells seeded on decellularized lung tissue displayed a better retention and a higher
degree of differentiation into epithelial and endothelial lineages. Moreover, Lei et al. [79]
used human epidermal stem cells to generate 3D epidermis-like structures in microgravity
and Li and Tuan [80] used electrospun nanofibers as 3D-scaffolds in the system. Finally,
Quail et al. [81] used a rotating wall vessel to generate aggregates for a subsequent 3D
cellular invasion assay.

Taken together, the RWV technique has served many approaches such as infection
studies with viruses and bacteria, respectively, as well as tissue engineering, screening and
fundamental research.

3.2. Applications Based on Microcavity/Microwell Arrangements

An interesting 3D culture technique was developed by Giselbrecht et al. [82]. The
technique can be systematically positioned in between those that use scaffolds and those
that don’t. The basis of the approach is a polymer film, typically in the range of 50 µm
thickness that, by means of a microthermoforming process, is stretched into the desired
shape by applying heat and pressure. By this, so-called microcavities can be generated that
can vary in diameter and depth from only several µm to mm in which an aspect ratio of
1:1 usually is not exceeded. Upon seeding, the cells in the microcavities adhere to each
other as well as to the polymer, depending on the surface modification of the polymer film.
An important feature of the approach is the high porosity of the polymer films that allows
for the perfusion of medium through the pores. The microcavities are arranged in arrays
of different size and geometry and can be integrated as such in an MBR. This setup was
used to establish organotypic hepatocyte cultures with HepG2 and C3A as well as primary
rat hepatocytes (Figure 9) [83]. It could be shown that liver specific gene expression was
increased at least twofold. Moreover, in this paper the authors could show that the system
can also be used to cultivate beating cardiac myocytes derived from the murine embryonal
carcinoma cell line P19 (ECC P19) or the embryonic stem cell line R1. As the materials
used for the assembly of the system are polymer-based, the microcavity array MBR was
evaluated as a functional magnetic resonance imaging (MRI) phantom in MRI method
development [84]. After showing its principal suitability, in the following years the setup
was used for the detection of a 23Na triple quantum signal derived from HepG2 cells as
an indicator of cell viability in a 9.4 T animal scanner [85]. In another study, the system
was used as a platform for the detection of the cellular heat shock response by chemical
exchange saturation transfer MRI [86] and the tracking of protein function by sodium multi
quantum spectroscopy [87].

A quite similar approach to the above mentioned technique was reported by Powers
et al. [88], and Sivaraman et al. [89] who manufactured the microcavities from a silicon
scaffold with an underlying porous membrane. When rat primary hepatocytes were
cultured in the MBR either in a single-cell seeding approach or pre-aggregated for 2–3 days,
it could be shown that pre-aggregated cells performed better with regard to albumin and
urea synthesis [90]. This system was also used by Yates et al. [91] who studied early events
in liver metastatic progression.
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Weise et al. [92] have been able to successfully replicate the manufacturing of the
microcavity arrays originally developed and patented by Giselbrecht et al. [82,93] and
characterized with HepG2 and other cells, by Gottwald et al. in 2007 [83]. However,
although the group used the exact same microcavity preparation and cell culture protocol
that was used in a collaboration project from 2007 to 2009, the HepG2 cells showed a
poor 3D organization inside the microcavities and did not adhere to the side walls of the
collagen coated material for unknown reasons. Bingel et al. [94] then used the system
for the modeling of chemotherapy resistance of neuroblastoma and neuroblast-like cells
BE(2)-C and IMR-32, respectively.

In conclusion, within the complexity level 2, microcavity arrays have mainly been
used for hepatocyte cultures with parenchymal cells of different origin.



Processes 2021, 9, 21 17 of 53

3.3. Applications Based on Hollow Fiber Systems

Among the approaches of bringing cells into a 3D configuration and at the same
time avoiding deprivation of nutrients and gases, the hollow fiber system has shown
its suitability for cell culture in general as shown by Knazek et al. [95] for L-929 and
JEG-7 cells and later on for hepatocyte cultures [96]. Pless et al. [97], who used a system
developed by Gerlach and colleagues [98,99], could show that the decisive parameter for
liver cell function in such type of bioreactors is correlated to daily urea production—as all
the other parameters investigated corresponded in cell function to urea production. The
same system was used by Ring and colleagues [100] to demonstrate hepatic maturation
of human fetal hepatocytes. Zeilinger et al. [101] used a downscaled version of this
system for pharmacological liver in vitro-studies and Ulvestad et al. [102] used the system
originally developed by Gerlach et al. [103] for the evaluation of organic anion-transporting
polypeptide 1B1 and CYP3A4 activities in primary human hepatocytes and HepaRG
cells. Lübberstedt et al. [104] also used this system with a volume of only 0.5 mL and
that consisted of two capillary layers with 3 capillaries each, arranged at angle of 45◦

to each other (Figure 10). Two capillaries of each layer are used for a counter-current
medium flow and the remaining one for oxygenation. Primary human hepatocytes were
cultured serum-free or with 2.5% serum over a period of 10 days in the intercapillary space
and characterized for metabolic activities. The miniaturized bioreactor maintained stable
function over the investigated period [104]. A comparable system, although using only
two interwoven hollow fibers, was used by De Bartolo [105]. Again, urea and albumin
synthesis as parameters of liver function could be maintained over 18 days and in addition
diazepam biotransformation was demonstrated. Schmelzer et al. [106] used a staggered
hollow fiber design to cultivate human fetal liver cells in the intercapillary space. This 3D
configuration led to a liver-specific lineage-dependent cytochrome P450 (CYP3A4/3A7)
gene expression and the occurrence of a better hepatic differentiation determined by the
increase in the gene expression ratio of CYP3A4/3A7, lower α-fetoprotein and higher
albumin expression compared to petri dish controls. In an in vitro-study for the evaluation
of major in vivo drug metabolic pathways, primary human hepatocytes and HepaRG cells
were compared in suspension culture or hollow fiber bioreactor culture [107]. Again, the
bioreactor cultures, either using fresh primary human hepatocytes or HepaRG cells, best
represented in vivo-liver results. Moreover, the cultures could be maintained stable for
7 days, so the authors proposed to use the system also for slowly metabolized drugs. The
same cell was used by Hoekstra et al. [108] in a system in which the cells were cultivated
inside the hollow fibers and the extracapillary space was used to perfuse the medium
through the cartridge as described already by Flendrig et al. [109]. They found highly
polarized cells and a substantial metabolism of the test substrates (UDP1A1, CYP3A4 and
CYP2C9) after 14 days of culture. Tapia et al. [110] used a hollow fiber system for the
high-titer human influenza A virus production based on MDCK cells in suspension.

Because the larger system originally was intended as a bridge-to-transplant-system
for patients waiting for a donor liver, most of the work was done with hepatocytes. The
miniaturization made it a useful tool for metabolism studies.
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Figure 10. Micro-hollow fiber bioreactor for high-density liver cell culture. Media capillaries in red
and blue and oxygenation capillaries in yellow. The lower inserts show microscopic pictures (30-fold
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unit. Perfusion parameters are automatically monitored and can be regulated via an integrated touch
screen Reprinted from [104] with permission of John Wiley and Sons.

3.4. Stirred Micro-Bioreactors

An easy and inexpensive way to generate large amounts of spheroids is the spinner
flask system. Once inoculated, the cells form aggregates by accidental collision so that
the success of the method is mainly determined by the cell number and spinning speed.
With too low cell numbers, collisions occur less frequently resulting in poor spheroid
formation. Too large cell numbers result in frequent collisions and in the generation of
large aggregates that exceed reasonable sizes very soon. The stirring mechanism is usually
realized with the help of a magnetic stirrer positioned under the flask which is responsible
for the medium movement due to the magnetic spinner inside the vessel. By this, shear
forces can be controlled by spinning speed and mass transport can be maintained through
steady convection within the culture. As this culture technique is mainly intended to
generate 3D aggregates and is usually not amenable to cellular analysis, the main purpose
of it is mass production of tissues for drug screening.

