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1 Introduction

Tissue engineering strategies for bone defect repair typically consist of cells, scaf-
folds, and bioactive signals that, when combined, produce a regenerative bone tem-
plate that degrades within the host over time and stimulates the body to produce
new, functional bone tissue to take its place [1]. For strategies utilizing cell-based
approaches, scaffolds are seeded with cells and pre-cultured in vitro to allow for cell
proliferation and osteogenic differentiation prior to implantation [2]. However, tra-
ditional static culture technique has proven an inefficient method for culture of
three-dimensional (3D) scaffolds. Static culture provides sufficient nutrients and
oxygen to cells on outer surfaces of these scaffolds, but cells within the center of the
scaffold rely on diffusive transport of nutrients. Consequently, a nutrient gradient
forms within the scaffolds, resulting in cell death toward the center. These limita-
tions restrict the production of regenerative bone tissue engineering (BTE) scaffolds
of clinically relevant sizes, demonstrating these effects in constructs as small as
10 mm? [3, 4]. The difficulties associated with static culture conditions are amelio-
rated through the use of bioreactor culture. These systems provide dynamic culture
environments in which media is constantly mixed and convectively transported to
cells throughout the scaffold [2].
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Although bone is a regenerative tissue that often heals without surgical interven-
tion, defects of critical size do not spontaneously heal over time. Critical size bone
defects, which were previously discussed in chapters “3D Printing for Oral and
Maxillofacial Regeneration” and “Bone Grafting in the Regenerative Reconstruction
of Critical-Size Long Bone Segmental Defects”, are on the scale of 2.5 cm, and their
geometry varies with anatomical location [5]. When generating tissue engineering
constructs to repair these large defects, bioreactor culture is often required to
increase the nutrient transport throughout the scaffold via convective flow.
Transporting media and oxygen through convective mechanisms allows cells within
the entire construct to readily receive necessary nutrients during the culture period,
leading to greater cell survival and more homogenous tissue formation. This same
effect is related to bone tissue development and maintenance in vivo. Lack of appro-
priate vasculature limits new tissue formation in the body to sizes of 100-200 pm,
which is the diffusion limit of oxygen in highly cellular tissues [6]. However, the
presence of vasculature, which is further discussed in chapter “Strategies for 3D
Printing of Vascularized Bone”, within these tissues allows for the transport of the
growth factors necessary to instruct bone regeneration, such as bone morphogenic
protein (BMP) and vascular endothelial growth factor (VEGF) [6, 7]. Bioreactor
culture not only improves the transport of nutrients and oxygen from surrounding
media but also has a positive impact on the formation of vascular-like networks
within these constructs. These systems also have the potential to culture BTE con-
structs in a manner that replicates the in vivo environment of bone. Due to the nature
of bone acting as a supportive tissue within the body, forces of tension and compres-
sion are constantly applied. Because these forces heavily regulate bone metabolism,
their application is included within several bioreactor systems to generate more
functional bone-like structures.

Advantages of Bioreactor Culture:

1. Homogenous cell seeding: Even cell seeding is essential in the formation of
well-organized tissue within the scaffold [8]. Two dimensional cell seeding
involves deposition of cell solution directly onto the scaffold and incubation for
a period of time in static culture. Although this seeding method is relatively
popular, it results in uneven matrix deposition in 3D bone tissue applications,
typically on the periphery of the scaffolds, leading to nutrient gradients and cell
death [8]. Perfusion bioreactor systems are used to combat this issue because
they deliver cells and nutrients throughout BTE constructs [4, 9].

2. Increased cell proliferation: Along with consistent cell distribution, bioreactor
culture increases cell proliferation on scaffolds as well. Convection mechanisms
of transport lead to improved delivery of nutrients and oxygen, as well as better
waste removal processes that are linked to greater cell survival and
proliferation.

3. Application of mechanical loading and fluid shear stress: In order to more
closely mimic the in vivo environment of bone, bioreactor systems are utilized
to generate mechanical loading conditions and application of shear stress [2, 8].
The bone matrix is subjected to mechanical forces of cyclic loading while per-
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forming everyday functions. This loading cycle on the bone matrix then trans-
mits forces to cells within the tissue via fluid shear through channels called
canaliculi [8]. These forces trigger bone cells to activate the bone remodeling
process in order to maintain the necessary mechanical strength that bone pro-
vides in the body [2]. Also, research suggests that application of fluid shear
stress to mesenchymal stem cells (MSCs), the most heavily utilized stem cell
source in BTE applications, increases their osteoblastic differentiation [10].
Both compression and magnetic force bioreactor systems recreate the cyclic
loading conditions that bone experiences. Several bioreactor systems apply fluid
shear directly to cells within cultured scaffolds, including spinner flasks and
perfusion systems.

4. Vascularization: Bioreactors are utilized to improve in vitro culture processes
prior to scaffold implantation to produce more mature and complex tissue con-
structs [2]. One important aspect of generating these mature tissues in vitro
includes scaffold vascularization, which will be discussed further in chapter
“Strategies for 3D Printing of Vascularized Bone”. Bone vasculature provides
the matrix with the necessary nutrients and oxygen it needs to maintain normal
physiological functions, such as development, regeneration, and remodeling,
and serves as a mechanism for waste removal [7]. Many vascularization strate-
gies are available, but when combining a vascularization strategy with bioreactor
culture, more highly organized and functional bone tissue substitutes can be gen-
erated. Both rotating wall vessels and perfusion systems have been utilized to
produce preliminary vascular networks within tissue constructs, however there is
still significant growth and optimization necessary to improve vascularization
strategies [11].

