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Abstract The cell culture techniques are in the base of any biology-based science.
The standard techniques are commonly static platforms as Petri dishes, tissue cul-
ture well plates, T-flasks, or well plates designed for spheroids formation. These
systems faced a paradigm change from 2D to 3D over the current decade driven by
the tissue engineering (TE) field. However, 3D static culture approaches usually
suffer from several issues as poor homogenization of the formed tissues and devel-
opment of a necrotic center which limits the size of in vitro tissues to hundreds of
micrometers. Furthermore, for complex tissues as osteochondral (OC), more than
recovering a 3D environment, an interface needs to be replicated. Although 3D cell
culture is already the reality adopted by a newborn market, a technological revolu-
tion on cell culture devices needs a further step from static to dynamic already
considering 3D interfaces with dramatic importance for broad fields such as bio-
medical, TE, and drug development. In this book chapter, we revised the existing
approaches for dynamic 3D cell culture, focusing on bioreactors and microfluidic
systems, and the future directions and challenges to be faced were discussed.
Basic principles, advantages, and challenges of each technology were described.
The reported systems for OC 3D TE were focused herein.
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18.1 Introduction

Tissue engineering (TE) technologies are based on the biological triad of cells, signal-
ing molecular pathways and ECM. Although TE leads a transition from 2D to 3D cell
culture techniques in order to achieve more physiologically relevant tissue substitutes
and models, culture techniques are still limited. Typically, current 3D cell culture
techniques do not yet allow meeting the multicellular complexity of tissues, do not
offer fine control over gradients, and require medium exchange at discrete time points
instead of in a continuous manner because they rely on static environments [1].
Additionally, bioreactors and microfluidic devices, as a dynamic stimulus element,
may be used as an alternative to or in conjunction with molecular growth factors for
the signaling part of the TE triad. A TE bioreactor can be defined as a device to per-
form maturation of cell-material constructs under a controlled environment, using or
not mechanical means to direct biological processes. This generally means that biore-
actors are used not only to flow cell culture medium but also to stimulate cells and
induce them to produce ECM [2]. Microfluidic devices, as an alternative, were born
from the combination of bioreactor principles and microfabrication techniques to
reduce either time or costs of cell culture process and diagnostic systems.

The available culture systems, including bioreactors, allow monocultures in 3D
scaffolds but are not adapted for co-cultures, which currently is a big challenge of the
field [3]. The classic case of the OC interface, which consists of a hyaline cartilage
layer and an integrated subchondral bone, is a good example of an interface requiring
for more complex scaffold design and a dual environment when cultured in vitro.
Interfaced bone-cartilage in vitro models keep being predominantly limited to cell
co-culture systems in which bone and cartilage cells are both exposed to the same
medium, perhaps a very distant condition from the in vivo environment [4]. Regarding
this, when co-culturing stem cells in 3D scaffolds, researchers either need to use
costly pre-differentiation operations before cell seeding and keep its phenotype over
cell culture or, as a more challenging alternative, simultaneously modulate differen-
tiation down to distinct lineages in a unified culture environment [5]. So, using con-
ventional bioreactor systems based on one single culture chamber, supplementing
the culture media with lineage-specific signaling molecules for directed differentia-
tion of stem cells is invalid for biphasic constructs. This limitation has been addressed
by using custom made dual-chamber culture systems to spatially direct delivery pre-
venting dominance of one phenotype over the other throughout the construct [5, 6].

Microfluidics, as an alternative to bioreactors at the microscale, allows spatial
control over fluids in micrometer-sized channels and has become a valuable tool to
further increase the physiological relevance of 3D cell culture by enabling con-
trolled co-cultures, perfusion, and spatial control of signaling gradients [7, 8].
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Over the next sections of this chapter, we discuss the current bioreactor and micro-
fluidic systems, the current issues and advantages of using a dynamic cell culture
instead of a static one, and the features to be considered when designing the devices for
dynamic 3D cell culture approaches. The reported bioreactor and microfluidic studies
for OC tissue regeneration and in vitro modeling are overviewed and discussed.

18.2 Dynamic Systems Designs

Bioreactor and microfluidic systems are cell culture environments confined in a reser-
voir with a shape of a vessel, flask, or even channels, connected to inlets and outlets for
continuous flowing of nutrients through the cell culture. A bioreactor can be described
as a dynamic device or system for culturing cells or tissues in suspension, 2D or 3D,
under controlled biochemical or mechanical conditions. Microfluidic technique was
created as an option for the perfusion of cell cultures, since the compartmentalized
nature of microfluidic devices interconnected by microchannels allows perfusing
media adjacent to or through a population of cells or 3D tissue-like construct.

In general, bioreactors and microfluidic systems are designed to perform at least
one of the following five functions:

To achieve uniform cell distribution

To keep constant and optimized concentration of gasses and nutrients

To perform mass transport to the tissue

To increase tissue maturation by applying physical stimuli

To provide information about the formation of 3D tissue by attaching sensors
and designing transparent chambers [9]
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A bioreactor or microfluidic device incorporating a flow pump to continuously
circulate culture medium is the minimum criteria to define as dynamic a cell culture
technique. The pump or motor must be small enough to fit into an incubator and also
be usable at 37°C and in a humid environment. The forces needed for cellular stimu-
lation are very small, so it is important to ensure that the pump/motor has the capa-
bility to apply small forces accurately. Tissue culture is a continuous, non-steady-state
process in which the cultivation and tissue-specific parameters change with time.
Furthermore, the scaffold and chamber shapes are of significant importance for con-
trolling the nutrition flow pattern [10].