Goldstein et al. [67], e.g., compared the effect of convection on osteoblastic cell growth
and function in biodegradable polymer foam scaffolds in spinner flasks, a rotary wall
vessel, and a perfusion flow system. They could show that all three dynamic cultures were
superior to static controls with their custom-made perfusion system performing better
than the other dynamic systems with regard to alkaline phosphatase (ALP) activity per
cell and cell uniformity inside the foam scaffolds. Although analysis of spheroids inside
the spinner flask is very limited, Rodday et al. [111] proposed a method to analyze the
spheroid size by imaging sedimented spheroids on a conventional office flatbed scanner
and to semiautomatically determine the size by image analysis.

Nevertheless, due to the easy upscaling process the system is still mainly used for
the generation of large cell/aggregate amounts. Although technically somewhat different,
stirred tank systems can be considered as a variant of the spinner flask or vice versa. It is
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easily scalable, although within limits and is mainly used in larger volume approaches.
A perfusable variant was introduced by Tostões et al. [112] for the long term culture of
primary human hepatocytes under a repeated-dose drug testing challenge.

3.5. Perfusion of Scaffolds in Tube-Like Systems

One group of approaches uses bioreactors of tube-like structures housing a scaffold
for seeding of cells. The tube is then perfused and can in some cases be charged with
pressure/shear stress. This type of bioreactor has been used by Egger et al. to parallelize
bioreactor experiments for the osteogenic differentiation of adipose derived stem cells un-
der controlled pressure/shear stress [113,114]. Using solvent casting-particulate leaching,
Birru et al. [115] fabricated poly(lactic acid) and poly(ethylene glycol) (PLA/PEG) scaffolds
as substrates for MSC differentiation into bone. For this, the scaffolds were mounted in
a cylindrical bioreactor housing that provided flow. Compared to static culture condi-
tions, the bioreactor setup displayed an enhanced osteogenic differentiation. Additive
manufacturing techniques have greatly added to bioreactor development since they largely
increased the degree of design freedom. Apart from obvious advantages such as short
production times, relatively easy computer aided design requirements, and a large number
of available materials and printing techniques, 3D printing is also able to produce parts that
cannot be manufactured by classical methods. Therefore, it was a logical step to use these
techniques to customize bioreactors for, e.g., TE purposes. One example of a 3D printed
bioreactor was reported by Schmid et al. [116] who printed a tube-like bioreactor for the cul-
tivation of the hMSC line SCP-1 on bovine bone matrix scaffolds under oxygen-controlled
conditions. An interesting technology for the continuous production of embryoid bodies
was introduced by Spitkovsky and colleagues [117] who described a so-called pipe based
MBR based on segmented flow (Figure 11). By the help of a droplet generator module
800nl droplets were formed and combined to a 20 µl cell-containing compartment. By this,
the cells contained inside formed embryoid bodies after the first day of cultivation. They
could show that the generated embryoid bodies from embryonic stem cells are equally
robust as those generated by the hanging drop method.
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environment; (B) basic setup placed under a clean bench; (C) two capillary probe for 800 nL droplet
generation within 1 mm coil (left hand side) and the 1 mm coil for cultivation of cells (right hand
side). The enlarged section of the right hand side picture shows the droplets inside the PTFE tube.
Reprinted with permission from [117]. Copyright © 2016, Karger Publishers.

A tube-like MBR was also used for the flow velocity-driven differentiation of human
mesenchymal stromal cells into bone in silk fibroin scaffolds [118]. It could be shown that a
higher flow rate, corresponding to the situation of bone remodeling after fracture, led to a
higher mineralization of the extracellular matrix. The experimental data could in addition
be linked to computational fluid dynamics data. In conclusion, this type of MBR is well
suited for differentiation studies in which flow control is of prime importance.

3.6. Applications in Microscope Slide/Cover Slip Format Micro-Bioreactors

A popular format for MBRs is the microscope slide format and many slide format-
based solutions have been reported. A sophisticated example of this format has been
presented by Sart et al. [119]. This MBR platform is not only able to generate 500 aggregates
per slide but also to perform multiscale cytometry (Figure 12).
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Figure 12. Slide-format based PDMS chip for on-chip generation of spheroids and integrated
multiscale cytometry. Reprinted from Sart et al., Nat. Commun. 2017; 8(1):469 [119].

One example of the cover slip-based format was introduced by Toh et al. [120] which
they termed 3D microfluidic channel-based cell culture system (3D-µFCCS). The system
demonstrated its principal capabilities of being able to precisely control cell–cell and
cell-matrix interactions by cultivating HepG2 and MCF-7 as well as primary hepatocytes
and bone marrow MSCs gel-free inside. The method was further developed by Ong
et al. [121] who reported the use of polyethyleneimine as a transient inter-cellular linker
as a means to aggregate the cells. Zhang et al. [122] have shown that the system can be
supplemented with TGF-β1 to mimic supporting cells in liver co-culture. An interesting
custom-made MBR development was presented by Izzo et al. [123]. The authors describe
a system, termed magnetic optically assessable bioreactor (MOAB), slightly smaller than
a microscope slide with three independent culture chambers that were sealed with static
magnets. The magnetic field was shown to exert no effect on the cultures and provided a
significantly greater hydraulic sealing in long term cultures. A slide-format based MBR was
also developed by Laganà and Raimondi [124] and was used by Tunesi et al. [125] for the
modeling of frontotemporal neurodegeneration. Into a microscope slide three independent
perfusable channels were machined and scaffolds made of polystyrene by fuse deposition
modeling were integrated. The inoculated SH-SY5Y cells were characterized after applying
oxidative stress.
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3.7. Applications in Intermediat-Sized, Chip-Like Micro-Bioreactors

A group of MBRs with chip-like formats smaller than a multiwell plate but larger
than a microscope slide was proposed by many researchers, because these dimensions
are easy to handle, limit the number of cells and resources for the culture and do not
necessarily need microfluidic valves and pumps but instead can be fluidically coupled and
controlled by the use of conventional 3-way-stopcocks and cassette pumps for example.
One example of this group was described by Yu et al. [126] who could show the suitability
of their system for chronic hepatotoxicity testing of rat hepatocyte spheroids constrained
between a cover glass and a porous-ultrathin Parylene C membrane and that they termed
perfusion incubator liver chip (PIC, Figure 13).
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Figure 13. Schematic of the perfusion incubator liver chip (PIC) chip. (A) 3D view with the PIC. A
glass/silicon structure containing a 3D microfluidic circuit, the cell culture chamber, a bubble trap
chamber as well as a heater. (B) Bottom view of the chip’s layout illustrating the microfluidic circuit,
the cell culture chamber, the bubble trap and the heater. (C) Cross-section of the PIC illustrating the
structure of the bubble trap. It consists of a 70 µm-thick PDMS membrane (gas permeable) bonded to
a PDMS molded chamber with pillars that support the membrane. The PDMS structure is connected
to external vacuum (through a pressure controller). The gas bubbles trapped in the microwell can
diffuse through the PDMS membrane due to negative pressure in the vacuum chamber while culture
media remains inside the culture chamber. (D) Top and bottom view of the PIC. Reprinted from [126]
with permission of Elsevier.

An important step towards an automated generation of spheroids has been undertaken
by Fu et al. [127]. The PDMS-based MBR contains U-shaped barriers intended to trap
single cells that aggregate inside the barrier to form spheroids (Figure 14). The optically
transparent PDMS allowed for image acquisition to evaluate spheroid formation. Barisam
et al. used this system to simulate the spheroid or toroid situation with regard to local
oxygen and glucose levels and predicted the appearance of necrotic cores and hypoxic
zones [128,129]. These studies were rounded off with simulation studies described in
Section 5.
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Figure 14. Flowchart of U-shaped microstructure fabrication, cell trapping, and spheroid formation.
Reprinted from [127]; © IOP Publishing. Reproduced with permission. All rights reserved.

A microfluidic PDMS-based platform for the analysis of pancreatic β-cell spheroids
was described by Lee et al. [130]. Hemispherical culture chambers were positioned inside
a channel in which the spheroids could be surrounded by a flow. A total of 110 culture
chambers were realized that way (Figure 15A). The reaction of the islets could be judged
by calcium imaging as well as ROS and Caspase 3/7 activity determination.
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Figure 15. (A) Microfluidic analysis platform (MAP) for the 3D cultivation of pancreatic islets. A total of 110 islets can
be loaded into one platform. Reprinted from [130] with permission of John Wiley and Sons. (B) Left: MBR seeded with
embryoid bodies. Right: Magnification of individual microwells. Republished with permission of the Royal Society of
Chemistry from [131]; permission conveyed through Copyright Clearance Center, Inc.

