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Abstract

In tissue engineering, suspension culture techniques, aimed to guarantee a homogeneous
three dimensional culture environment with enhanced mass transfer, have demonstrated
their potentiality with respect to the traditional two-dimensional cell culture methods: they
are currently used for low cost scalable cell expansion and long-term cell viability
maintenance, for facilitating multicellular aggregate formation, for guiding differentiation
of stem cells, and for the production of native-like three dimensional engineered tissues.
However, the suspension devices currently adopted present some limitations, as the
generation of non-physiological shear stresses and the expensive realization cost . With the
aim to provide researchers with a yielding, versatile tool, we have developed an innovative
low-cost perfusion bioreactor for culturing cells in suspension and low-shear conditions,
without using electromechanical rotating systems. The peculiar geometric features of the
culture chamber, designed with the support of a dedicated computational fluid dynamic
study, allow the formation of buoyant vortices that guarantee the suspension condition
within the culture chamber with low shear-stress values. In-house behavior/operating tests
confirmed the suitability and the performances of the bioreactor, demonstrating the
fittingness of the chamber isolation, and the establishment of suspension conditions with a
homogeneous distribution of the samples within the culture chamber. Preliminary cellular
tests assessed the suitability of the bioreactor in ensuring sterility and cell viability
maintenance. This bioreactor is a compact system that easily fits into a standard cell
incubator, representing a highly isolated dynamic cell culture setting, moreover it is
characterized by a high versatility, since a wide range of flow patterns can be accomplished,
permitting the adjustment of the dynamic culture parameters both to the types of cultured
cells and to their developmental phase. In conclusion, the innovative developed bioreactor
can be used as 1) model system, both for testing cytocompatibility and durability of cell
microcarriers (e.g. hydrogel microspheres) and for investigating the influence of suspension
condition on  cells, with or  without  microcarriers, and as 2)

expansion/aggregation/differentiation system, for in vitro three-dimensional cell culture.

Keywords: tissue engineering, bioreactor design, suspension condition, oxygenation,

shear stress.
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1. Introduction

Recently, suspension culture techniques, with or without cell microcarriers, have
demonstrated their potentiality for low cost scalable cell expansion and long-term cell
viability maintenance (Amit et al., 2010; Zweigerdt et al., 2011; Consolo et al., 2012; Olmer et
al., 2012), for facilitating multicellular aggregate formation (Sen et al., 2001; Cameron et al.,
2006; Wang et al., 2006), for guiding differentiation of stem cells (SCs) (Siti-Ismail et al.,
2012), for preventing the dedifferentiation process that occurs under traditional two-
dimensional (2D) cell culture conditions, maintaining specialized features of cells
(Hammond and Hammond, 2001), and for the production of native-like three dimensional
(3D) engineered tissues (Hwang et al., 2009; Yu et al., 2011).

To date, suspension condition is obtained with roller-bottles, stirred or rotating
bioreactors.

The roller-bottle system, involved in advanced physiological and biochemical
research on scale-up of anchorage-dependent mammalian cells and microorganisms,
consists of cylindrical vessels that revolve slowly (between 5 and 60 revolutions per hour)
which bathe the cells that are attached to the inner surface with medium. This system
represents a very economical means for cultivating large quantities of anchorage-
dependent cells using essentially the same culture techniques as with traditional cell culture
flasks but with considerably less labor. In addition, besides providing larger surface areas
for cell growth, culturing cells with roller-bottles has two advantages over static monolayer
culture: firstly, the gentle agitation prevents gradients from forming within the medium
that may adversely affect growth; secondly, cells spend most of their time covered by only
a thin layer of medium, thus allowing for higher gas exchange
(http://www.sigmaaldrich.com/labware/labware-products.html?TablePage=9577881). Some
research groups have demonstrated that anchorage-dependent cells cultured within roller-
bottles present higher proliferation rate (Polatnick and Bachrach, 1972; Yu et al., 2009;
Andrade-Zaldivar et al., 2011), generating cell in large-scale, cutting down on the amount of
laboratory manipulations, and saving both time and labor costs. Despite all these
advantages, roller-bottles present some technological limitations and drawbacks. They
impose severe mechanical stresses on the cultured constructs, with a mixing of fluid not
well distributed especially in the axial direction. Moreover, due to the incomplete filling of
the vessel, the air in the headspace creates turbulence and secondary bubble formation in
the culture medium, which are both potent sources of extra shear and turbulence (Unger et
al., 2000).