18.2.1 Mass Transport: Diffusion and Convection

Static culture systems rely primarily on diffusion, and to a lesser extent natural con-
vection, for transport of oxygen to cells. The depth of media in the static conditions
limits the supply of oxygen from the gas phase, which is not a big issue when cultur-
ing a monolayer of cells [11]. However, in a 3D cell culture approach, improving
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local perfusion of thick tissue constructs remains a significant challenge for
3D-based devices. Static culture of cell-seeded 3D scaffolds typically results into
localized tissue growth in the construct periphery because of lack on mass transport
of fresh nutrients through the tissue [12]. Mass transport through the scaffolds can
be improved using perfusion methodologies by housing the construct within a flow-
through column [13, 14] or by suspending cell spheroids or constructs within rotary
culture devices or spinner flasks, generating a dynamic culture [15, 16].

The important role of mass transport in a cell culture device is to keep cell metab-
olism within a physiological range by providing metabolic substrates and removing
toxic degradation products. Understanding how device geometry is related to con-
vective or diffusive transport limitations is therefore a key element of the bioreactor
and microfluidic systems design.

The rate of diffusion is proportional to the metabolite concentration gradient,
being the constant of proportionality and the diffusion coefficient:

p= KT
67 R

The Stokes-Einstein equation relates the radius of the diffusing particle and tem-
perature to the diffusion coefficient, where k is Boltzmann’s constant, 7 is tempera-
ture, and R is the particle radius. The volume of a sphere is proportional to the cube
of its radius, V = 4/3zr%, so the diffusion coefficient is approximately inversely
related to the cube root of molecular weight.

The mass flux is also related to the gradient that can be generated at the interface
between cells and medium, according to Fick’s first law of diffusion:

_pde
dx

J =

Fick’s equation relates the diffusive flux “J” to the concentration when assuming
a steady state (if a system is in a steady state, then the recently observed behavior of
the system will continue into the future). The diffusion flux dimension is amount of
substance per unit area per unit time, so it is expressed in mol m=2 s~! and quantifies
the amount of substance that will flow through a unit area during a time interval. D
is the diffusion coefficient, and its dimension is area per unit time, so standard units
would be m?/s. ¢ is the concentration in ideal mixtures, of which the dimension is
amount of substance per unit volume as mol/m°. x is the position, the dimension of
which is length; it might thus be expressed in the unit m.

18.2.2 Flow Conditions for Dynamic Cell Cultures

Diffusion is the only driving force to move nutrients and waste in a static culture
system. As the size of the scaffold increases, diffusion of nutrients and waste
removal to and from the interior of the construct becomes more difficult, leading to
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necrosis at the core of the scaffold [16]. Defects requiring TE solutions are typically
many millimeters in size for which, in static cell culture systems, it can be quite dif-
ficult to enable sufficient fresh medium circulation through the engineering con-
struct [11]. Scaffolds in such a size range are easily fabricated. However, problems
arise when culturing cells on these scaffolds. The main challenge in preparing con-
structs larger than few millimeters is to obtain a homogeneous distribution of cells,
and hence new tissue, throughout the whole 3D scaffold volume [17]. This problem
is increased by the static culture conditions, which result in scaffolds with few cells
in the center of the construct. It has been shown that despite uniform cell seeding,
over cell culture period, more cells distribute predominantly on the periphery of the
constructs [18]. The main reasons for this distribution in scaffolds at millimeter
scale or more are cell sedimentation, necrosis, as a consequence of the previous
ones, and cell chemotaxis. For instance, mineralized bone matrix reaches a maxi-
mum penetration depth of 240 pm when stromal osteoblasts are cultures onto
poly(bL-lactic-co-glycolic acid) scaffolds, which is far thinner than an ideal bone
graft needed for the clinic [19].

Perfusion flow performed by bioreactors and microfluidic devices provides sev-
eral benefits such as stable nutrient supply, waste metabolites washed away, and
control of oxygen tension distribution. Furthermore, perfusion is one of the key
stimuli in vasculature, as it provides shear stress, which affects the cellular morphol-
ogy and gene expression [20, 21]. So, constant nutrition, oxygen flow supply and
metabolic product elimination must be performed when culturing cells up to higher
density which is one of the most important tasks to achieve physiologically mean-
ingful functions for TE and sufficient cell number for in vitro construct develop-
ment [22].

While the first generation of bioreactors for culturing cells was designed simply
to pump nutrient through the assembling tissue followed by waste removal [17], the
next wave of bioreactors was designed for maturing tissues such as blood vessels
[23], cartilage [12], or cardiac muscle [24], subjecting the emerging tissue to
mechanical compression, shear stresses, and even culture medium pulsatile flow.
Such stresses lead to improved mechanical properties of engineered tissues such as
cartilage [25].

18.2.3 Flow Shear Stress and Related Stimuli

Flow-derived shear stress provides a physiologically relevant mechanical stimula-
tion that significantly promotes specific protein expression and elicits paracrine
effects by increasing the probability of randomly happen secretion and protein-
protein and cell-cell contact [26]. These events are particularly relevant when cul-
turing complex tissues as interfaces requiring co-cultures. Given the central role of
several protein pathways in specific disorders, these stimuli represent a significant
dynamic, for example, for an in vitro model of a disorder condition as OA.
Mechanical cues are also crucial for tissue specification and maturation, which
can be transduced by the bioreactor chamber design [10] or microfluidic channel



400 R. F. Canadas et al.

geometry, as suggested by a study of the effect of shear stress on mature osteoblasts.
Kou et al. [27] developed a device capable of applying four different magnitudes of
shear stress in parallel channels on one chip. The intracellular calcium intensity
peak was proportional to intensity of shear stress, while response time was indepen-
dent of shear stress for values larger than 0.03 Pa.