5. Biomanufacturing: Bioreactor systems allow for the generation and mainte-
nance of clinically relevant volumes of engineered bone on the centimeter scale.
This provides a clear advantage over traditional static culture techniques that can
only produce constructs on the millimeter scale. These systems also enhance and
expedite the production process through minimization of necessary culture times
and monitoring. Because culture processes often produce variable results, biore-
actors standardize these processes and allow for the generation of multiple
patient-specific grafts in parallel, so as to ensure that patients receive the most
effective graft.

6. Clinical translation: To enhance the clinical potential for tissue engineering con-
structs, in vitro culture steps must be optimized to achieve maximum rate of
production and automation, while minimizing risk of infection and necessary
manual labor [2]. Bioreactor culture allows for cell seeding, proliferation, dif-
ferentiation, and tissue maturation to occur within the same closed vessel, mini-
mizing transfers of the cells and scaffolds during in vitro culture, and therefore
minimizing contamination risks [2]. Its potential for automation, combined with
increased nutrient delivery, and tissue maturation allows for the generation of
BTE constructs of clinically relevant sizes by overcoming the size limitations
that static culture conditions produce. These systems significantly augment the
capacities of BTE scaffolds to serve as functional replacements for diseased or
defective bone tissue in clinical scenarios.



228

Table 1 Summary of commercially available bioreactor systems and their respective uses
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Bioreactor system Company Uses Refs.

OsteoGen: Perfusion | BISS TGT Provides media perfusion to bone constructs [12]

Bioreactor

CartiGen: BISS TGT Oscillatory stress and perfusion to cartilage [12]

Compression constructs

Bioreactor

ZRP Cultivation ZellWerk Ex vivo expansion of human blood and [12]

System tissue-derived cells

TEB1000 Bioreactor | Ebers Medical | Culture of tissue engineering constructs under [12]
flow; eliminates need for external equipment

TISXell Biaxial QuinTech Life | Growth and maturation of cells on 3D bone [12,

Bioreactor Sciences tissue engineering constructs; uniaxial, biaxial, 13]
and swing modes

3DCulturePro Bose Perfusion of 3D cell culture constructs [14]

Quasi Vivo Lonza Perfusion of interconnected or co-culture [15]
monolayer cultures

‘WAVE Bioreactor Cytiva Orbital shaker for cell expansion [16]

Flexcell Tension Flexcell Cyclic or static strain applied to in vitro cultured | [17]

System cells

Flexcell Flexcell Uses piston to apply compressive force to tissue | [18]

Compression System samples

Streamer Flexcell Regulates laminar, pulsatile, or oscillating flow | [19]

in cell cultures

2 Bioreactor Systems

Some commercially available bioreactor systems and their uses are presented in
Table 1. Several bioreactor designs will be discussed in this chapter. These systems

and a summary of their results are presented in Table 2

2.1 Spinner Flasks

Rationale and design: Spinner flask systems consist of a three-armed flask, mag-
netic stir bar, and scaffolds that are suspended in media via wires, needles, or thread
[4]. A schematic of a spinner flask system is pictured in Fig. la. Typical stirring
speeds are set between 30 and 50 rpm, so as to ensure dynamic mixing of media, but
not to cause significant damage to cells seeded on the scaffolds [16, 18]. The ratio-
nale behind the use of spinner flasks for in vitro culture is that the dynamic mixing
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Table 2 Summary of bioreactor systems, cell lines, and principal findings
Bioreactor
system Cell source Principal finding Refs.
Spinner Flask | Rat BM-MSCs Upregulation of alkaline phosphatase (ALP), [16]
osteocalcin (OC), & calcium deposition; peripheral
mineralization
hMSCs Peripheral mineralization [17]
hMSCs Increased proliferation, ALP activity, & [18]
mineralized matrix
hMSCs CFD analysis, 300 rpm resulted in more [19]
homogenous mineralization
Mouse-derived Increased proliferation [20]
MSCs
Rotating Wall Rat BM-MSCs ALP activity, (OC) secretion, & calcium deposition | [16]
Vessel lowest in RWV
Rat osteoblast Increased ALP activity, osteopontin (OPN), OC, & | [21]
BMP-4; decreased proliferation; increased
osteoprotegerin (OPG) & interleukin 6 (IL-6)
Rat BM-MSCs Inhibited proliferation and osteogenic [22]
differentiation under microgravity
Human Runx2, ALP, collagen I, & osteonectin (ON) [23]
BM-MSCs expression suppressed under microgravity,
expression of adipogenic markers upregulated
Human Bioinformatics study, microgravity downregulates | [24]
BM-MSCs osteogenic & chondrogenic genes & upregulates
adipogenic genes
Osteoblast Varied ratios of LTW/HTW microcarriers resulted | [25,
in more homogenous cell distribution 26]
Fetal human Optimized fill volume and rotational speed resulted | [27]
osteoblast in greatest cell proliferation
Perfusion hMSCs Bioreactor culture of anatomically correct TMJs [28]
resulted in more homogenous cell distribution &
matrix formation
hMSCs Increased viability, proliferation, & ALP activity; | [29]
increased OC, OPN, & BMP-2 expression
hMSCs BMP-2 & OPN increase with increasing shear; [30]
increased proliferation, mineral deposition & OPN
expression
hMSCs Increased bone area & host tissue integration [31]
in vivo
hASCs More homogenous cell distribution & collagen [32]
deposition; 8% increase in new bone area after
5 week culture
hMSCs Optimal flow rate exists in between 400 and [3]
800 pm/s
hMSCs Transverse flow results in greatest MSC [33]
differentiation; parallel flow results in greater
proliferation
hMSCs Unidirectional flow results in greater osteogenic [34]

