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Abstract: Critical size skeletal defects resulting from trauma and pathological disorders 

still remain a major clinical problem worldwide. Bone engineering aims at generating 

unlimited amounts of viable tissue substitutes by interfacing osteocompetent cells of 

different origin and developmental stage with compliant biomaterial scaffolds, and culture 

the cell/scaffold constructs under proper culture conditions in bioreactor systems. 

Bioreactors help supporting efficient nutrition of cultured cells and allow the controlled 

provision of biochemical and biophysical stimuli required for functional regeneration and 

production of clinically relevant bone grafts. In this review, the authors report the advances 

in the development of bone tissue substitutes using human cells and bioreactor systems. 

Principal types of bioreactors are reviewed, including rotating wall vessels, spinner flasks, 

direct and indirect flow perfusion bioreactors, as well as compression systems. Specifically, 

the review deals with: (i) key elements of bioreactor design; (ii) range of values of  

stress imparted to cells and physiological relevance; (iii) maximal volume of engineered 

bone substitutes cultured in different bioreactors; and (iv) experimental outcomes and 

perspectives for future clinical translation. 

Keywords: human cells; stem cells; biomaterial scaffolds; spinner flasks; rotating wall vessels; 

flow perfusion bioreactors; compression systems; osteogenic differentiation; bone engineering; 

bone defects; skeletal reconstructions 
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1. Introduction  

The human skeleton consists of 206 distinct bones, which support and protect the body, and plays a 

role in metabolism, calcium storage and blood cell production [1]. Despite its ability to remodel 

throughout lifetime and self-healing property, reconstructive therapies are needed to restore 

functionality in clinical conditions characterized by large skeletal defects resulting from congenital 

disorders, degenerative diseases and trauma [2]. The economic burden of skeletal defects is massive 

and expected to rapidly increase over the next decades due to the rapid global population growth and 

extension of life expectancy [3], with a combined annual US market for bone repair and regeneration 

therapies projected to reach 3.5 billion by 2017 [4]. 

A large number of bone substitute materials are today available for skeletal reconstructions,  

with the transplantation of autologous bone grafts still remaining the gold standard treatment [5]. 

Nevertheless, current treatments for patients in need of complex skeletal reconstructions have never 

reached full clinical potential and can be associated with life-threatening complications. The 

engineering of viable bone substitutes using a combination of patient-specific cells and compliant 

biomaterial scaffolds therefore represents a promising therapeutic solution. Attempts to grow bone 

tissue grafts by interfacing human stem cells of different origin and development stage with a large 

spectrum of three-dimensional biomaterial scaffolds (with different composition, topography, 

geometry and mechanical properties) under proper osteogenic conditions have recently been reported 

(for a review see [6]). Human mesenchymal stem cells (hMSCs) derived from a set of different adult 

tissues have extensively been used in bone engineering studies and showed encouraging results in 

preclinical models of bone healing [7] and clinical case report series [8]. In addition, hMSCs are 

recognized to display strong immunomodulatory activity and paracrine regulatory effects [9,10], which 

could contribute to promote healing, neovascularization and graft integration following in vivo 

implantation. However, hMSCs display limited proliferation potential and inability to differentiate 

toward other lineages constituting the mature bone tissue, in addition to exhibiting strong decrease in 

functionality with protracted in vitro expansion and donor age [11–14], which might hinder their use 

for the effective reconstruction of skeletal defects in aged patients. As opposite, human embryonic 

stem cells (hESC) and human induced pluripotent stem cells (hiPSC) possess virtually unlimited 

expansion potential and ability to differentiate toward all specialized cell types constituting the human 

body [15–17] including cells of the vascular systems, with an increasing number of scientific reports 

lately demonstrating the potential of pluripotent stem cells and their mesenchymal derivatives for bone 

engineering in vitro and in vivo [18–25]. Nevertheless, the field of pluripotent stem cells is still in its 

infancy, and the use of hESCs and hiPSCs for regenerative medicine applications subjected to more 

stringent technical guidelines and regulatory policies than hMSCs.  