While flow rate can be used to modulate media exchange [28], pore size, inter-
connectivity, and anisotropy can influence different rates of media exchange and
shear stress on cells distributed within the construct [29]. Mechanobiological
aspects, such as active stretch and tension, are another functional feature that can be
added using microfabrication techniques. Although interesting, it has received
minor attention in combination with 3D cell culture. Regarding this challenge,
sophisticated devices for 3D cell culture are one of the main needs for the current
regenerative medicine and TE evolution [30].

18.3 Bioreactor Designs

18.3.1 Bioreactor General Principles

Bioreactors arise as a proposed solution when addressing the reported issues afore.
Although the requirements for bioreactor design are application specific, there are a
few general principles which have to be considered when developing a bioreactor.
Biocompatible and bioinert materials must be selected to fabricate a bioreactor.
Although stainless steel can be used if it is treated avoiding chromium ions leaching
out into the culture medium, most metals are eliminated by this permit. Furthermore,
a bioreactor operates at 37°C in a humid atmosphere, so selected materials cannot
change drastically under these conditions, which avoids the use of some plastics. If
a material changes volume under this humid condition, it can trigger medium leak-
age, which can be a problem in any design involving fluids. In most cases, fluid
seals are necessary, and a good design should be considered to minimize the number
of junctions needing for seals. Gharravi et al. designed a tissue chamber made of
stainless steel presenting multiple pores and two inlets and outlets for the media and
the gases (O, and CO,) to replicate the perfusion process and oxygen tension in the
body. The inside geometry of the central part of culture chamber was designed to
mimic ball and socket of the temporomandibular joint for cartilage TE with round
shape and as a tissue sized at a large dimension. Alginate was selected for the chon-
drocytes encapsulation in a sheet configuration [31].

A bioreactor has to operate under aseptic conditions to prevent any contamina-
tion of microorganisms. To guarantee the aseptic environment, bioreactor parts can
be either sterilized by autoclaving or disinfected by submersion in alcohol or under
a sterilizing gas (e.g., ethylene oxide), limiting the range of materials considered for
a bioreactor fabrication. Autoclave runs cycles of a severe protocol performing high
temperature and pressure, restricting even more the number of materials that can be
selected for the bioreactor manufacturing. Alternatively, some non-stabilizable dis-
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posable bioreactor parts may be used and replaced after each use. Considering
transparent materials for the culture chambers is advantageous for monitoring the
construct during culture. For instance, Powers et al. have presented a bioreactor that
enables both morphogenesis of 3D constructs under flow perfusion while allowing
in situ observation by light microscopy, which is an important feature to take into
account when designing a cell culture device [32].

Sensors should be incorporated into the design if parameters such as pH, nutrient
(e.g., glucose) concentration, or oxygen levels are to be monitored. However, at the
moment, it is not easy to measure all of these variables in “real time,” and the exist-
ing microsensors are too expensive. Therefore, there is a requirement to develop
sensors for “real-time” measurement or alternatively to remove samples for as close
as possible a “real-time” analysis. Dissolved oxygen and culture medium pH have
been monitored with fluorescent sensors developed to study the metabolic state of
cells in culture without removing or damaging cells during cultivation [33].

As a market approach perspective, a prototype bioreactor has to be designed
thinking about the scale-up opportunity. This means designing a device that is easy
to enlarge without changing its characteristics or projecting a simple and user-
friendly device easy to multiply in number. Moreover, thinking about an industrial
application, a high-throughput system is the ideal strategy so that numerous scaf-
folds can be cultured at one time, which currently is not considered in most of the
bioreactor systems reported. A bidirectional perfusion bioreactor was developed
enabling implementing perfusion flow and flow direction which can be varied along
the culturing period. For large-scale applications, the most important feature that
this system comprises is its compact and user-friendly design made of autoclavable
materials and enabling to culture up to 20 samples simultaneously [34].

A bioreactor can also be designed not to expand cells in number but to obtain de
novo tissue with biomechanical properties comparable to the native one, by apply-
ing various mechanical or electromagnetic stimuli. Suckosky et al. [35] performed
a characterization of the flow field within a spinner flask system working under
optimized conditions to produce cartilage. The simulation and experimental col-
lected data have shown that subjecting a scaffold to a dynamic flow provided a
uniform cell distribution throughout the 3D construct resulting in a homogenous
matrix deposition, whereas Altman et al. [36] have reported that directional strain
applied on silicone-based constructs promoted cell differentiation into a ligament-
like phenotype instead of bone or cartilage lineages. Electric [37] and magnetic [38]
stimuli have also been used experimentally with encouraging results on stimulation
of 3D muscle maturation and osteogenesis, respectively.