gene expression near outlet region; alternating flow
mitigated these differences

(continued)
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Table 2 (continued)
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Bioreactor
system Cell source Principal finding Refs.
Mechanical Rabbit Mechanically loaded samples showed increased [35]
Force osteoprogenitor | collagen I& IX deposition & ECM calcification
Perfusion- Human bone Highest level of ALP activity in perfusion- [36]
compression cells compression cultures
hMSCs Perfusion culture increased proliferation; [37]
compression-perfusion increased OCN & Runx2
expression
Zetos N/A Mechanical loading decreases levels of cellular [38]
apoptosis
N/A Compressive forces increase trabecular thickness [39,
& compressive moduli 40]
Compression hMSCs Physiological strain of 0.22% results in [41]
only upregulation of ALP activity, ON expression, &
collagen I deposition
Magnetic force | hMSCs Mechanical stimulation of cells results in greater | [42,
mineralization & collagen deposition 43]

of media allows for convective transport of nutrients and oxygen to cells throughout
the entire scaffold, which increases cell viability and proliferation [4, 16, 18].
Furthermore, the dynamic environment results in the application of fluid shear
forces to cells seeded on the scaffolds, particularly on the peripheral regions, which
also enhances osteogenic differentiation and bone extracellular matrix (ECM) depo-
sition [17, 18, 44]. Also, spinner flasks are utilized as a means of cell seeding, which
increases cellularity in comparison to static culture and other mechanisms of
dynamic seeding [20].

Applications: Several studies have investigated the effectiveness of spinner flasks
for dynamic culture in BTE compared to other systems, such as rotating wall vessels
(RWYV), perfusion cartridges, and static culture. Sikavitsas et al. compared spinner
flask culture to both RWV and static culture conditions of poly(lactic-co-glycolic
acid) (PLGA) scaffolds seeded with rat bone marrow-derived MSCs [16]. In con-
trast with static conditions, scaffolds cultured in spinner flasks demonstrated
increased cellularity, as well as an upregulation in markers of osteogenic differentia-
tion, demonstrating the positive effect of the dynamic mixing environment on the
culture of BTE constructs. However, both Sikavitsas et al. and Meinel et al. observed
that mineralization occurs mostly on the outer periphery of these constructs, whereas
other systems produce more homogenous mineral deposition [16, 17]. These studies
demonstrate that spinner flask systems generate an uneven distribution of shear
stress to cells within 3D scaffolds, resulting in uneven bone tissue development.
Kim et al. sought to investigate how manipulation of scaffold design can eliminate
this uneven tissue formation. By generating silk scaffolds with macroscale pores,
more homogenous ECM deposition and mineralization was observed [18]. However,
the use of larger scale pores resulted in mechanical properties that are less than
desirable for BTE applications. This highlights the need for optimization strategies



Bioreactors and Scale-Up in Bone Tissue Engineering 231

A. G

Flask with media
Suspension
thread or wire
Scaffold
Magnetic stir bar
Stir plate

Pump

A

Perfusion chamber
with scaffold

Media reservior

QOuter cylinder

Inner cylinder

Oxygen
permeable
membrane

Scaffold

Fig. 1 Schematics of bioreactor systems. (a) Spinner flask. (b) Rotating wall vessel (arrow depicts
rotation of outer cylinder) [2]. (¢) Perfusion system. Perfusion chamber design varies with scaffold
geometry. (Created with BioRender.com)

of both scaffold design and culture conditions to balance desired tissue strength and
homogenous tissue formation.

One available strategy for understanding, predicting, and optimizing nutrient
transport across 3D scaffolds is computational fluid dynamics (CFD) analysis. In
the case of spinner flask culture systems, various stir bar rotation speeds have been
examined to determine velocity fields and shear rates within the culture vessel, pro-
viding greater insight about processing parameters that yield homogenous bone tis-
sue formation. Most CFD analyses in spinner flask systems have been conducted to
investigate optimal environments for culture of articular cartilage tissue. However,
Melke et al. predicted and examined the localization of mineral deposits within silk
fibroin scaffolds seeded with human bone marrow-derived MSCs as a function of
wall shear stress generated by different stir bar speeds [19]. This analysis demon-
strated that with increasing stirring speeds, mineral deposits were more
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homogeneously distributed. Although this modeling approach is a useful tool for
optimization of culture parameters, cell culture experiments conducted in parallel
observing cell viability as a function of shear stress generated could provide greater
insight on producing more homogenous bone tissue constructs.

These systems have also been examined as a means of dynamic cell seeding for
tissue engineering constructs [20, 45]. Griffon et al. investigated a variety of
dynamic seeding mechanisms, including spinner flasks, perfusion bioreactors, and
orbital shakers for seeding of mouse-derived MSCs on a variety of scaffold materi-
als. Spinner flasks demonstrated the greatest levels of DNA and cellularity in com-
parison to other culture methods [20]. However, other groups have seen greater
success in cell seeding with perfusion bioreactors in comparison to spinner flask
systems [45].