More recently, stirred bioreactors (or spinner flasks) were developed. Within these
devices, a magnetic stirrer allows the mixing of the culture medium while the cultured
constructs are fixed with respect to the moving fluid. Flow across the surface of the

constructs results in eddies, turbulent instabilities consisting of clumps of fluid particles
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that have a rotational structure superimposed on the mean linear motion of the fluid
particles. They are associated with transitional and turbulent flow. It is via these eddies that
fluid transport through the constructs is thought to be enhanced (Goldstein et al., 2001).
Typically, spinner flasks are around 120 ml in volume (although much larger flasks of up to 8
liters have been used), and are run at 50-80 rpm (Freshney, 2000). Recent finding
demonstrated that this 3D culture systems, based on both agitator design and agitation
rate, as well as on the establishment of critical inoculum densities, provide an efficient in
vitro environment for SC proliferation and differentiation, and could act as SC delivery
microspheres for autologous tissue engineering (TE) (Fok and Zandstra, 2005; Cameron et
al., 2006; Liu and Roy, 2006; Kehoe et al., 2010; Choi et al., 2011; Lee et al., 2011). Importantly,
the use of these bioreactors enables the expansion of SCs in the absence of feeder layers or
matrices, which will facilitate the adaptation of good manufacturing practice (GMP)
standards to the development of SC therapies (Krawetz et al., 2010). However, due to both
local turbulence and the high flow rates created between the vessel walls and the magnetic
stirrers, stirred bioreactors impose non-physiological shear stresses on cultured constructs,
therefore potentially inducing cell damage, and interfering with SC pluripotency. Moreover,
this inhomogeneity in the shear field could limit the reproducibility of the culture process
and the consequent interpretation of the results.

Starting from the need to minimize shear and turbulence in suspension cell cultures,
NASA's Biotechnology Group developed an alternative bioreactor design, the rotating-wall
vessel (RWV), with interesting and unique features for mammalian cell cultivation (Goodwin
et al., 1993; Hammond and Hammond, 2001). This bioreactor exists in two different
configurations, the High Aspect Ratio Vessel (HARV) and the Slow Turning Lateral Vessel
(STLV) (Rodrigues et al., 2011). Both provide fluid dynamic operating principles
characterized by 1) a permanent rotation of the culture chamber, the rotation speed of
which is adjusted to produce a free-falling state, optimally reduced fluid shear and
turbulence, and 3D spatial freedom; and 2) oxygenation by diffusion, excluding undissolved
gases from the bioreactor (Wolf and Schwarz, 1991; 1992; Schwarz and Wolf, 1991; Goodwin
et al., 1993). These technological solutions encourage a uniform growth of the tissues, and
promote cellular interactions. Moreover, the RWV bioreactors protect fragile tissues from
cracking because mechanical stresses are reduced, including shear stress, and the impact of
the cells on the bioreactor walls is limited (Bilodeau and Mantovani, 2006). These
bioreactors have been successfully used for osteogenic (Granet et al., 1998; Qiu et al., 1999;
Turhani et al., 2005; Song et al., 2006) and cardiomyogenic (E et al., 2006) differentiation,
and cartilage TE (Marolt et al., 2006). However, rotating bioreactors are expensive devices
due to their complex technological solutions, and scaling up processes may be complex
(Hammond and Hammond, 2001; Rodrigues et al., 2011).