The new generation of bioreactors should also be able to support the culture of
two or more cell types simultaneously, relevant for the regeneration of interfaced
tissues. This currently involves first maintaining the different cell types under dif-
ferent static culture conditions to obtain the desired phenotypes and then at appro-
priate time, switching to a common cultivation protocol in one bioreactor. The
formed tissue either presents a lose interface or fused phenotype. The appropriate
design should consider chamber compartments (named dual chambers) interfaced
by 3D scaffolds [39, 40]. This way the cell adhesion, proliferation, and differen-
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tiation phases can be promoted in a whole construct immersed in different envi-
ronments over all culture time.

18.3.2 Bioreactor Types

The basic principle applied at the first generation of bioreactors for TE was the
agitation-based approach. According to this approach, a cell suspension is placed
into a container while keeping the suspension in motion. Gentle stirring is used to
provide motion to cells. Due to this, cells do not adhere to the walls and form cell-
to-cell interactions. Based on this principle, several bioreactor designs were created,
which are summarized in Fig. 18.1.

A

=
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Fig. 18.1 Schematic representation of each bioreactor system for 3D cell culture. (A) Basic flask
bioreactor, (B) spinner flask bioreactors, (C) rotating cell culture bioreactor, (D) flow perfusion
bioreactor, (E) compression bioreactor, and (F) in vivo bioreactor
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18.3.2.1 Spinner Flask Bioreactors

Spinner flasks consist of a container and a stirring element to continuously stir the
cell suspension (Fig. 18.1B). These flasks are traditionally used to form cell spher-
oids but can also be applied to constructs attached to needles from the top cover. The
size of the cell spheroids or constructs depends on the volume of the container.
Culture medium agitation is performed using a magnetic stir bar placed at the bot-
tom of the flask [41] promoting the nutrients diffusion and removal of waste prod-
ucts keeping the cells fed with fresh culture medium [42].

The main issues associated to the spinner flask bioreactors are related to the
shear force of the stirring bar, requiring a larger amount of culture medium and
resulting in inconsistency of size of the formed cell spheroids [43]. However, con-
structs cultured in spinner flasks have a higher cell seeding density and more uni-
form distribution of cells when compared to a static culture model [44].

The spinner flask bioreactor has been tested to promote osteogenesis. Sikavitsas
et al. [45] compared steady flask, spinner flask, and rotating vessel (described
below) systems by culturing rat mesenchymal stem cells (MSCs) in 3D scaffolds for
a period of 21 days. The author observed that the highest alkaline phosphatase
activity and osteocalcin secretion were obtained using the spinner flask system.
Moreover, constructs cultured in the agitated systems had higher proliferation rate
and calcium content than the steady flask system.

18.3.2.2 Rotating Cell Culture Bioreactors

The rotating bioreactor spins the whole container instead of using a stirrer bar/rod
as in the case of the spinner flask bioreactor (Fig. 18.1C). The culture chamber is
initially rotated at low speed which is increased when cells start forming large
aggregates to maintain the spheroids in suspension. This concept was developed at
NASA to simulate microgravity conditions. The systems design consists of two con-
centric cylindrical containers, within which lies an annular space containing the
scaffold [46]. The outside wall rotates, and to obtain a microgravity condition, the
gravitational forces must balance the centrifugal forces, subjecting the scaffold to
dynamic laminar flow [47]. The main advantage of this system is the reduced shear
force applied [48]. Using this approach, Marlovits et al. [49] suspended differenti-
ated chondrocytes in a rotating wall vessel. After 90 days of cultivation under micro-
gravity, cartilage-like neotissue was formed, encapsulated by fibrous tissue that
closely resembled the perichondrium, without the use of any scaffolding material.
Saini et al. [50] have also shown the potential of this technique in cartilage TE,
but, using porous polylactic acid scaffolds, seeded dynamically in the bioreactor
using bovine chondrocytes. Four weeks after cell seeding, constructs from condi-
tion seeded at the highest cell densities contained up to 15 M cells, 2 mg glycosami-
noglycan, and 3.5 mg collagen per construct and exhibited morphology similar to
that of native cartilage. Overall the rotating wall vessel bioreactor has been shown
to optimize nutrient transport and promote cartilage growth and differentiation [51].
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While this system is simple, allowing easy handling and large-scale and long-
term production of spheroids, there is large variability in the size of the spheroids as
observed in the spinner flask bioreactors [52].

18.3.2.3 Flow Perfusion Bioreactors

Flow perfusion bioreactors utilize a pump to percolate medium continuously through
the scaffold’s interconnected pores (Fig. 18.1D). A molecular weight cutoff mem-
brane isolates the chamber inlet and outlet avoiding cells from leaving the container.
The enhanced nutrient transfer has been shown to result in improved mass transfer
[41], contributing for a homogeneous cell distribution and high seeding efficiency
throughout the thickness of the scaffold [53]. Furthermore, the fluid shear forces
resulting from flow perfusion have been shown to enhance the expression of the
osteoblastic phenotype [54]. Gomes et al. [55] cultured bone marrow MSCs under
static and perfusion conditions. A superficial layer of cells was formed when the
constructs were cultured statically, while a homogeneous cell distribution filled the
scaffolds in the perfusion bioreactor. Although the proliferation rate and alkaline
phosphatase activity patterns were similar for both conditions, the constructs cultured
under perfused conditions showed a significant increase in calcium deposition.