In 3D organization, gradients of soluble factors play important roles in tissue signaling.
There are not many systems available to systematically analyze these gradients. One such
system that looks quite similar to the one of Lee et al. [130], developed by Cimetta et al. [131]
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was able to evaluate space-resolved gradients of multiple molecular factors over time. For
this, conical microwells for single aggregates were arranged along a channel that was
connected to two lateral flow channels (Figure 15B). By incorporating several rows of
channels with 5 microwells, up to 120 data points could be acquired. Christoffersson
et al. [132] developed a system for toxicity testing of stem cell derived 3D cardiac bodies
and HepG2 hepatoma cells [133].

Taken together, these types of systems are ideally suited for larger throughput experi-
ments of 3D aggregates and may lay the foundation for real high-throughput systems.

3.8. Other Formats

HTS capable perfusable platforms for the analysis of complexity level 2 3D cultures are
not very common as they have to be compatible with standard laboratory equipment such
as plate readers. Therefore, only some approaches based on a microtiter plate footprint
have been realized one of which was described by Wen et al. [134]. They have developed a
system with a 4 × 4 array of perfusion MBRs that can be used for time-series quantifications
of cell proliferation and cytotoxicity assays. Human colon carcinoma cells HT-29 cultivated
on polyethylene terephthalate (PET) scaffolds inside the MBRs displayed a significantly
higher drug resistance against 5-fluoruracil (5-FU).

Bancroft et al. [135,136] described a system comprised of six flow chambers housing a
titanium mesh scaffold for the culture of rat marrow stromal osteoblasts under perfusion
which led to the formation of a flow-modeled mineralized matrix. In this system, Sikavitsas
et al. [137] showed a dependency of rat bone marrow stromal cells seeded on titanium
meshes on fluid shear stress. After a culture period of 16 days the cultures that experienced
the highest shear stress showed the highest mineral deposition and the best distribution of
extracellular matrix material. Goldstein et al. [67] used a perfusion flow system with axial
flow, first described by Frangos et al. [138], to induce osteogenesis of osteoblastic cells in
poly(lactic-co-glycolic acid) (PLGA) foam discs. In comparison to spinner flask cultures and
an RWV system the perfusion system performed best as this culture type displayed higher
ALP activity and better cell uniformity throughout the cultured foams. A similar system
was used by Gomes et al. [139] who adapted the system from Bancroft et al. [135] described
earlier with regard to the scaffolds. The group used so-called SEVA-C (a blend of starch with
ethylene vinyl alcohol) and SPCL (a blend of starch with poly(ε-caprolactone) scaffolds,
respectively. The rat marrow stromal cells under perfusion in the 6-well plate format MBR
showed a better distribution in the SPCL scaffold compared to the SEVA-C scaffold which
was claimed to be due to the reduced pore size of the latter. Bartnikowksi et al. [140] used
a perfused syringe as an MBR to evaluate the effects of varying a poly(ε-caprolactone)
scaffold architecture on osteogenic differentiation of MC3T3-E1 cells in the system. Leclerc
et al. [141] described a microfluidic PDMS-based platform that was used for the culture
of human fetal hepatocytes. Baudoin et al. [142,143] later termed this bioreactor platform
integrated dynamic cell culture microchip (IDCCM) that is connected to an external pump
and an inlet and outlet reservoir with sampling ports (Figure 16). By culturing HepG2/C3A
or rat primary hepatocytes they could show that organotypic liver function, measured
as mRNA levels of phase I and II enzymes, was dependent on initial seeding density as
well as the flow rate applied. The platform was also used by Legendre et al. [144] who
also characterized the functionality of primary rat hepatocytes and Prot et al. [145] who
could show an improvement of HepG2/C3A cell functions determined by transcriptome
analysis as well as the biotransformation capabilities of primary human hepatocytes after
administration of a metabolic probe cocktail [146]. Tania et al. [147] introduced a platform
with a porous PDMS scaffold for the culture of rat hepatocytes in a closed circulation loop
with pump.
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Figure 16. (A) Design of the integrated dynamic cell culture microchip (IDCCM) with the photomasks used to fabricate the
mold masters, (B) the PDMS bioreactor, (C) the microchannel design, (D) a bioreactor cross section, (E) and the velocity
profile in the bioreactor. Reprinted from [142] with permission of Elsevier.

Candini et al. [148] described a novel system that comprises a “3D matrix” between
two chambers that are lined with a transparent oxygenation membrane and thus allows for
microscopic observation of the inoculated cells. Due to the closed housing, the bioreactor
can be transported or read by microplate reader for further analysis. However, as the
authors did not specify the characteristics and the “3D matrix”, the system will not be
discussed further.

Fröhlich et al. [149] and Grayson et al. [150] used a system first described by Grayson
et al. [151]. The cylindrical perfusion bioreactor vessel is equipped with a central inlet port
at the bottom and distributes the medium into 6 channels with individual culture chambers.
Each culture chamber contained a decellularized trabecular bone piece as a scaffold for
tissue engineered bone grafts from human adipose-derived stem cells.

A PDMS-based MBR with a micro-magnetic stirrer bar as a pump and an integrated
electrical sensor was developed by Ostrovidov et al. [152,153]. Although not a real 3D
system, as only in later stages of the culture the cells form some type of aggregates and
therefore may be better considered as 2.5D, the MBR was successfully used to demonstrate
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intact cellular barrier functions by the measurement of electrical impedance across a
membrane.

For TE purposes, three-dimensionality is of prime importance and although tissues
usually comprise several cell types, evaluation of new technologies in most cases is done
with just one cell type. Such a new technology was described by Costa et al. [154] who
reported of the biofabrication of customized bone grafts by using a dual polymer extrusion
system for the manufacturing of a scaffold and the surrounding bioreactor housing in a
single step. Seeded primary human osteoblasts cultured under bi-directional flow were
viable for six weeks in the system.

De Lora et al. [155] described an aggregation technique that uses centrifugation for a
droplet-based templating method. It was demonstrated that the centrifugal droplet-based
generating device is able to produce large numbers of cell-encapsulating microspheres that
can be used for experiments requiring uniform 3D cell culture populations.

Among the bioreactor concepts, flow differs in part dramatically with a concomitant
change in cellular behavior. This is why different flow concepts have been conceived, one
of which is termed radial flow. In this concept, the tissue is provided with nutrients by
mimicking, e.g., in vivo liver perfusion via sinusoids which lead into the central vein by
radial transport of the medium with regard to the MBR. Hongo et al. [156] used a radial
flow bioreactor system of only 5 mL in volume for the culture of HepG2 on different
scaffolds. With this MBR they were able to show that the proliferating HepG2 cells reached
a stable phase after 7 days of culture which could be characterized as being stable in
albumin production.

MBRs with additional capabilities such as sensor integration or the possibility of
mechanical stimulation have also been developed. Such a miniaturized multimodal system
for the in situ-assessment of bioartificial cardiac tissue (BCT) has been described by Kensah
and colleagues [157]. Neonatal rat cardiomyocytes were cast in a mixture of rat tail collagen
I and Matrigel®. Afterwards, the constructs were transferred to the cultivation chamber
of the bioreactor in which they were subjected to a cyclic strain with integrated force
measurement. Moreover, direct electrical stimulation was possible so that the system might
be of use in stem cell-based tissue replacement strategies, especially for tissue engineering
purposes for which traction/torsion capabilities of bioreactors are important. Scaglione
et al. [158] introduced such as system that used highly porous poly(ε-caprolactone) scaffolds
seeded with 3T3 fibroblasts. The scaffolds were mounted in a cylindrical culture chamber
and subjected to controlled sequences of torsional stimuli.