Limitations: A major restriction is the size of the constructs that can be success-
fully cultured using these systems. This is due to a difficult and delicate balance
between convective transport via stirring and the resultant shear stress. In order to
increase nutrient transport, stirring speeds are increased, which applies more shear
stress to cells on the outer edges of scaffolds [4]. As these scaffolds are cultured
over time, this results in greater matrix and mineral deposition on the periphery of
scaffolds, creating a sharp nutrient gradient and inefficient waste removal [16, 17]
on the inner portions of scaffolds, leading to necrosis [4]. The resulting non-
homogeneous distribution of the deposited bone matrix severely impacts the
mechanical integrity of these constructs. Because of these associated issues, culture
of clinically relevant volumes of bone tissue is not currently possible using this
method. The capacity of spinner flask systems to increase osteogenic differentiation
and homogeneous bone matrix formation in bone tissue constructs seems promis-
ing, but significant optimization of both computational analyses and cell culture
experiments needs to be conducted in order to enhance these systems’ capabilities.

2.2 Rotating Wall Vessels

Rationale and design: The rotating wall vessel (RWV) bioreactor system, which is
represented in the schematic in Fig. 1b, consists of two concentric cylinders, with a
rotating outer cylinder and stationary inner cylinder, which contains an oxygen-
permeable membrane for gas exchange [2, 4]. Media and scaffolds are present in the
space between the two cylinders. RWV bioreactors create a microgravity environ-
ment in which scaffolds are in a constant state of “free fall” by balancing drag
forces, centrifugal forces, and net gravitational forces [4, 8]. This design results in
lower shear stresses and turbulence with increased nutrient delivery [8]. Several
variations of these systems exist, including slow turning lateral vessels (STLV) and
high-aspect ratio vessels (HARV). STLV systems allow for greater control over
oxygen supply, pH, and temperature of the culture vessel, and HARV systems have
reduced speeds and improved gas exchange [4].
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Applications: One application of RWYV bioreactors is to simulate the effects of
“weightlessness” on the culture of bone-forming cells. The interest in studying
these effects stems from observations of bone loss due to space travel, leading
researchers to believe that lack of mechanical stimulation of the tissue in micrograv-
ity environments alters bone metabolic processes. Rucci et al. utilized a RWV to
culture rat osteoblast-like cells that formed organoids to observe the impact of
weightlessness on osteoblastic phenotype [21]. In comparison to cells cultured in a
traditional static environment, RW V-cultured cells displayed upregulations in mark-
ers indicative of osteoclastic phenotypes, demonstrating that this environment can
result in greater bone resorption. Similar studies evaluated the impact of micrograv-
ity on osteogenic differentiation of rat and human bone marrow-derived MSCs.
Decreased proliferation and osteoblastic differentiation were observed [22], as well
as upregulations in markers associated with adipogenic differentiation [23, 24].
These studies provide great insight into the underlying mechanisms of bone loss
that result from microgravity environments.

To determine the efficacy of RWV to culture constructs for BTE applications,
Sikavitsas et al. compared the use of RWV systems to spinner flask and static condi-
tions for the culture of rat MSCs on PLGA scaffolds [16]. Cell proliferation and
osteogenic differentiation were significantly lower in RW'V than other culture con-
ditions, leading researchers to believe that scaffold collisions with the culture vessel
were detrimental to these processes. To overcome the issues associated with
scaffold-wall collisions, Botchwey et al. and Yu et al. investigated the use of lighter
than water (LTW) and heavier than water (HTW) PLGA microcarriers to culture
osteoblast-like cells [25, 26]. The purpose of these studies was to manipulate the
densities of these scaffolds to obtain greater control over scaffold movement within
the vessels, therefore optimizing culture parameters to lead to increased osteogen-
esis. By varying the ratios of HTW and LTW microspheres, they were able to
achieve a more homogenous cell distribution and upregulation in osteogenic mark-
ers in RWV systems [26]. Another optimization study conducted by Varley et al.
investigated ideal operating parameters of both single and dual axis rotational reac-
tion vessels on fetal human osteoblast proliferation on collagen-glycosaminoglycan
(GAG) scaffolds [27]. By determining optimal media fill volume and rotational
speed of both RWV systems, cell proliferation increased significantly in compari-
son to static controls. Even though this optimization strategy improved cell growth
on the scaffolds within RWV structures, the researchers suggested that developing
a variation of the RWV structure including perfusion could significantly enhance
in vitro culture [27].

Limitations: Although some RWYV systems demonstrate upregulation in osteo-
genic markers, they are not significantly different from static cultures. The micro-
gravity environment results in low shear applications to cells within the scaffolds,
which was initially hypothesized to lead to greater cell survival [8]. These vessels
provide a mechanism to understand the impact of weightlessness on bone tissue
formation, but they remain relatively ineffective for culturing regenerative BTE
constructs. Scaffold collisions with the outer vessel walls also lead to decreased cell
survival and disruption of bone tissue formation [2, 16]. To combat this, a variation
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was designed in which scaffolds are fixed on the outer wall, which was demon-
strated to increase cell proliferation, ECM deposition, and mineralization [2].
Another variation that was developed by Zhang et al. combined perfusion and biax-
ial rotation (BXR) within the same culture vessel, which led to increased prolifera-
tion and upregulation of osteogenic markers in comparison to spinner flasks, RWYV,
and perfusion systems [46]. Although these results are promising, researchers are
turning to other dynamic culture systems due to the lack of efficacy observed in
RWV systems.