Goldstein et al. [16] compared the three systems described above: rotating wall
vessel, spinner flask, and flow perfusion. Osteoblastic cells were seeded onto PLGA
foams and cultured for 2 weeks. Although cell seeding efficiencies and osteocalcin
content were similar for the three systems, the spinner flask produced the least uni-
form cell distribution throughout the foams and the rotating wall vessel system
resulted in the lowest levels of alkaline phosphatase activity. Consequently, the flow
perfusion system appears to be the most attractive culturing system for bone con-
structs among those three bioreactors. Moreover, rotary perfusion bioreactor system
has the main advantage of eliminating the internal transport limitations of the spin-
ner flask and the rotating wall vessel [41].

18.3.2.4 Compression Bioreactors

Compression bioreactors are designed to exert controllable mechanical forces under
physiological environment to reproduce, in vitro, the in vivo mechanical stimuli
(Fig. 18.1E). Hydrodynamic shear, hydrostatic pressure, mechanical compression,
tension, and friction are some of the mechanical forces applied by this class of biore-
actors. One of the main applications of these systems is in cartilage engineering [56].
Correia et al. [57] tested the effect of either a pulsatile or a steady hydrostatic pressure
to human adipose-derived stem cells (ASCs) encapsulated in gellan gum hydrogel
constructs over a period of 3 weeks. The authors observed that pulsatile hydrostatic
pressure regimen led to greater chondrogenic differentiation and matrix deposition, as
evidenced by gene expression of aggrecan, collagen type II, and sox-9, metachromatic
staining of cartilage extracellular matrix, and immunolocalization of collagens.
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Cochis et al. [58] used a bioreactor to mechanically stimulate a hydrogel laden
with bone marrow MSCs by simultaneously applying compression and shear forces
days using a ceramic hip ball over 21 days. The mechanically stimulated MSCs suc-
cessfully expressed chondrogenic genes, and the GAG quantification confirmed the
higher differentiation of MSCs under compression stimulus. Histological analysis
showed the retention of the cells within the polyurethane scaffold pores and the
presence of a surrounding matrix of collagen and proteoglycan.

The compression bioreactors have as main advantage the ability to apply very
specific and accurate mechanical stimuli which are not possible to promote with any
other culture system. On the other side, the specificity of this approach makes these
systems not so interesting for large-scale or high-throughput applications.

18.3.2.5 In Vivo Bioreactors

The in vivo bioreactor is a regenerative medicine concept where the bone is grown
in vivo (Fig. 18.1F). This bioengineering approach relies on the conductive proper-
ties of the implanted scaffold to recruit MSCs from neighboring tissue and takes
advantage of the physiological environment to supply the necessary growth factors
and nutrients to the construct. Several studies have been made to take advantage
from in vivo bioreactors to generate vascularized bone tissue [59, 60].

In the design of an in vivo bioreactor, Holt et al. [59] used a scaffold composed
of coralline cylinders supplemented with BMP-2. To recruit MSCs from the blood
circulation into the bioreactor by BMP-2, a vascular pedicle channel was incorpo-
rated into the scaffold. This closed system isolated by silicone ensured that bone
formation would depend on the scaffold and the invading cells. The designed in vivo
bioreactor implanted in male rats was harvested after 6 weeks. New bone formation
was observed at 11.3% with neovascular ingrowth. In a different approach, Stevens
et al. [60] manipulated an artificial space to perform as a bioreactor between the
tibia and the periosteum, a layer rich in MSCs, and taking advantage from the body’s
healing mechanism to leverage neo-bone formation. The authors incorporated algi-
nate gel in New Zealand white rabbits. Bone tissue was formed and showed biome-
chanical similarities to the native bone. Furthermore, the authors observed enhanced
cartilage formation within the bioreactor when angiogenesis was inhibited promot-
ing a more hypoxic environment.

18.4 Microfluidics Designs

Microfluidic devices experienced a fast evolution starting in the 1990s [61] and now-
adays contribute with versatile platforms in fields as molecular analysis, laboratory
diagnostics, biodefense, and consumer electronics [62]. Applications of microfluidic
systems based on cell and tissue culture have been also emerging, and TE is taking
advantage from micro- and nanofabrication techniques for the development of
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sophisticated features on tissue modeling and drug testing as platforms for high-
throughput screening [22]. First at two dimensions, but during last 10 years, the third
dimension of cell culture has been also revolutionized by the integration of microflu-
idics. When several integrated chambers culture cells mimicking more than one tis-
sue or organ in a single device, the approach became known as organ-on-a-chip [8].

18.4.1 Microfluidic Systems General Principles

Microfluidic systems typically consist of devices with channel geometries having
characteristic length scaled from tens to hundreds of microns [63]. When microflu-
idics are designed for cell culture, it might encompass from millions to single cells
providing a level of flexibility beyond that possible in conventional well plates or
even with bioreactors [64, 65]. Structural features in microfluidic devices may be
designed to provide spatial control over cell behavior, and interactions between cell
populations may be controlled through the use of channels, membranes, and other
features incorporated into these systems [66, 67].

Fabrication is typically done by photolithography by applying a standard tech-
nique as Radio Corporation of America (RCA) cleaning, thin film deposition, wet
hydrofluoric etching, access hole forming, or chip bonding (Fig. 18.4) [61]. Soft
lithography and other processing techniques have enabled rapid, simple fabrication
of microfluidic devices from a broad range of substrate materials including thermo-
plastics and thermoset polymers, typically produced in optically transparent formats
that may be rigid or elastomeric [68]. Some significant features which make this
technology distinguishable are:

1. Microscale resolution and flow conditions match with the cellular structure
dimensions and traffic present in the human organism.

2. Spatial control over chemical gradients can mimic the dynamic 3D network

existing in vivo.