The best example of how fluent the borders of MBRs and organ-on-a-chip (OoC)
systems are was presented by Zhang and colleagues [159] in 2017. They described a
system (Figure 17) which combined MBR modules with different tasks such as cell culture
modules, bubble trap module, physical/chemical sensing module and bio-electrochemical
sensing module.

With this system they were able to generate hepatic and cardiac organoids with a
respective MBR module. The fully integrated human liver/heart chip was finally used
for automated drug screening. After administration of capecitabine, a prodrug that is
converted by hepatocytes to 5-FU, exerted a cardiotoxic effect on the cardiomyocytes only
when hepatocytes in the circulation were present.
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Figure 17. Integrated automated multiorgan-on-a-chip and sensing platform. (A) Schematic of a full system where the
multiorgan-on-a-chip platform was encased in an in-house designed benchtop incubator, and of automated pneumatic
valve controller, electronics for operating physical sensors, potentiostat for measuring electrochemical signals, and computer
for central programmed integration of all of the commands. (B) Schematic of the integrated microfluidic device consisting of
modular components including microbioreactors, breadboard, reservoir, bubble trap, physical sensors, and electrochemical
biosensors. Inset shows the photograph of an integrated platform. Schematic view of the integrated multiorgan-on-a-chip
system with different micro-bioreactor modules. Reprinted from Zhang et al., PNAS 2017; 114(12):E2294 [159].

An MBR for the generation of cell-loaded substitute materials to address critical size
bone defects was presented by Kleinhans et al. [160]. For this, hMSCs were cultivated three-
dimensionally in porous scaffolds made of poly(L-lactide-co-caprolactone) and mounted
in a cylindrical perfusion chamber. After one week of culture, it was demonstrated that
the cells were induced into the osteogenic lineage without the addition of soluble factors
opening up a possibility for the generation of standardized bone substitutes.

Non-woven materials, such as porous polyurethane, have gained some attention as
3D-scaffolds. Such material has been used by Linti et al. [161] as a bioartificial liver device
by cultivating rat or pig primary hepatocytes, respectively. Cells cultured in this way
showed a high viability and hepatocyte specific cytochrome P450 metabolism.

Tissue structure is highly dependent on microenvironmental cues such as mechanical
stimuli which is especially true for bone. Therefore, human bone marrow stromal (hMSC)
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cells are a popular cell source for (micro-)bioreactor setups able to exert mechanical stimuli
on the differentiating tissue. One approach was described by Mauney et al. [162] who
used a tank bioreactor with a demineralized bone as a scaffold which was mechanically
challenged with a material tester device displacing the scaffold 5 mm with each cycle with
250 cycles per 24 h over a period of 16 days. When dexamethasone was added to the
culture medium, mineralized matrix production increased as well as ALP and osteopontin
transcript levels. Mechanical strain was also used for heart valve tissue engineering in
a so-called “diastolic pulsed duplicator” device [163]. The device was not only able to
deliver dynamic strain corresponding to the diastole of the beating cycle but also a prestrain
to the developing tissue. When trileaflet heart valve scaffolds made of Fastacryl® were
seeded with cells from the human vena saphena magna it could be shown that these tissues
displayed a more non-linear tissue-like behavior. Another approach of vessel TE has been
developed by Thompson et al. [164] who used a mechanical ventilator to induce a pulsatile,
laminar flow into a fluid column of a tubular, biodegradable cell seeded scaffold. By
this, a more physiological behavior of the constructs was intended. A device capable of
exerting continuous ultra-slow uniaxial distraction on 3D scaffold-free stem cell cultures
was described by Weiss et al. [165]. With this device it was demonstrated that scaffold-free
aggregates could be subjected to a tension strain, possibility of histological investigation
without loss of distraction by fixing the samples in 4% paraformaldehyde while distracted
and the feasibility of molecular analysis on RNA and protein level of the aggregates.

Wendt et al. [166] developed an oscillating flow bioreactor for automated cell seeding
and better uniformity. The system comprised a u-shaped tube with scaffolds mounted in
each arm of the U so that be reversing the flow, upon reaching a sensor, the cell suspension
was pumped back and forth through the scaffold. Saini and colleagues [167] described a
system that was derived from a cylinder viscosimeter and comprised a concentric cylinder
region adapted for cell culture and a cone and plate region at the bottom. Poly(L-lactic
acid) (PLLA) scaffolds were seeded with cartilage cells from two weeks old male calves and
placed inside the bioreactor with the rotation direction changing every 48h. This bioreactor
could also be manipulated with regard to hydrodynamic loading. A so-called multi-
stimulation bioreactor was introduced by Wang et al. [168]. The group used decellularized
porcine myocardial scaffolds that were mounted in a bioreactor able to mechanically as
well as electrically stimulate rat MSCs seeded on the scaffolds. The bimodal stimulation
protocol was shown to be superior over single stimulus protocols when differentiation into
cardiomyocytes was compared with regard to immunofluorescence staining and biaxial
mechanical testing of the generated tissue. Santoro et al. [169] cultured Ewing sarcoma
cells on electrospun 3D poly(ε-caprolactone) scaffolds and mounted them in a perfusion
chamber. They could show that flow-derived shear stress promoted insulin-like growth
factor-1 production and that the sensitivity of the Ewing Sarcoma cells to IGF-1 receptor
inhibitors was enhanced in a flow-dependent manner.

Cell seeding of larger scaffolds for tissue engineering purposes is very challenging
because high cell numbers in relatively small volumes have to be handled. Therefore, for
those cells that are prone to hypoxia-induced damage, such as cardiomyocytes, suitable
protocols have to be developed. One attempt was reported by Radisic et al. [170] who
seeded C2C12 cells in a Matrigel®-containing inoculation solution on Ultrafoam® scaffolds.
The scaffolds were either placed in an orbitally mixed dish (controls) or mounted in a
perfusion cartridge with a push/pull-syringe pump mechanism. The perfused constructs
maintained a high viability and displayed differentiated cardiac myocyte functions over
a cultivation period of 7 days. An approach for bone and cartilage TE was reported by
Lee and colleagues. A hydrogel approach termed “hydrogel marble” was introduced by
Ramadhan et al. [171] who encapsulated HepG2 cells in a mixture of a tetra-thiolated
polyethylene glycol derivative, thiolated gelatin, horseradish peroxidase and a small
phenolic compound. After long term culture of 12 days, they could show albumin and
urea secretion and elevated DNA contents in the spheroids.
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In conclusion it can be stated that the complexity level 2 is the one with the most
diverse range of MBRs and applications as one cell type is often sufficient to evaluate the
performance of the device. However, when it comes to organotypic function, multicellular
aggregates of different cell types are requested which will be discussed in the following
section.

4. Complexity Level 3: Multicellular Aggregates of at Least Two Cell Types

In the context of this review, complexity level 3 describes the 3D arrangement of at least
two different cell types by forming cell–cell contacts. The co-culture of different cell-types
in a 3D setting supports the obtainment of in vivo-like characteristics by mimicking the
microenvironment of the cells in the organism. Almost every second model in this category
relies on stem cells, progenitor cells or induced pluripotent stem cells (iPSC), as these can be
differentiated into various cell types. As with other levels of complexity, level 3 models are
used for various applications ranging from simple in vitro-models to TE and HTS. For a 3D
arrangement of cells, scaffold-free techniques, such as spheroids or scaffold-based systems
are commonly employed. The majority of these are hydrogel-based scaffolds. (Semi-
)Synthetic hydrogels have some benefits, such as availability, customization capabilities
and handling. However, the use of extracellular matrix (ECM) much more resembles the
physiological environment. As described above, extracellular matrices are also used for
the coating of microcarrier beads, for example. Collagen-I and fibrin are widely used
as ECM. Besides hydrogel-based scaffolds, fibrous and sponge-like scaffolds, as well as
decellularized tissue are used. However, there are also various methods to generate
scaffold-free 3D cell aggregates. The formation of 3D cell aggregates can be enforced
through microstructured substrates, as shown in Figure 9. In tissue slices, the cells are
intrinsically three dimensionally arranged. Tissue slices are generally found in complexity
level 3, as they usually consist of several cell types. A wide range of bioreactor systems is
used for this purpose.