2.3 Perfusion Systems

Rationale and design: Perfusion-based systems typically consist of a media reser-
voir, pump, and a perfusion cartridge which contains the scaffold, represented in
Fig. 1c [2]. Scaffolds are press-fit to the bioreactor cartridges to allow media to
perfuse directly through scaffold pores, rather than around the scaffold [2]. Two
main design types for perfusion cartridges include packed and fluidized beds.
Packed beds are typically used for microparticle-based scaffolds or scaffolds con-
sisting of one piece [8]. Fluidized bed designs are mainly used for microparticle or
particulate based biomaterials, which are mobilized due to the fluid flow of dynamic
culture [8]. However, numerous perfusion bioreactor designs exist because their
design is reliant on scaffold architecture. Media is perfused directly through scaf-
fold pores in perfusion systems, resulting in more uniform cell seeding, osteogenic
differentiation, and bone matrix production [8]. The efficiency of these systems is
co-dependent on optimal scaffold properties, such as porosity [2, 47]. Because of
the exciting potential that these systems have to improve the generation of bone-like
tissue in vitro, several groups have also applied these systems to produce constructs
of clinically relevant size, which will be discussed later in this chapter.
Applications: Because of the need to create scaffold-specific perfusion car-
tridges, several designs have been investigated in the context of BTE. One design
that has been utilized is the tubular perfusion system (TPS) bioreactor [29-31].
Developed by Yeatts et al., this system was used to culture hMSCs in alginate beads
to test the growth and differentiation of the cells within the system, as well as the
effects of flow rate on these processes. Perfusion culture increased viability, prolif-
eration, and osteogenic differentiation of hMSCs within the scaffolds [29]. The
same group then investigated the effects of dynamic culture and application of shear
on osteogenic differentiation and proliferation of hMSCs as a function of radial
position within the same scaffolds. Over the course of the culture period, increases
in DNA and osteogenic marker expression levels were observed in dynamically
cultured scaffolds, whereas statically cultured scaffolds suffered from greater levels
of cell death, specifically in larger scale constructs [30]. This demonstrates the capa-
bility of bioreactor culture to mitigate nutrient and oxygen diffusion limitations
associated with static culture. The TPS system was used again by Yeatts et al. to
culture hMSCs on electrospun nanofibrous PLGA/poly(e-caprolactone) (PCL)
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Fig. 2 Tissue engineering of anatomically shaped bone grafts. (a, b) Clinical CT imaging tech-
niques were used to generate 3D models of TMJ. (¢) Resulting machined decellularized bone
scaffold. (d) Resulting scaffolds from different CT scans. (e) Culture schematic and (f) photograph
of bioreactor utilized to culture TMJ constructs. (g—i) Assembly process of bioreactor. (Image
adapted from [28])

scaffolds to understand the impact of dynamic culture on in vivo bone formation
[31]. Bioreactor-cultured scaffolds exhibited the greatest increase in new bone area
and better integration with host tissue, which demonstrates the positive effects of
in vitro dynamic culture on bone tissue healing in vivo.

To demonstrate the capability of perfusion systems to produce complex anatomi-
cal structures of bone tissue, Grayson et al. developed a bioreactor system specifi-
cally to culture temporomandibular joints (TMJ) from decellularized bovine bone
scaffolds and hMSCs [28]. As shown in Fig. 2, anatomical geometry was obtained
via computed tomography (CT) imaging, which was then used to generate the
polydimethylsiloxane (PDMS) fitting mechanism for the perfusion cartridge and
the computer numerical control (CNC) milled scaffolds [28]. Static conditions
resulted in the formation of bone matrix and mineralization primarily on the periph-
ery of the scaffolds, while bioreactor culture groups exhibited a more even
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distribution of matrix formation and greater cell proliferation [28]. This not only
validates the advantages of bioreactor culture over static conditions, but also the
flexibility of these systems to culture anatomically accurate bone grafts.

Frolich et al. compared static and perfusion culture conditions in control and
osteogenic media using human adipose-derived stem cells (hASCs)-seeded decel-
lularized bone scaffolds [32]. Although increases in mineralization and ECM depo-
sition were observed, they were not statistically different from static controls,
potentially due to low fluid shear rates [32]. Results such as this highlight the need
for flow rate optimization studies to maximize the effectiveness of in vitro culture.

Grayson et al. conducted a flow rate optimization study to determine the impact
of this parameter on osteogenic differentiation of hMSCs on decellularized bovine
bone plug scaffolds in a perfusion bioreactor [3]. Flow rates and their corresponding
interstitial fluid flow were determined via mathematical modeling. By observing
cell and ECM distribution and gene expression, they were able to determine an
optimal range of flow rates that enhanced the process of bone formation in the sys-
tem. Another variation of flow optimization studies was conducted by Kim et al. by
investigating the effects of parallel and transverse media flow through scaffold
pores. By culturing hMSCs on polyethylene terephthalate (PET) scaffolds, it was
demonstrated that transverse flow conditions increased the rate of MSC differentia-
tion toward an osteoblastic lineage, whereas parallel flow allowed them to maintain
greater proliferative potential [33]. Direction of perfusion was also investigated for
its effects on osteogenic differentiation of hMSCs in alginate bead scaffolds, as a
function of scaffold position within a TPS bioreactor. Nguyen et al. hypothesized
that cells within these scaffolds at the inlet and outlet regions of the perfusion bio-
reactor experience different biochemical cues that guide osteogenic differentiation
due to their differences in position [34]. Greater levels of osteogenic marker expres-
sion were observed toward the outlet region under unidirectional flow. Alternating
the flow direction after 24 h mitigated these differences. The culmination of these
results demonstrates the significant effort required to optimize perfusion systems in
order to foster homogenous bone tissue formation.