Reduced costs as it requires samples in nanoliter volumes.

4. Design of microfluidic devices is compatible with substrates permeable to oxy-
gen enabling cell culture in 3D.

5. Microfluidics can handle several processes at one time such as culture, replenish-
ment of medium, cell detachment, and subsequent detection. Furthermore, fabri-
cation can use transparent materials allowing microscopic imaging.

(O8]

18.4.2 Microfluidic Types of Devices

Different types of microfluidic systems have been used to establish and support 3D
culture and have been categorized based on the substrates used to fabricate the
microdevices, namely, glass-/silicon-based, polymer-based, and paper-based
platforms [22].
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18.4.2.1 Glass-/Silicon-Based Platforms

Glass-based systems can be reusable and applied for long-term studies because of its
stable surface with reproducible and reliable electroosmotic flow. The main advantage
of this systems is the enhanced optical properties which are advantageous in high-reso-
lution microscopy [69]. Glass-based channels are impermeable to oxygen, which has
been repeatedly utilized to create hypoxic conditions [70]. Khan et al. designed a micro-
fluidic platform able to create gradients of oxygen tension. A glass coating on the inner
microfluidic channel prevented multi-directional diffusion of oxygen across Polydimeth-
ylsiloxane (PDMS) enabling and keeping the gradient resolution and stability which is
monitored by incorporation of sensors [71]. Silicon-based systems, on the contrary, have
the disadvantage of being expensive and demand complicated fabrication procedures.

18.4.2.2 Polymer-Based Platforms

Various polymers such as PDMS, polycarbonate, polystyrene, and polymethyl
methacrylate (PMMA) have been used as biocompatible substrates for microdevices
[22]. Among these polymers, PDMS is the most predominant because it is perme-
able to oxygen and cost-effective [61]. Microchannels are formed by contacting the
PDMS structure with a substrate, and these channels deliver the fluid to restricted
areas on the substrate. The microchannels can selectively deliver the materials for
cell adhesion or cell suspension to desired areas of a substrate [72, 73].

Natural origin polymers such as agarose, fibrin, and collagens have also been
used for 3D cell culture on microfluidic applications [74].

18.4.2.3 Paper-Based Platforms

Paper-based microfluidic systems were born as a relatively simple and cost-effective
approach. Moreover, these systems are flexible and can be designed in varied archi-
tectures, as demonstrated by Martinez et al. by creating several 3D microfluidic
devices fabricated in layered paper and tape [75]. 3D cell culture was recently dem-
onstrated by Derda et al. for the first time on a paper-based microfluidic platform
[76]. The authors used chromatographic papers to pattern hydrophobic barriers by
wax printing. Cell suspensions were then impregnated on the papers. To mimic the
3D architecture, multiple papers sheets were stacked over each other. These papers
can later be detached for layer-by-layer molecular analysis.

18.4.3 Microfluidic Potential for 3D Cell Culture

One of the main advantages of microfluidic approaches is the spatial fine control
over fluids at micrometer scale, which can be explored to increase the physiological
significance of 3D tissue models. Early examples demonstrate spatial patterning of
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adhesion molecules [77] and hydrogels [78, 79], which are still used in microfluidic
3D cell culture. Today, the most important drivers for the use of microfluidic tech-
niques in 3D cell culture are:

(i) The integration of perfusion/flow
(i1) The ability of co-culturing cells in a spatially controlled manner
(iii) Generation of and control over (signaling) gradients [1]

Spatial control is essential for the increasing need for more complex tissues
in vitro modeling, since our body presents several interfaced tissues and barriers.
These are, for example, determinant for testing drug efficacy as drug molecules
either have to cross barriers or be effective to treat a tissue without affecting the
adjacent one. Microfluidic fabrication allows patterning surfaces for cells and extra-
cellular microenvironment stratified (co-)cultures with basal-apical access, control-
ling gradient formation and medium perfusion. In classical culture techniques, the
spatial control is usually achieved by a membrane to support surface-attached cell
growth dividing the culture well in two independent compartments [80]. The recent
trend in microfluidic systems is to use hydrogels interfaced by two channels offer-
ing a physiologically more relevant environment. By using laminar flow, two or
more streams are joined into a single channel flowing parallel to each other without
any turbulent mixing, allowing the only mixing by diffusion across the interface.
This ability to sustain parallel streams of different solutions in a single microchan-
nel has been applied to pattern cells and their environments [81, 82]. This method
can also be used to study subcellular processes by positioning a single cell interfac-
ing two adjacent streams [83]. Furthermore, by patterning a hydrogel between two
fluids, stable and predictable linear gradients are formed, which can be controlled
by the channel geometry and applied flow rates [84]. To integrate this type of assays
into the high-throughput drug-screening pipeline, Trietsch et al. [85] created a
microfluidic platform based on a 96-well titer plate format enabling a double flow
perfusion to generate a gradient over an hydrogel. Perfusion flow was maintained by
passive leveling between two reservoirs, thereby eliminating the need for external
pumps. This allows high-throughput migration assays and gradient formation in
combination with stratified co-cultures.

An interesting technology to study chondrocytes was introduced by Neve et al.
[86]. The developed technique integrates micron-resolution particle image
velocimetry with dual optical tweezers that allow for the capture and maintenance
of a single chondrocyte in a flow field that can be measured in real time.