4.1. Stirred Sytems for Generation and Cultivation of Complexity Level 3 Spheroids

As mentioned earlier, spheroids or embryoid bodies are very popular due to their
ease of generation and use. Frequently, stirred systems such as spinner flasks or stirred-
tanks are used to generate spheroids, as they promote the formation of cell aggregates by
hydrodynamic forces [172]. Rebelo et al. [173] describe an automated, computer-controlled
method to produce spheroids of primary human hepatocytes co-cultured with human
bone marrow MSCs in a stirred-tank bioreactor with a volume of 200 mL. The dual-step
inoculation strategy leads to spheroids with hepatocytes in the center, surrounded by
MSCs. The co-culture preserved specific properties of the hepatocytes, such as metabolism,
for the 2-week experiment period. Likewise, a co-culture of liver sinusoidal endothelial
cells (LSEC) with hepatocytes studied by Hwa et al. [174] has demonstrated that the co-
cultivation of different cell types can be important for obtaining organotypic characteristics
of the cells. At first, 500 mL spinner flasks were used to generate spheroids. Because
the actual experiments were carried out in a perfused MBR, this model will be discussed
later. As shown in the applications described above, the volume of stirred systems for the
production of spheroids is usually in the range of hundreds of milliliters and thus partly
outside the range of MBRs as defined in this review. Qian et al. [175,176] miniaturized these
stirred systems to the size of a standardized 12-well plate to model the Zika virus (ZIKV)
infection in human forebrain organoids. Their miniaturized so-called SpinΩ bioreactor
(Figure 18) consists of a frame in which 12 small stirrers are arranged and connected to
a motor via gears. In difference to the above-mentioned examples, the spinning system
was not used for the generation of cell aggregates. Forebrain, as well as midbrain and
hypothalamic organoids, were made by encapsulation of embryoid bodies in Matrigel®.
The SpinΩ bioreactor was used for modeling the ZIKV infection for up to 84 days. Their
tool fits to standard cell culture plates and could serve as an organoid platform for chemical
compound testing.
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Figure 18. Top: Computer-aided design of the 12-well miniaturized stirred bioreactor (SpinΩ), consisting of a motor and
gears for the 12 spinning shafts and leafs. Bottom: Scheme of the protocol for forebrain organoid development in the SpinΩ
and microscopy images at different stages of development. Scale bars: 200 µm. Reprinted from [176] with permission
from Elsevier.

Lancaster et al. [177] used 96-well plates in combination with Matrigel®-encapsulation
to create embryoid bodies out of murine pluripotent stem cells. The spinning bioreactor
supports the differentiation into cerebral organoids. The application of stirred systems is
therefore not only limited to the production of spheroids but is also used in combination
with other methods for, e.g., the differentiation of cells.

4.2. Rotating Wall Vessels

Besides the systems mentioned above, another method to generate cell aggregates
or spheroids is by using RWV bioreactors, which have already been described in detail
elsewhere and have been summarized in Section 3.1 of this review. RWVs are also a
common bioreactor system for complexity 3 models. In the work of Gerecht-Nir et al. [45]
human embryoid bodies (hEBs) were derived from human embryonic stem cells and
differentiated into derivatives of all three germ layers as well as a primitive neuronal tube.
They showed an impact of the vessel type on the hEB formation. Slow turning lateral
vessels (STLV) lead to smaller aggregates, while high aspect rotating vessels (HARV) lead
to larger cell aggregates (Figure 8). RWVs are appropriate for the scalable production of
cell aggregates. For the differentiation of retinal organoids in RWV, DiStefano et al. [178]
used pluripotent stem cells. The resulting organoids were larger and showed enhanced
differentiation capability compared to static culture.

As already discussed in Section 3.1 aggregates can also be grown on microbeads or
microcarriers in RWVs. In many cases, however, the cells grow only as a 2D monolayer on
the surface of the microbeads or -carriers. In some models, nevertheless, cell aggregates also
form on the surface of these microbeads or inside them. Nearly all 3D co-culture models
based on microcarriers mentioned in this review, were cultured in RWVs. In these 3D
co-culture models, epithelial models are prevalent. Salerno-Goncalves et al. [179] described
for example an organotypic model of the human intestinal mucosa under microgravity,
generated by an RWV bioreactor. In addition to intestinal epithelial cells, they used
primary human lymphocytes, endothelial cells as well as fibroblasts for their multicellular
model. There are also methods to produce and cultivate liver tumor and colorectal tumor
organoids based on microcarriers or microcarriers in RWVs [180,181]. Figure 19 shows the
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development of host liver colorectal-tumor organoids in RWVs. Devarasetty and colleagues
were able to indicate that the presence of MSCs affects the growth and organization of large
organoids and possibly also leads to resistance to chemotherapy.
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Figure 19. Colon carcinoma cell growth inside liver tumor organoids. (A) Scheme of liver tumor organoid formation in
an RWV bioreactor. (B) MSCs supporting organoid formation. (C) Formation of liver tumor organoids including MSCs.
Reproduced from [180] with permission ® IOP Publishing. All rights reserved.

To study infection pathways of Salmonella pathovars, Barrila et al. [182] developed
an intestinal epithelium model in combination with macrophages on collagen-coated
microcarriers in RWVs. For this model, U937 cells were pre-differentiated into macrophages.
In comparison, an earlier publication showed that a microbead-based 3D alveolar epithelial
lung model stimulated the activation of cells into functional macrophages [183]. Goodwin
et al. [184] were able to establish a 3D model, so called tissue-like assemblies (TLA) for
human lung and neuronal tissue to study virus-host interactions. For the lung model
they used primary human bronchio-tracheal cells and a transformed human bronchial
epithelial cell line. The TLAs were cultured on Cultispher G microcarriers in an RWV
bioreactor. After formation of the lung TLAs, a successful infection with SARS corona
virus (SARS-CoV) for up to 10 days could be demonstrated. One advantage of this system
is that tissues can be maintained for at least three months and that it can be adapted to
many viruses.

In addition to the previously described cell aggregates on the surface of microcarrier
beads, 3D cell arrangements can also be generated by encapsulation in hydrogel microbeads
followed by cultivation in RWV bioreactors. Wilkinson et al. [185] described a method to
generate lung organoids in collagen-I/poly(dopamine)-functionalized alginate beads in
a HARV-RWV bioreactor. With RWVs, 3D constructions can also be produced in larger
quantities and cultivated for two weeks or longer.

4.3. Fluidic Micro-Bioreactors: Microfluidic Chips for Complexity Level 3 Applications

Fluidic MBRs can be broken down into microfluidic chips, microtiter plates and other
formats. One half of the microfluidic chips used as bioreactors are made of PDMS re-
spectively the combination of PDMS with glass or a polymer which enables microscopic
analysis. The PDMS offers the advantage of flexible use, especially in the prototype stage.
For fluidics, external pumps, especially peristaltic and syringe pumps, are applied. In the
work of Schepers et al. [186], aggregates of primary human hepatocytes and fibroblasts,
respectively iPS cells, were formed in microwell plates with pyramidal microstructure.
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Afterwards the aggregates were encapsulated in poly(ethylene glycol) diacrylate (PEGDA)
hydrogels and injected in a microfluidic, superfused PDMS-chip with C-shaped traps (Fig-
ure 20A). Ghiaseddin et al. [187] used a PDMS-chip bonded onto a glass slide for perfusion
of cells isolated from murine embryonal myocardial sections in chitosan hydrogels. In
the microfluidic chip by Goldman et al. [188] MSCs are cultivated in an agarose gel under
superfusion. Two independent fluidic circuits allow chondrogenic differentiation on one
side of the gel and osteogenic differentiation on the other. This differentiation into two
different cell types within one, sometimes biphasic, scaffold will be discussed in detail later.Processes 2021, 9, x FOR PEER REVIEW 34 of 56 
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Figure 20. (A) Left: U-shaped trap-like features in a patterned PDMS chip for on-chip cultivation and perfusion of cell-
aggregates. Center: Simulation of fluid flow through the trap-like features of 500 µm. Right: Aggregates of hepatocytes
and 3T3-J3 fibroblasts under perfusion with 24 µL/h respectively 500 µL/h. Republished with permission of the Royal
Society of Chemistry from [186] (B) Chip of Mauleon et al. for spatial and temporal control of oxygen within brain slices.
The sketch displays the modified standard perfusion chamber with a micro-structured PDMS membrane, including support
pillars, for oxygen distribution. Reprinted from [189]. (C) Schematic illustration of the microfluidic cell migration assay
with a control channel (top) and a channel for conditioned media respectively cells (bottom). The microscope images show
the application of the chip for the co-cultivation of HMVEC with U87MG respectively 10T1/2 and the resulting migration of
the cells into collagen-gels. Republished with permission of the Royal Society of Chemistry from [190].
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Biologically more complex are tissue sections that, by nature, are closer to in vivo
conditions than models based on hydrogels or spheroids. Mauleon et al. [189] for instance,
used murine brain slices on PDMS micropillars in a modified commercially available
perfusion chip. Spatiotemporal control of the oxygen concentration is possible through
additional microchannels for the gas supply. This enables the realistic modeling of stroke
conditions (Figure 20B). Van Midwoud et al. established a microfluidic chip with a porous
polycarbonate membrane for the cultivation of rat liver slices under perfusion [191]. In an
enhanced setup they enable HPLC analysis in their system [192]. The microfluidic chip by
Chung et al. [190], also made out of PDMS incorporating three channels, is designed to
track the cellular morphogenesis, angiogenesis and migration of endothelial cells through
extracellular matrix towards tumor cells (Figure 20C). Here, collagen type I was used
as ECM. This model shows the mentioned difficulty of a precise assignment to one of
the complexity levels due to fluent boundaries. First, the cells were cultivated spatially
separated. Due to migration and interaction, however, aggregates and cell–cell contacts
also occurred, which finally led to the classification of this model as complexity level 3.