Limitations: Although these systems show great promise for the culture of regen-
erative BTE constructs, several limitations exist. First, these systems are prone to
leakage and contamination due to ill-fitting connections within the system.
Significant optimization of processing parameters is also necessary. Ideal perfusion
flow rates are necessary to determine, so as to aid in the process of osteogenic dif-
ferentiation, but not to cause significant cell death within the scaffold. Bioreactor
and scaffold designs must also be tuned in order to maximize the effects of the
in vitro culture process. However, the use of CFD analyses allows for significant
optimization within these areas prior to experimentation. Combining these analyses
with perfusion bioreactor systems provides more standardized methods for produc-
ing clinically relevant volumes of bone tissue. Because perfusion systems overcome
the issues associated with other bioreactor systems and static culture, these bioreac-
tors and their derivatives present the most potential for use in clinical scenarios.
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Fig. 3 Schematics of mechanical force bioreactor systems. (a) Compression bioreactor—arrows
indicate direction of force applied to the system & the scaffold. (b) Magnetic force bioreactor—
arrows indicate direction of movement of magnetic field and nanoparticle. (Created with
Biorender.com)

2.4 Mechanical Force Systems

Rationale and design: The objective of mechanical force bioreactor systems is to
more accurately mimic the mechanical loading forces, such as tension and compres-
sion, in the in vivo bone microenvironment. These forces are a result of regular
physical movements such as walking, running, or jumping and are instrumental in
guiding bone growth, remodeling, and other metabolic processes [4, 8]. Several
designs have been investigated in the context of BTE, but the most common includes
the application of compressive forces, which is often used in combination with per-
fusion. The synergistic relationship between fluid perfusion and compressive forces
both mimics natural loading conditions of bone, while also recreating the in vivo
microenvironment of interstitial canalicular flow in response to those loading condi-
tions. These systems are typically composed of similar elements as traditional per-
fusion systems, but culture chambers include mechanisms for compressive force
application, such as a piston driven by pneumatic pressure. Using compression sys-
tems to apply physiologically relevant loads in cyclic loading conditions increases
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cellularity, matrix production, and osteogenic gene expression [8]. Another varia-
tion is the magnetic force bioreactor (MFBs), in which magnetic nanoparticles are
attached to the cell membrane and force is applied via a magnetic field [4]. This
system allows for forces to be applied directly to the cell membrane, rather than to
the scaffold and then transmitted to cells. Because other systems require an external
mechanism for forces of compression, this damages scaffold integrity and increases
risk of infection. These are the limitations that magnetic force bioreactors seek to
address. Both compression and magnetic force systems are represented in Fig. 3.

Applications: Matziolis et al. developed a compression-based system to simulate
the in vivo fracture healing environment and investigate cell response [35]. The
upper membrane of the system, driven by pneumatic pressure, applied compressive
forces that mimic the cyclic loading cycle experienced by bone. Mechanically
loaded scaffolds demonstrated an increase in ECM deposition and calcification,
validating that the application of compressive forces aids in the process of bone tis-
sue formation [35].

The application of compressive forces has been demonstrated to upregulate
osteogenesis, but several groups investigated the use of compression-perfusion cul-
ture systems to more accurately replicate the in vivo fluid microenvironment of
bone [36, 37]. Both Bolgen et al. and Jagodinski et al. conducted studies comparing
perfusion, compression-perfusion, and static conditions. Although both dynamic
environments resulted in homogenous tissue formation, markers of osteogenesis
were significantly upregulated in compression-perfusion cultures, demonstrating
the potential for these combined systems to enhance the process of bone tissue
development.

One mechanical loading bioreactor system that has been investigated extensively
for its use in culturing bone explants is the Zetos system [38—40, 48, 49]. Developed
by Davies et al., this system has been utilized to culture human, bovine, and ovine
trabecular bone explants to determine the effect of mechanical loading on cell and
tissue response. Mann et al. investigated how mechanical loading simulating a
jumping exercise impacted cellular apoptosis and bone formation in human trabecu-
lar bone. Their study established that mechanical stimulation decreased levels of
apoptosis, whereas unloaded conditions resulted in decreased osteocyte viability
and increased apoptotic behavior [38]. This same system was employed to investi-
gate its effects on the mechanical properties of bovine bone, demonstrating that
cyclic compression increases the thickness of trabeculae and compressive modulus
[39, 40]. Endres et al. investigated several loading conditions for their effects on
bovine bone stiffness and osteoid deposition, finding that stiffness increases with
applied strain, but also depends on the amount of matrix deposited [49]. Overall,
these studies demonstrate that viable bone explants are better maintained under
loading conditions, but the system has yet to be applied to engineered bone tissue.

Previous studies reported various levels of loading conditions, all of which
seemed to have a positive impact on bone formation or mechanical properties of the
engineered or explanted constructs. However, Ravichandran et al. sought to investi-
gate how physiologically relevant strains impact early osteogenesis on constructs in
a compression bioreactor [41]. This study demonstrated that physiological loading
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conditions caused an upregulation in osteogenic markers and ECM calcification
earlier in the culture period than other strain levels and static controls. This presents
a potential benefit for future clinical translation because culture times can be reduced
due to the increased rate of bone tissue formation.