Traditional attempts to grow bone grafts in the laboratory were based on culturing cell/scaffold 

constructs under static conditions in the presence of osteogenesis-inducing factors. However, static 

cultures are not optimal to grow centimeter-sized bone grafts for clinical translation due to poor 

nutrient supply and removal of metabolic waste. Under these conditions, in fact, mass transport occurs 

only via diffusion, which is not sufficient to support cell survival and proliferation inside the core of 

large cell/scaffold constructs, resulting in necrosis and poor tissue formation. In addition, cell 

proliferation and matrix synthesis at the construct periphery over the culture period further impede 
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medium diffusion and contribute to the formation of a nutrient gradient that drive cell migration 

towards the substitute borders [26]. On top of this, culture in static conditions does not allow provision 

of those biophysical stimuli that are critical for functional regeneration [27,28]. In fact, bone cells are 

sensitive to mechanical stimuli, whose integration and conversion into intracellular signals play  

an important role in driving bone remodeling throughout lifetime and regeneration during fracture 

healing [29,30]. Human bone is principally subjected to two types of mechanical stimuli, i.e., strain 

caused by deformation (bending and compression) resulting from physical activity (estimated  

values <2000 µε), and fluid shear stress resulting from interstitial fluid movement through the lacunae 

as a consequence of loading (estimated values 0.8–3 Pa) [31]. Conversion of physical stimuli into 

molecular signals and biological responses is termed mechanotransduction, which principally relies on 

the regulation of stretch-activated ion channels and integrin-initiated cytoskeleton deformations and 

organelle displacement (for a review see [32]) that ultimately triggers the initiation of a cascade of 

events culminating in the activation of genes involved in osteogenic pathways [31]. Based on this 

knowledge, it is clear that the recapitulation of these mechanisms in vitro is essential for fostering the 

regenerative properties of human osteocompetent cells seeded onto biomaterial scaffolds, thus 

enabling the formation of mature tissue substitutes for enhanced skeletal reconstructions. Advances in 

bioreactor systems over the last two decades have opened new possibilities in the field of bone 

engineering as they allow to nurture the development of bone tissue by providing an appropriate 

physiological environment with stimulatory biochemical and biophysical signals [33] (Figure 1). The 

combination of stem cells, biomaterials, osteogenesis-inducing factors and bioreactor systems has 

recently been defined as the “Tissue Engineering Quadriad” [34], with the culture under dynamic 

conditions representing a paradigm shift for the ex vivo construction of viable tissue substitutes for 

replacement and reconstructive therapies. Not least, the construction of viable bone substitutes using 

bioreactor systems opens new opportunities for the generation of valid experimental models to study 

bone development and pathologies, screen new drugs and test biomaterials within a context that better 

reflects the native tissue environment. 

2. Bioreactors in Bone Tissue Engineering 

Bioreactors were initially developed to allow the high-mass culture of cells used for applications in 

diverse areas, including fermentation, wastewater treatment and purification, food processing and drug 

production [35]. Many of the principles established by these applications have recently been adapted 

for tissue engineering purposes. A bioreactor for tissue engineering applications should: (i) facilitate 

uniform cell distribution; (ii) provide and maintain the physiological requirements of the cell  

(e.g., nutrients, oxygen, growth factors); (iii) increase mass transport both by diffusion and convection 

using mixing systems of culture medium; (iv) expose cells to physical stimuli; and (v) enable 

reproducibility, control, monitoring and automation. The ultimate design of a tissue engineering 

bioreactor is application specific, but basic characteristics are required when engineering tissue 

substitutes for potential clinical applications, such as the use of materials that do not release toxic 

products and can withstand numerous cycle of high temperature and pressure for repeated steam 

sterilization in autoclaves. Furthermore, bioreactors should present a simple design in order to prevent 

contamination and allow quick access to the engineered tissue if any problem arises in the system 
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during the operational period (e.g., fluid leakage and flow obstruction). Despite the fact that several 

design solutions and range of stress values imparted to the cells have been explored to date, bioreactors 

for bone engineering applications are broadly classified in few main categories, including rotating wall 

vessels, spinner flasks, perfusion bioreactors and compression systems. In addition to these, combinations 

of different types of bioreactors have been explored in order to better mimic the bone physiological 

environment in vitro, such as for example compression bioreactors with added perfusion [36]. A 

comprehensive list of studies exploring the effects of dynamic conditions on human bone engineering 

and regeneration is examined in the following sections. Given the large amount of work reported, the 

authors apologize if not all studies hitherto published in the field have been cited in this review.  