In addition to perfusion or superfusion, some models also allow mechanical stimu-
lation of the cells. The chip from Visone et al. [193] also allows electrical and mechanical
stimulation of the cardiac cells in hydrogels.

4.4. Microfluidic Multiwell Plates and Other Formats for HTS Applications

In order to perform multiple experiments in parallel, as in static models, the use of
microtiter plates is obvious. This is a step towards HTS. A 10-well MBR, in the size of
a standardized microtiter plate, was used by Li et al. [194] for an in vitro-3D model of
Islets, encapsulated in alginate beads. This so called TissueFlex® Islet model can be used
for diabetic drug efficacy testing, in this case glucagon-like peptide 1 and Tolbutamide.
Another example for the application of MBRs in microtiter plates is the system of Trietsch
et al. [195] that contains 40 respectively 96 cell culture chambers for perfused co-cultivation
of HepG2 cells and fibroblasts (Figure 21).
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Figure 21. Left: 3D cell culture plate in a 384-well format for 40 three-lane culture chambers. Center: Schematic illustration
of a mixed co-culture and adjacent co-culture. Right: Bright light microscopy of the mixed and adjacent co-culture of
HepG2 cells and 3T3 fibroblasts. Mixed co-culture leads to tighter aggregates (see white arrows), reprinted from [195] with
permission from RSC Publishing.

Beside the previously described MBRs in slide or microtiter plate format, there are
numerous other formats. A microfluidic microcavity array containing bioreactor, already
used for the cultivation of HepG2 cells and primary hepatocytes as well for MRI exper-
iments [87], described in detail in complexity level 2 (see also Section 3.2) [83], was also
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used by Rieke et al. [196]. They realized the production of rodent retina spheroids with this
system. In detail, they used retinal cells from neonatal wildtype Mongolian gerbils to form
spheroids in microcavities (506 microcavities per chip with 300 × 300 × 300 µm (l × w ×
h)) within the so-called cf-chip. The cf-chip was placed in the bioreactor and run under
superfusion conditions. For comparison, spheroids were prepared with a conventional
rotating MBR. The size of the spheroids and the proliferation rate were comparable in both
systems. In addition, after differentiation other cells such as Müller glia cells, ganglion,
amacrine, bipolar and horizontal cells were detected by immunohistochemistry. However,
the spheroids in the cf-chip showed a more uniform shape. A major advantage of the
bioreactor system was the fact that the cultivated cells showed only a negligible tendency
for apoptosis after 5 divisions which renders it to a potential candidate system for retinal
tissue engineering. The system also allows the analysis of single spheroids during the
whole cultivation, a higher reproducibility and easy control.

Based on this system a model of the hematopoietic stem cell niche within a 634-
microcavity array (Figure 22) was established. In this MBR, a 3D co-culture of hematopoi-
etic stem/progenitor cells (HSPCs) and MSCs was cultivated over a period of 21 days.
The design of this system enables a superfusion as well as a perfusion mode. Stem cell
characteristics of HSPCs could be maintained in the microcavity array-based bioreactor
more efficiently over 21 days than in a conventional 2D monolayer model [197].
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The system of Hwa et al. [174] also uses spheroids, in this case comprised of liver
sinusoidal endothelial cells (LSEC) and primary rat hepatocytes, which in the first place
were generated in 500 mL spinner flasks (Figure 2). Afterwards, the spheroids were
transferred to collagen-I-coated silicon or polycarbonate scaffolds in a perfusion MBR.
Through an optical window within the MBR, in situ two-photon microscopy can be used
for imaging. Hwa et al. showed that the cultivation of rat LSEC was possible up to
13 days in co-culture with hepatocytes in the bioreactor in contrast to 2D co- or mono-
culture controls in which they survived only a few days. The authors also identified
differential expression of endothelial-related cytokine and metabolism networks in this
system compared to 2D mono-culture via global transcriptional profiling.

4.5. Scaffold-Based Fluidic Micro-Bioreactors

Some other systems rely on scaffolds, fibrous or sponge-like, to cultivate cell ag-
gregates or tissue-like cell constructs. Because oxygen supply can be difficult in larger
tissue structures, Radisic et al. [198] established a perfused system for cardiac TE. In de-
tail, they implemented neonatal rat cardiomyocytes and fibroblasts in collagen sponge or
poly(glycerol sebacetate) (PGS) scaffolds, respectively. The fluidic bioreactor, consisting
of a peristaltic pump and other modules, such as a gas exchanger ensures an in vivo like
supply of oxygen.

A similar approach was applied by Cheng et al. [199]. Neonatal rat cardiac cells (car-
diomyocytes and cardiac fibroblasts) formed 3D constructs in Matrigel®. These were subse-
quently cultivated under perfusion in collagen sponge scaffolds. A straightforward tubing
system was implemented for perfusion, which flows medium bidirectionally through the
scaffolds by rotation. The model is used to study the formation of tissue-engineered cardiac
grafts. Kenar et al. [200] developed myocardial patches by perfused cultivation of MSCs on
electrospun polyester fiber mats in a PDMS-chamber. Porous silk scaffolds, for example in
the System of Zhou et al. [201], can be used for TE of human intestine tissues. In this system
the lumen of a tubular scaffold is perfused. The air chamber, surrounding the flexible
scaffold, enables oxygen control as well as mechanical rhythmic, peristaltic motions, as in
the in vivo-environment of the intestine.

A mash made out of bioabsorbable polymers (polyglycolic-acid mesh coated with
poly-4-hydroxybutyrate) was used by Hoerstrup et al. [202] to build vascular grafts with
inner diameters in the range of 0.5 mm. Therefore, the scaffold was seeded with ovine
vascular myofibroblasts and endothelial cells. The grafts formed under pulsatile flow in a
pulse duplicator bioreactor over a period of up to 28 days. Hollow fiber scaffolds are used
in perfused hollow fiber bioreactors. Pekor et al. [203] established a four-compartment
bioreactor system with human liver cells (endothelial, hepatic and hematopoietic cells) to
study the hepatic differentiation under perfusion and track the metabolic activities. In this
multicompartment system hydrophilic capillaries made of polyethersulfone were used for
medium supply, while hydrophobic hollow fibers were used for gas exchange.