From the microfluidic devices was born the organ-on-a-chip concept, which is
based on a microfluidic cell culture device created with microchip manufacturing
methods that contains continuously perfused chambers inhabited by living cells
arranged to simulate tissue- and organ-level physiology. By recapitulating the mul-
ticellular architectures, tissue-tissue interfaces, physicochemical microenviron-
ments, and vascular perfusion of the body, these devices could produce levels of
tissue and organ functionality not possible with conventional static 2D or 3D culture
systems. This concept was born for the creation of tools to enable in vitro analysis
of biochemical and metabolic paracrine activities in between different tissues and
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can have a huge impact in the future after maturation and optimization of the con-
cept (Fig. 18.2).

In addition to the physiological relevance, microfluidic systems can potentially
improve reproducibility, cost-effectiveness, and implementation at larger scales
for diagnostics and drug screening. For example, the reduced dimensions offer
advantages such as reduced consumption of expensive cell material, hydrogels,
and screening reagents. Well-defined heights of microfluidic channels improve
imaging quality and speed. Precise metering of liquids with microfluidic tech-
niques enables better quantification of assays. However, moving to a microfluidic
reality implies changing several exclusive factors to microfluidic from macro-
scopic cell culture, such as different culture surfaces, reduced media volumes, and
vastly different rates of, and methods for, medium exchange. These unique fea-
tures slowdown the acceptance and adaptation of the current state-of-the-art of cell
culture techniques to the dynamic microscale. Furthermore, even though there are
reports about 3D cell culture in microfluidic devices, a further push is needed to
consolidate this interesting concept for more complex 3D tissues as interfaces and
co-culture-based studies.

18.5 Bioreactors vs Microfluidics in OC Tissue Modeling

Over the last decades, strategies to investigate bone-cartilage interactions in vitro
were mostly limited to cell co-culture well plates in which bone and cartilage cells
are both exposed to the same medium [4], arguably a very distant condition from the
in vivo environment. Alternatively, co-cultures imply the use of transwells avoiding
direct cell contact which is also crucial, for example, for interfaced tissues. Using
TE techniques, two construct pieces can be independently cultured under chondro-
genic and osteogenic medium and joined together after tissue maturation, resulting
in an interrupted interface.

Traditional bioreactors have not been frequently explored in the development of
skeletal tissues interfaces but either applied to bone or cartilage tissue development
[90]. When applied to the interfaced OC junction, explants were usually used.
Understanding the mechanical properties of the articular surface is the main focus
of interest, because the OC junction and the subchondral bone are known to confer
significant protective mechanical properties to the overlying cartilage [91].
Specifically, the subchondral bone reduces impact-induced fissuring, chondrocyte
cell death, and matrix degradation, all of which are hallmarks of pre-osteoarthritis
[92]. Studies of chronic joint disorders have revealed the influence of subchondral
bone changes in the etiology of osteoarthritis, but these changes have not been
effectively reproduced in vitro [93, 94].

Biological characterization of the OC tissue present in any joint of the human
body already revealed the existing and key communication between chondrocytes
and osteoblasts across the junction. This interface is characterized by a transition of
collagen type I to type II and also of collagen fibers orientation. Moreover, several
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Cellularity/Cell size
Proteoglycan content
Collagen content

Fig. 18.3 Subchondral bone and articular cartilage interface make the OC tissue which is charac-
terized by specific collagen orientation and several content gradients. (A) Histological H&E sec-
tion of healthy human OC tissue. (B) Representation of the organization of collagen and cells. (C)
Scheme of collagen orientation. (D) Scheme of cellular distribution. (E) Representation of gradi-
ents and collagen orientation

gradients, such as cellularity, cell size, proteoglycans, and collagen content, charac-
terize the OC tissue interface (Fig. 18.3). However, understanding OC phenotype
and related disorders through specific communications require an in vitro culture
system that supports native or engineered osseous and chondral components of an
OC unit.

Bioreactors and microfluidic systems, as mentioned in previous sections, are
capable of creating gradients which are of great interest to OC tissue in vitro devel-
opment. While conventional in vitro culture systems such as static cultures, spinner
flasks, rotating wall vessels, and flow perfusion fail to provide physiological condi-
tions capable of reproducing physiological interfaces, the use of in vivo models can
give the wrong impression of translation readiness. Indeed, most of the cases fail
when translated to clinical trials, mainly because of genotypic and morphological
differences. Regarding this, in vitro models, able of mimicking 3D interfaces by
using gradient or bilayer scaffolds in general and OC tissue in particular, based on
human cells are still urgently needed. Since the traditional culturing systems are not
specifically adapted for engineering 3D interfaced tissues, new technologies have
been emerging over the last 5 years targeting this gap [5, 40, 95].

Recent developments in the bioreactor field, as the creation of systems adapted
for the maturation of interfaces and able to spatially control gradients, will open up
new possibilities to foster interfaced TE as it is the case of the OC tissue unit. We
described a new bioreactor concept [39, 40], which was designed for the maturation
of interfaces by using multi-compartmentalized chambers interconnected by 3D
structures (Fig. 18.4). This concept not only allows the co-culture of multiple cell
types under different environments but is also designed to avoid cell sedimentation
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sealing lid
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~ stem cell-derived removable
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Fig. 18.4 Bioreactor systems adapted for organ-on-a-chip and high-throughput concepts. (A)
Dynamic platform for 3D cell culture homogenization and increased diffusion by rotational move-
ments. (B) The dynamic platform performs inversion of the cell culture chambers avoiding hetero-
geneous cell distribution in 3D scaffolds. (C) Dual-chambers from bioreactor are adaptable to
6-well culture plate as a concept for 3D interfaced in vitro tissues. (D) Transition from bioreactors
to microfluidics concepts as a high-throughput device for 3D interfaced tissues. (Adapted with
permission from ([97], http://pubs.acs.org/doi/abs/10.1021%2Fmp500136b) Copyright © 2014
American Chemical Society)

and to improve culture medium exchange in and out of the tissue constructs by
rotational movements and flow perfusion (Fig. 18.4A and B). Moreover, this biore-
actor concept allows the connection by flowing medium between several multi-
chambers, adapting the concept of organ-on-a-chip microfluidics to the bioreactors
reality (Fig. 18.4C).