In order to overcome the previously presented limitations, we have developed an

innovative multipurpose low-cost perfusion bioreactor (patented, Falvo D’urso Labate et
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al.,, 2012) able to establish a biochemical and hydrodynamic environment suitable for
maintaining specimen of different dimensions (i.e., cells, microspheres etc.) in suspension
conditions within a 3D culture environment. The peculiar geometric features of the
bioreactor assure the possibility for buoyant vortices to be generate within the culture
chamber, without using electromechanical rotating systems and avoiding shear stress
values critical for the cells, guaranteeing a suitable and homogeneous distribution of
oxygen and nutrients. In-house behavior/operating tests confirmed the suitability and the
performances of the bioreactor, demonstrating the fittingness of the chamber isolation,
and the establishment of suspension conditions with a homogeneous distribution of the
samples within the culture chamber. Preliminary cellular tests assessed the suitability of the
bioreactor in ensuring sterility and cell viability maintenance. In conclusion, the innovative
developed bioreactor can be used as 1) model system, both for testing cytocompatibility
and durability of cell microcarriers (e.g. hydrogel microspheres) and for investigating the
influence of suspension condition on cells, with or without microcarriers, and as 2)

expansion/aggregation/differentiation system, for in vitro 3D cell culture.

2. Materials and Methods

2.1 Device requirements

The bioreactor was designed and developed in order to guarantee a suitable biochemical
and hydrodynamic 3D culture environment for maintaining specimen of different
dimensions (i.e., cells, microspheres etc.) in suspension conditions with enhanced mass
transfer and low shear stress.

Within the bioreactor, suspension is obtained due to peculiar geometric features which
assure the possibility for buoyant vortices to be generate, allowing the device to create
suspension conditions, and to be employed with several constructs and for different
applications. In order to assure full compatibility with GMP procedures, the bioreactor was
developed for satisfying the following requirements:

— cytocompatibility and corrosion-resistance of all the materials in contact with culture
medium;

— ease of sterilization and sterility maintenance;

— ease of use (assembly in sterile conditions under a laminar flow hood, cleaning, use for
non-trained staff);

— small dimensions, suitable for positioning in a cell culture incubator;

— no medium stagnation during exchange operations.
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2.2 Architectural design

Key constitutive elements of the bioreactor are (Figure I11.1):

— a transparent, sealable and sterile culture chamber where cells, with or without
microcarriers, and culture medium are housed during the experiments;

— a perfusion subsystem constituted by a medium reservoir, a peristaltic pump, and

oxygen permeable tubes (oxygenation module), that is designed to maintain the
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suspension environment.
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Figure Ill.1. Architectural design of bioreactor constituted of: a medium reservoir; a peristaltic pump; a culture

chamber; and oxygen permeable tubes.

Pumped by a peristaltic pump the culture medium enters from the base, opens the check

valve, and pervades the culture chamber, flowing out from the top (Figure I11.2).
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Figure lll.2. Bioreactor constructive drawing. Flow direction/movement is highlighted. Configuration with check

valve in the closed position (left). Configuration with check valve in the open position (right).

During the experiment, the culture chamber, the fresh media reservoir, and a portion of the
oxygen-permeable tubes are positioned within the incubator. The peristaltic pump is
positioned outside to protect it from the high humidity (95% - 37°C) that characterizes the
internal environment of the incubator (Figure 111.3). Depending on the model of incubator,
we tested two configurations of the bioreactor within the incubator, i.e., whether it

presents (Figure I11.3 right panel) or not (Figure I11.3 left panel) an exit hole.
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Figure 111.3. Bioreactor set-up within the incubator in the two possible configurations. Schematic drawing (top)
and picture (bottom) of the bioreactor set-up within a incubator without an exit hole (left panel). Schematic
drawing (top) and picture (bottom) of the bioreactor set-up within a incubator with an exit hole (right panel).

The legend refers to both configurations.

2.3 Bioreactor constitutive elements

2.3.1 Culture chamber

The bioreactor culture chamber (component 5 in Figure 111.4b), where cells are cultured, has
been designed to be a sterile and cytocompatible environment. It has been manufactured
through material removal by a micrometrical controlled cutter from a polycarbonate (PC)
bulk piece, a choice that guarantees biocompatibility and easier sterilization by autoclave.
The inner dimensions are approximately 95x70x70 mm’ with a working volume of 75 ml.
The geometric features of the bioreactor culture chamber have been designed with the
final goal to establish the formation of buoyant vortices, and therefore the generation of
suspension condition. Moreover, rounded edges were designed in order to avoid
stagnation points and discontinuities, fissures, interstices, holes, which are preferable
targets for microbial contamination. Within the culture chamber are located 1) a check valve

for guarantying the unidirectionality of the flow (component 6 in Figure Ill.4b), and 2) a
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