Scaffolds with a sponge-like, porous structure are mainly used for models and re-
construction of bone tissues. Dual chamber bioreactors are used in combination with
biphasic scaffolds for bone and cartilage tissue. The strength of the biphasic scaffolds is
that the chondrogenic phase consists of soft materials such as hydrogels or ECM and is
thus adapted to the chondrocytes, while the osteogenic phase consists of a harder and more
porous scaffold material and therefore promotes differentiation of bone marrow stromal
cells into bone cells. Liu et al. [204] seeded goat MSCs into a cylindric biphasic scaffold
with an osseous as well as a chondral phase placed in the center of a double-chamber
bioreactor (Figure 23A). The chambers are separated from each other and contain media
for chondrogenic respectively osteogenic differentiation. The system is a combination
of stirred and fluidic bioreactor that enables superfusion of the scaffold. In a similar
approach, Mahmoudifar and Doran [205] differentiated adipose-derived stem cells in a
polyglycolic acid (PGA) scaffold into osteochondral constructs. The bioreactor, consisting
of two chambers made of polycarbonate (Figure 23C left), can hold up to three PGA disks in
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the middle (Figure 23C right). These are flushed with osteogenic medium on one side and
chondrogenic differentiation medium on the other. The system of Kuiper et al. [206] also
contains a biphasic scaffold. However, the perfusion of the seeded scaffolds is feasible here.
The fluidic cultivation in the bioreactor indicated a positive influence on the co-culture
with regard to cell proliferation, cell viability or gene expression. Rat bone marrow MSCs
were pre-cultured in microbeads made of chondroitin sulfate and chitosan or agarose,
collagen I and hydroxyapatite nanoparticles for chondrogenic or osteogenic differentiation,
respectively, in the approach of Daley et al. [207]. After pre-differentiation they were placed
as a biphasic construct in a dual-chamber perfusion bioreactor. Differentiation took place
under static conditions, whereas tissue development was promoted by the flow rate.
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4.6. Decellularized Tissues in Fluidic Micro-Bioreactors

In addition to the materials described above, decellularized tissues are also used
for 3D cell-culture. As well as an in vivo-like structure, these tissues also provide the
ECM. The models cover decellularized tissue slices [208] and also decellularized whole
organs [209]. The system of Daneshgar et al. [208] consisted of decellularized human
liver slices, which they reseeded with human mesenchymal stromal cells, in a printed,
so-called Teburu perfusion bioreactor. Song et al. [209] used acellular kidney scaffolds of
rats, recellularized with human umbilical venous endothelial cells as well as rat neonatal
kidney cells. Besides in vitro-function, such as excretory function, they could show in vivo-
function of the recellularized kidneys. For the production of small diameter vascular
vessels Song et al. [210] used decellularized rabbit aortas. These were recellularized
with endothelial cells and smooth muscle cells from rat. In their computer-controlled
bioreactor system mechanical as well as fluidic stimulation is possible which should enable
the production of small vascular vessels for tissue engineering or clinical applications in
the future.

4.7. From Microfluidic Bioreactors of Complexity Level 3 to Organ-on-Chip Systems

In conclusion, it can be stated that as in the other complexity levels, most models from
level 3 are used for in vitro-models. Three systems are suitable for HTS by simplifying
the analysis by integrating, e.g., HPLC [192] or by reducing existing systems to microtiter
plate format [176,195]. Complex 3D cell culture models with multiple cell types are getting
closer and closer to physiological conditions which recommends their use in TE or clinical
applications. For instance, MBRs which enable engineering of cardiac tissues [199,200] or
small vessels [202,210]. By using hard scaffolds, the reconstruction of bone tissue is also
possible [211]. Biphasic scaffolds also allow grafts that contain both bone and cartilage
tissue [204].

Although TE is constantly developing, it is still a major step towards clinical ap-
plication. With the exception of a tissue engineered kidney that was transplanted into
rats [209], none of the models described here has found application in living organisms. A
multi-component hollow fiber bioreactor by Jörg Gerlach is already being used in the clinic
as an extracorporeal liver support [212]. However, it is so large that it does not qualify as
an MBR for the scope of this review.

Even though multicellular aggregates have been proven valuable as cell-based in vitro-
tool for many years, the number of studies using aggregates of different cell types, termed
in the present review complexity level 3, constantly increase in the period examined. With
the help of MBRs, a wide range of applications in the field of 3D cell culture can be covered.
Simple models with only one cell type are possible as well as complex systems with
heterotypic models, including those based on various stem cell technologies. In addition to
more complex biological models, major improvements have been made, especially with
regard to HTS and integrated analytical methods. By miniaturizing these components,
micro-physiological systems (MPS) can be integrated with their peripherals, such as pumps,
in small chips, the so-called organ-on-a-chip (OoC) systems (Figure 24). Various definitions
of OoCs are in use, for example from the Wyss Institute of Harvard University or the
European Organ-on-chip Society. In summary, OoCs are defined as micro-engineered
devices with microfluidic channels with at least one cell culture compartment in which
functional units of organs are modelled [213–215]. OoC systems do not only mimic human
organ’s in vivo-physiology, for instance by providing an active flow, they also integrate
actuators or sensors for further analysis.
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By using our search terms, one publication was found that meets the requirements
for OoCs and was therefore not qualified as an MBR. Zhang et al. used a hybrid strategy
to apply 3D bioprinting in order to construct microfibrous scaffolding for engineering
of endothelialized myocardium in a microfluidic chip [218]. As OoC models are not
the aim of this review, we have not discussed this publication in detail. OoCs have
been widely discussed in the literature, so the interested reader is referred to some ex-
cellent reviews in this field [219–226]. The idea of OoC was born about 10 years ago
and is constantly evolving [227]. One trend here is to move towards body- or human-
on-a-chip models by using multi-organ chips [217,228,229]. The topic of personalized
medicine as well as disease models on chips, so-called micro-pathophysiological systems
(MPPS), also has an important influence on the development of OoC [148,230–232]. Inte-
grated OoCs offer several advantages regarding multiplexing, scaling, vascularization, and
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innervation [220,233,234] (Figure 24). The miniaturization of the systems is one possibil-
ity towards HTS. In combination with integrated sensors and analysis methods, a large
amount of data can be generated. Machine learning or even artificial intelligence can be
used to evaluate this data [235]. Especially in the field of drug development, in addition to
the conventional in vitro-models, in silico-models are also used to predict side effects [236].

With the help of the results of in silico-models and the combination of complex
biological models as established in various MBRs, integrated fluidics and sensors as well
as smart algorithms and automated systems, the basis for highly complex systems for, e.g.,
drug development can be provided.

5. Simulation Studies

For a better overview of the reviewed systems, the figures in this section have been
provided with icons (Figure 25), which identify those simulations that have been performed
in addition to in vitro-experiments and pure in silico approaches. As described in the sec-
tions above, 3D cultivation of cells in MBRs plays an important role for biological and
physiological in vitro-studies. However, the development of such systems is often asso-
ciated with an elaborate optimization process. Mathematical models and computational
fluid dynamics (CFD) simulations based on experimental in vitro-data can be a useful
tool to optimize the bioreactor design as they enable the simulation of different culture
conditions and their effect on cell behavior.
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To investigate the optimal geometry and best media supply of multicellular aggregates,
in their simulations Barisam et al. [128,129] compared toroidal and spheroidal aggregates
of fibroblasts as well as microwell structures and U-shaped barriers (Figure 26). The results
showed that the levels of oxygen and glucose as well as the shear stress are higher in the
system with the U-shaped barriers than in the microwells. Furthermore, they showed
that increasing spheroid diameter leads to a decreasing glucose and oxygen concentration
inside the spheroid which increases the risk of quiescence and necrosis.
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the microwell, U-shaped barrier and U-shaped barrier created with microposts, respectively. Reprinted from [129] with
permission from MDPI.