Another variation of mechanical loading bioreactors are MFBs. These systems
apply different mechanical forces directly to cell membranes via membrane-
attached magnetic nanoparticles [4]. The magnitude of the force applied changes
based on the strength of the magnetic field. In comparison to other mechanical con-
ditioning bioreactor systems, this system has several advantages, such as lesser risk
of infection, precise control over applied force, no necessary optimization of scaf-
fold parameters, and a scalable system [4]. Several groups have investigated the use
of these bioreactors in BTE [42, 43]. Kanczler et al. targeted membrane potassium
channels and integrin receptors to assess how loading on these targeted proteins
affects osteogenesis and chondrogenesis in hMSCs. Markers of both processes were
significantly upregulated when these proteins were mechanically stimulated. [42]
Henstock et al. targeted the same membrane proteins in hMSCs and injected these
mechanically conditioned cells into a chick fetal femur model for endochondral
bone formation [43]. Mechanically stimulated cells mineralized the injection site
better than unlabeled controls. The culmination of these results demonstrates the
potential for MFBs to enhance bone regeneration by stimulating specific membrane
proteins. However, it has yet to be investigated how they compare to other well-
established systems.

Limitations: One major limitation associated with the design of mechanical force
bioreactors is that the mechanisms that apply compressive forces enter the sterile
bioreactor environment, which leads to potential contamination [4]. While mechan-
ical conditioning has been demonstrated to increase the mechanical properties of
BTE constructs, the scaffold material must withstand the forces applied over the
culture period without rapid degradation in order to maintain relevance for clinical
applications. It is therefore necessary to optimize scaffold material properties and
fabrication strategy in order to ensure compatibility with these systems. Optimization
of scaffold properties and operating conditions is challenging, but the use of finite
element analysis and computational modeling aids in this process in silico prior to
experimentation [50-52].

3 Biomanufacturing and Scale-Up

One of the greatest challenges is translating bioreactor technologies to a clinical
setting. Several factors influence their translational capacity, but the most prevalent
is their potential to generate clinically relevant volumes of bone. Although dynamic
culture enhances osteogenesis and cell survival within scaffolds, the scale at which
they are typically produced is that of a small in vivo animal model. Several groups
have recently demonstrated that these systems can maintain clinically relevant vol-
umes of bone for larger animal studies or human-sized defects, and they are



240 S. T. McLoughlin et al.

Table 3 Summary of scale-up bioreactor systems and dimensions of scaffolds successfully
cultured

Scale-up bioreactor system Scaffolds cultured Refs.

Perfusion (P[LLA-co-CL]) porous scaffolds 10.5 mm & 25 mm | [60]
in diameter

Bidirectional continuous Starch/PCL fiber meshes 42 mm diameter [53]

perfusion bioreactor

TPS 200 cm?® of alginate beads in the shape of superior half | [54]
of human femur

Direct perfusion 10 cm? of B-TCP implanted subcutaneously in nude [55,
mice 56]
30 mm of B-TCP implanted in goat tibial defects [57]

In vivo AG or SG materials implanted to repair defects [58,
15-19 mm length & 5-6 mm height 59]

summarized in Table 3. Most of these systems consist of perfusion bioreactors, but
several groups have also investigated the use of in vivo bioreactors. In vivo bioreac-
tors consist of a polymethyl methacrylate (PMMA) chamber filled with autograft or
synthetic bone substitutes that are implanted into the rib periosteum to allow for
ingrowth of vasculature and tissue development. The tissue developed in this cham-
ber is then resected and used to repair a defect site within the same animal model.

Because perfusion systems demonstrated the most potential for BTE applica-
tions, these systems have also been applied in the scale-up movement for clinical
relevance. Gardel et al. designed a perfusion-based system called the bidirectional
continuous perfusion bioreactor (BCPB), in which the scaffold chamber consists of
a center tube with perforations that the scaffold surrounds [53]. Using this system,
researchers maintained the culture of a 42-mm thick scaffold containing goat bone
marrow-derived MSCs. Similarly, Kleinhans et al. used another perfusion system to
culture hMSCs on large-scale poly(L-lactide-co-caprolactone) (P[LLA-co-CL])
porous scaffolds [60]. Comparing static and dynamic seeding of cells, bioreactor-
cultured constructs demonstrated more homogenous cell distributions, as well as an
upregulation of markers of osteogenesis. These studies validate the feasibility in
culturing large-scale constructs and inducing bone tissue formation through the use
of bioreactor culture.

To confirm the possibility of culturing BTE constructs mimicking anatomical
geometry and size of the greater half of a human femur, Nguyen et al. utilized a
larger scale TPS bioreactor to culture hMSC-laden alginate beads, creating a vol-
ume of 200 cm?® of bone-like tissue, shown in Fig. 4 [54]. Cell viability was success-
fully maintained throughout the entire tissue. Although osteogenic marker
expression was upregulated toward outer portions of the construct, the researchers
hypothesized that this could lead to the development of cortical and cancellous bone
tissue within the femur, more closely mimicking the structure of native bone. This
study establishes both the scalability and the exciting potential of dynamic culture
systems to maintain clinically relevant volumes and geometries of BTE constructs.
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Direction of media flow
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Fig. 4 Design, fabrication, and culture of human femur graft. (a) 3D CAD model of superior half
of human femur. (b) 3D printed mold containing cell-laden alginate beads. (¢) Aggregated con-
struct. (d) Image of large scale TPS bioreactor setup. (Image adapted from [54])