Concurrently, some dual-chamber bioreactors were tested for OC TE. Chang
et al. [96] cultured a gelatin-infused shinbone block to generate OC constructs in a
dual-chambered bioreactor for the production of hyaline cartilage within the gelatin
portion of the scaffold while the bony portion was acellular. Mahmoudifar and
Doran [97] used a similar dual-chambered bioreactor for the maturation of two
sutured polyglycolic acid meshes seeded with ASCs. After 2 weeks of culture, both
layers were cellularized, but showed statistically undifferentiated GAG content. The
main differences in comparison to our system are related to specific dynamic fea-
tures. While these two reported dual-chambers are under flow perfusion, our biore-
actor allows rotational movements to improve medium diffusion and vertical turning
movements to increase cell homogenization though the 3D structures.

OC in vitro models based on microfluidic devices were recently reported.
Goldman and Babino [98] created a microfluidic dual-chamber device for the control
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over the osteo- and chondrogenic phenotypes. Bovine MSC were encapsulated in
agarose, casted against micromolds of a serpentine network, and stacked to produce
tissue constructs containing two independent microfluidic channel networks.
Constructs receiving differentiation media showed differential chondrogenic and
osteogenic gene expression, which was confirmed at the protein level as collagens I,
I, and X. The control group under basal culture medium corroborated the results by
showing homogeneous expression of the same biomarkers measured in lower con-
centrations at both the mRNA and protein level.

Shi et al. [99] compared a strategy based on a gradient generated by a microflu-
idic device with a conventional approach where two pieces of ASCs-laden hydrogel
were cultured under osteogenic and chondrogenic conditions and joined together.
The microfluidic system allowed generating a gradient of differentiation mimicking
the OC interface. Although the dynamic cell differentiation methods using the
microfluidic device consumed more cell culture media than the static method, the
microfluidic system continuously supplied new nutrition and transported the wastes
produced by cell metabolism out of the device generating a nontoxic environment.
In addition, the flowing media could be collected and reused because much of the
nutrients in the flowing media are not consumed during the continuous flow of cul-
ture media.

Lately, a technological approach using a high-throughput platform was designed,
and osteoarthritic condition was already assessed to validate the system (Fig. 18.4D).
Lin et al. [100] developed the platform adapted for interfaced OC tissue in a well
plate format. This approach represents a transition design in between bioreactors
and microfluidics. The system consists in a single bioreactor formed by the inserts
and lid in the context of a 24-well plate. The device was designed to accommodate
the biphasic nature of an OC plug by creating two separate compartments for the
“chondral” and “osseous” microenvironments. The two microenvironments are
independently controlled and the medium flow through each row of wells. The
authors have shown that MSC-based chondral and osseous tissues respond to IL-1f
in a manner that the changes in one tissue compartment are communicated to the
other along the OC axis.

While bioreactors are now seeing its concept turned to the field of tissue model-
ing, microfluidic systems have been tested more often for this goal. However, the
main difference of both concepts is that bioreactors were firstly developed for tissue
production to be used as grafts for implantation and are now useful platforms for
in vitro tissue modeling, while microfluidic devices can only be used for this last
purpose as a drug testing or diagnostic tool.

18.6 Future Directions and Conclusions

The combination of culture systems as bioreactors and microfluidics with 3D cell
culture has triggered alternatives reporting great potential to provide efficient meth-
ods for biomedical applications, TE, and drug screening. However, increased com-
plexity associated with access to cultivated cells in 3D constructs and further sampling
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for assays is a combination of problematic challenges to be solved. The current sys-
tems allow the creation of gradients and the spatial arrangement of cells enabled
mainly by microfluidics, but overall lack control of dynamics and spatial presentation
of various signals over 3D constructs, which requires meticulous attention.

There is also a strong need of cost-effective and easy-to-use systems. High-
throughput systems have been reported to solve these needs, but still require optimi-
zation when applied for 3D interfaced tissues as OC. Although organ-on-a-chip has
drawn attention for integrated studies of tissue interplay, the integration of microen-
vironments in a single device still needs further developments. Furthermore, the
transition from 2D to 3D adds one more dimension not only in terms of shape and
structure but also in terms of data acquisition.

The integration of materials engineering, nanofabrication, and biology already
opened up new roots guiding us to the current scenario. However, bringing new
tools from bioinformatics, systems biology, and sensors for real-time monitoring
may help in overcoming the remaining challenges. In the near future, the development
of automated, high-throughput, reproducible, cost-effective, and easy-to-use 3D
cell culture systems is expected. Advances of microfluidics and bioreactors cell cul-
turing technologies will trigger a new coming era of developments and discoveries
not only about OC-related disorders and therapeutics but in the field of TE and drug
discovery in general.
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