Several groups dedicated their simulations to engineering cartilage tissue. Williams
et al. [237] used CFD simulations to quantify different parameters in order to improve
the design and the experimental operating conditions of a concentric cylinder bioreactor
used for cartilage TE. Their work focused on flow field, shear stress and media oxygen
profiles around non-porous constructs. Sucosky et al. [238] wanted to improve cartilage
production in spinner flasks. They determined the velocity and shear-rate fields of tissue
constructs near the stirrer bar because due to the movement of the stirrer a turbulent and
non-linear flow is generated in this area. To investigate this issue, they used particle-image
velocity (PIV) models as well as two commercially available software tools to simulate the
flow (FLUENT) and the geometry of the bioreactor (GAMBIT). Yu et al. [239] also used
the FLUENT software to simulate medium flow and oxygen in a stirred MBR. The MBR
consisted of a culture well with 22 mm diameter, 12 mm height and a medium volume of
4 mL. The results are comparable to typical values for cell cultures in a stirred MBR so that
they could provide guidance for their operating parameters.
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Simulations are also frequently used to better predict the experimental parameters in
perfusion MBRs. Tajsoleiman et al. [240] focused on nutrient supply, metabolite removal
and fluid shear stress in a 3D cartilage cell culture. Therefore, they used mathematical
modelling and CFD simulations to study the effects of the perfusion flow rate, glucose
concentration and pH to improve the geometrical scaffold design. Macrofuogo et al. [241]
investigated the relationship between biochemical stimuli and cell response by analyzing
the effect of insulin on glucose metabolism as a function of pore size distribution within a
3D scaffold with heterogeneous porosity. In this study, a mathematical model of 3D cell
growth in a perfusion bioreactor was integrated into a model of insulin signaling pathways.
Thus, the influence of insulin on cell metabolism and the effects of operative variables,
such as the mean flow rate, could be simulated. The development of such a model which
includes both mass transport and intracellular signaling pathways was described here
for the first time. Porter et al. [242] simulated media flow and shear stress through 3D
scaffolds which were reconstructed by microcomputer tomography (µCT) based on the
Lattice–Boltzmann (LB)-method (Figure 27).
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Figure 27. Local shear stress field: map of shear stresses (Pa) in media transversely perfused through
a 3D trabecular bone scaffold from side and top views. Reprinted from [242] with permission of
Elsevier.

The application of the LB-method can be useful to determine appropriate shear stresses
for different cell-biomaterial interactions and cell morphology in perfusion systems for
3D tissue constructs. The investigation of optimal shear stress ranges for 3D constructs
produced by the means of µCT images is also the topic of the work of Raimondi et al. [243].
Their CFD simulations are a first attempt for a quantitative correlation of the applied
hydrodynamic shear level and the resulting biosynthetic response of 3D engineered chon-
drocytes on PU foams in a perfusion bioreactor. Hyndman et al. [244] applied mathematical
models of flow and mass transport to characterize concentration profiles of different flow
rates, solutes and cell types in the commercially available bioreactor chamber Kirkstall
QV900 [244] (Figure 28). However, they also pointed out the limitations of mathematical
and computer-based models and the challenges involved in establishing these methods.
In their opinion, the physical parameters used are often not precisely known. Therefore,
modelling and experimentation should be applied in mutual complementarity.
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Figure 28. Simulation results for Q = 100 mL min−1. (A) Streamlines and magnitude of velocity
through the center of the chamber on the y,z-plane. (B) Magnitude of velocity through the center of
the chamber on the y,z-plane using a log scale. (C) Magnitude of shear stress at the cell surface on the
x,y-plane. Reprinted with permission from [244] by Royal Society Publishing.

This concept has already been implemented in several research groups in recent years
by simulating only a limited number of parameters leading to optimized systems without
the need for time-consuming or costly experiments. Because the work of the groups men-
tioned here has already been covered in detail in the respective sections above, only the
partial simulations are listed in this section. For instance, Botchwey et al. [66] was able to
determine parameters that prevent the particles from colliding with the bioreactor wall by
calculating the motion of a microcarrier in a rotating bioreactor. Moraes and colleagues [35]
showed another interesting result using a first-order linear finite element simulation. They
used the ANSYS software to investigate the influence of relative differences in mechanical
stiffness between cells and their surrounding hydrogel matrix. The results of the simula-
tion suggest that the ratio between Young’s modulus of the cell and that of hydrogel has
a strong impact on cellular deformation in a compressed matrix. However, the simula-
tion of the flow profile as well as the shear stress was of major importance in most of the
work [25,27,36,37,88,92,116,118,140,147,150,154,186,187,198,208,218,245–247]. Furthermore,
the oxygen distribution [17,147,150,198,218] and mass transport of metabolites [17,28,36,
37,105,246,247] within the respective bioreactor system were simulated as well as the dis-
tribution of a static magnetic [123] or electric field [193]. The software most often used to
calculate the simulations was COMSOL Multiphysics. Further suitable software used by
the different research groups to simulate flow velocities, oxygen profiles and shear stress
were FLUENT, ADINA, ANSYS, Star-CCM+ and FEMLAB.

As discussed above, data from simulations and mathematical models in the field of
MBRs are primarily used to adapt and optimize the systems with respect to, e.g., oxygen
supply or flow rates. The next step is the development of so-called in silico-models. With
the help of these models, biological processes are simulated by computers in order to obtain
results comparable to in vitro-experiments. In the field of cartilage TE, for example, scaffold
structures were optimized using finite element analysis (FEA) and cell differentiation
was calculated with in silico-models to determine optimal parameters for chondrogenic
or osteogenic differentiation [248]. In silico-models are also used in cancer research or
toxicology [235,249,250]. However, to address the challenges, the parallel use of in silico-
and in vitro-models is advantageous for the development of physiological models [232].

6. Conclusions

In this second part of our systematic review on the research area of 3D cell culture in
MBRs we give a detailed description of the work published between 2000 and 2020 (9 July
2020) with focus on the 3D cell culture techniques, defined as complexity levels, the MBR
types and their application fields, as well as on simulation studies. With this approach we
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show that with the help of MBRs a wide range of applications in the field of 3D cell culture
can be covered.

If we take a look at the studies using immobilized cells in (hydro)gels, here defined as
complexity level 1, it becomes apparent that during the first decade of the 21st century one
initial focus in MBR applications was the generation of optimized tissue engineered in vitro-
constructs for clinical applications. The emerging knowledge gained from this work on
the impact of the microenvironment on cell functions further promoted the establishment
of 3D in vitro-models for basic and preclinical research. In this course, the concept of
HTS, i.e., miniaturization and parallelization, was incorporated into the design of MBRs to
enable cell-based assays in the context of biomaterial and drug development under more
physiological in vitro-conditions. Today, MBR systems for TE are manifold and primarily
address the application of mechanical forces on the cultures to improve the functions of
tissue engineered constructs, whereas work in the field of gel-based HTS focuses on the
technical improvement, user friendliness and cost reduction of the systems to broaden the
user community as much as currently present for 2D monolayer cultures.

With respect to approaches using multicellular aggregates with one cell type, classified
as complexity level 2, our literature analysis revealed that this cell culture technique is by
far the most common and versatile one in the research field under study. This is particularly
reflected in the high number of publications in this group, namely 123 publications of 192
publications in total. The reason for this may be that multicellular aggregate cultures were
established over 70 years ago and have been used since then in wide range of research fields,
such as developmental and tumor biology, cytotoxicity testing and drug development.
Hence, their application in MBRs is at present correspondingly multifaceted and affects
mainly the fields of high(er) throughput 3D culture platforms for drug development and
evaluation, for standardizations of, e.g., infection models, drug metabolization and large
experimental approaches with regard to cell mass. However, the prominent applications in
complexity level 2 are liver and bone models. Moreover, this type of culture can fairly be
modeled which is why simulations studies are increasingly employed to optimize MBR
setups with regard to, e.g., scaffold structure, shear stress, fluid flow and oxygenation with
a strong tendency to develop in silico-approaches. Such in silico models may prospectively
help to simulate biological processes by computers in order to obtain results comparable to
in vitro-experiments. Finally, a trend towards a humanization can be observed, meaning
that human cell sources are used more frequently.

Compared to complexity level 1 and 2, the relative number of publications in complex-
ity level 3 has increased in the recent years: in the period of 2014 to 2019 almost by a factor
of ten than compared to the period of 2000 to 2004 (see also review part I in this issue).
Here, comparably with complexity level 1, a trend towards HTS can be recognized which is
accompanied by the development of platforms with integrated sensors. In parallel, systems
are being miniaturized which seamlessly leads over to OoC system technology. In addition
to “healthy” tissue, disease models are increasingly being established which comprise
tumor models, as well as models for the study of viral infections such as SARS-CoV which
might also help to fight the SARS-CoV2 pandemic.
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