Several in vivo studies have been conducted utilizing large-scale engineered
bone tissue constructs cultured in dynamic conditions. Janssen et al. adapted a direct
perfusion bioreactor system to culture goat bone marrow-derived MSCs or hMSCs
on B-TCP scaffolds with an online monitoring system of oxygen consumption [55,
56]. Although no concrete differences were observed between static and dynami-
cally cultured constructs in vivo, the addition of online monitoring capabilities
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increases the clinical relevance by reducing the possibility of infection, minimizing
transfers, and reducing the necessary monitoring procedures. To demonstrate the
ability of these systems to be used in larger in vivo models, Wang et al. developed a
perfusion-based system to culture goat bone marrow-derived MSCs on p-TCP scaf-
folds for goat tibial defects [57]. Constructs cultured dynamically exhibited greater
mineral deposition and host tissue integration in vivo. While these results show
promise for the use of dynamically cultured constructs in vivo, further research is
needed to understand exactly how these culture environments influence bone tissue
formation.

Another bioreactor design for the generation of large-scale BTE constructs is the
in vivo bioreactor. Tatara et al. utilized this design to compare autograft and syn-
thetic materials and their potential to regenerate mandibles in sheep models [58,
59]. Although these materials exhibited significantly lower bone densities than
native mandibles when evaluated after resection, this study revealed the feasibility
of this approach to generate vascularized bone tissue substitutes. The group also
used 3D printed bioreactors of the same design to culture similar materials [61].
Using 3D printing to fabricate bioreactors allows for the culture and maintenance of
patient-specific grafts, further increasing clinical translation potential. These strate-
gies utilize common clinical imaging techniques, such as CT or MRI, to obtain
scans of the patient defect, which can be reconstructed into 3D models that are
compatible with printing software.

These studies validate the potential for bioreactor platforms to produce larger
scale constructs of both clinically relevant size and shape. Although several in vivo
studies have been conducted, further research is needed to understand the relation-
ship between dynamic culture and bone regeneration. There are also several other
factors that need to be optimized before these technologies are able to be utilized as
new clinical standards of care.

4 Future Considerations for Clinical Translation

Bioreactor systems are utilized to overcome the issues associated with static culture
of three-dimensional constructs. However, several improvements need to be made
to increase their relevance to clinical applications.

4.1 Culture of Patient-Specific Grafts

Generation of patient-specific grafts from synthetic materials and readily available
cells would mitigate the need for harvesting autologous tissue. Because these
defects often require complex geometrical structures, it is necessary to find methods
to successfully generate and culture these constructs. Traditional clinical imaging
techniques can be utilized to generate 3D models of the defect site and additive
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manufacturing technologies can be used to fabricate both synthetic grafts and bio-
reactors for dynamic culture. Costa et al. utilized additive manufacturing technolo-
gies to fabricate scaffolds and a perfusion bioreactor chamber for ovine tibia defects
[62]. After conducting computational studies to optimize fluid flow rate in these
bioreactors, scaffolds were seeded and cultured with primary human osteoblasts,
resulting in relatively high cell viability [62]. Although this shows promise for the
use of 3D printing technologies as a means of fabrication of bioreactors, further
research is needed to confirm the potential of enhancing osteogenesis within these
systems in comparison to static culture. Not only would 3D-printed bioreactors
allow for the generation of patient specific grafts, but they would also enhance the
process of biomanufacturing such scaffolds due to the ease with which these sys-
tems could be fabricated. This would be beneficial for the production of multiple
patient-specific grafts at one time because the culture of 3D constructs varies sig-
nificantly based on processing parameters and cell behavior. Generating multiple
grafts at one time would allow for the “best” graft to be implanted [63]. However,
optimizing processing parameters and cell seeding could further improve bioreactor
systems.

4.2 Automation and Monitoring

Another crucial step toward clinical translation for these bioreactor systems is the
inclusion of monitoring systems and automation of processes such as cell seeding
and culture. Current research strategies rely heavily on manual labor and the tech-
nique of researchers. However, in order for these systems to be implemented on a
large biomanufacturing scale, the level of manual labor and manipulation of tissue
engineered constructs must be reduced in order to decrease variability. First, these
systems should be implemented for cell seeding, rather than relying on manual
seeding methods. Also, online and in situ monitoring of culture environment would
reduce manual labor. Several groups have investigated the use of oxygen monitoring
systems within culture vessels to monitor tissue culture without having to manipu-
late the constructs [55, 56]. These systems can be further improved by introducing
feedback monitoring loops of quantitative markers for osteogenesis [63]. The gen-
eration of imaging-compatible bioreactor systems to monitor the growth and devel-
opment of tissue engineered bone has also been investigated [63]. In addition to
quantifying growth, online monitoring systems should be designed for easy manip-
ulation without significant technical training. Automating these processes and
designing user-friendly interfaces would optimize the potential for clinical transla-
tion and significantly reduce the variability associated with traditional tissue culture
techniques.
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4.3 Optimization

The greatest challenge that researchers face in translating bioreactor systems to
clinical scenarios involves the process of optimization. Although bioreactors have
been investigated extensively in the context of BTE, each specific design requires
optimization of processing parameters so as to generate the most functional tissue
constructs. From the cell type to flow rates and culture times, there are several vari-
ables that need to be optimized and standardized in order to make these systems
more clinically relevant. For this reason, computational fluid dynamic studies within
specific culture vessels should be conducted prior to experimentation. This will
allow for the most ideal generation of synthetic bone grafts. Although these systems
show great promise, significant research is needed in establishing a standardized use
of bioreactors before they can be translated to the clinics.
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