Figure 1. Engineering bone tissue grafts using bioreactor systems. (A) Patients affected by 

skeletal defects (in red) resulting from congenital malformations, disease or trauma are 

examined for bone reconstructions. (B) Patient-specific osteocompetent cells derived from: 

(i) adult tissues; (ii) induced pluripotent stem cells; or (iii) blastocysts generated via somatic 

cell nuclear transfer are interfaced to (C) three-dimensional porous biomaterial scaffolds of 

different nature and architecture, and cultured under dynamic conditions in (D) bioreactors 

systems, which nurture the development of bone tissue by supporting efficient nutrition of 

cultured cells and applying mechanical stimuli that are critical for functional regeneration. 
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2.1. Rotating Wall Vessel Bioreactors 

The rotating wall vessel bioreactor was originally designed for applications in simulated 

microgravity conditions [37] (Figure 2). This bioreactor is a horizontally tissue culture vessel 

composed of rotating concentric cylinders filled with culture medium, where media oxygenation is 

provided via a coaxial tubular silicon membrane. When the velocity of the rotating fluid evens out  

the sedimentation rate of the cell/scaffold constructs, these are maintained in a “free-fall” state and 

subjected to dynamic laminar flow [38]. Alternative configurations with cell/scaffold constructs 

attached to the rotating vessel have also been reported such as the rotating bed bioreactor. Rotating 

wall vessel bioreactors have largely been used to explore the effects of spaceflight conditions on cells 

and tissues [39], but only occasionally for tissue engineering applications, with a few examples of 

studies exploring their potential to support bone tissue formation using human osteocompetent cells.  

Figure 2. Rotating wall vessel. Schematic representation of a rotating wall vessel showing 

the outer (i) and inner (ii) cylinders, the cell/scaffold constructs (iii) and the rotator base (iv). 

Rotating wall vessels are systems completely filled with culture medium (without a  

gas-liquid interface), where medium oxygenation is provided via a silicone-rubber  

gas-transfer membrane. Constructs are cultured in a “free-fall” state when the velocity of 

the rotating fluid is equal and opposite to the sedimentation rate of the constructs. 

 

A list of studies using rotating wall vessels and human cells is reported in Table 1.  

Botchwey et al. cultured SaOS-2 bone cells onto porous, three-dimensional microcarriers of degradable  

poly(lactic-co-glycolic acid) in a rotating wall vessel bioreactor at 25 rotation per minute (rpm) for 

seven days, with a maximum shear stress imparted to the cells of 3.9 dynes/cm2 (0.39 Pa), and 

demonstrated that cells maintained an osteoblastic phenotype and showed significant increase in 

alkaline phosphatase (ALP) activity and matrix mineralization compared to cells cultured under static 

conditions [40].  

In a different study, Facer et al. cultured aggregates of a human preosteoblast cell line for 28 days, 

and found that dynamic culture (15 rpm) under osteogenic conditions resulted in increased cell 

aggregation and calcium and phosphate deposition [41].  

Using bone marrow (BM)-derived hMSCs interfaced to films of gelatin-hyaluronic acid (1.5 × 1.5 mm), 

Wang et al. demonstrated that culture under dynamic osteogenic conditions (30 rpm) for 21 days 

resulted in increased cell proliferation but decreased expression of bone specific genes [42].  
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Another study by Diederichs et al. demonstrated that adipose tissue-derived hMSCs cultured for  

47 days under osteogenic conditions onto macroporous zirconium dioxide-based ceramic discs with a 

diameter of 65 mm (natural or hydroxyaptatite (HA)-coated) in rotating wall vessels (1 rpm) displayed 

increased cell proliferation and bone matrix synthesis and mineralization, as evidenced by glucose 

consumption and positive staining for osteocalcein, Alizarin red and von Kossa respectively [43]. 

However, no significant improvements were observed on the HA-coated scaffolds, indicating a role 

played by the biomaterial properties in bone tissue development under the investigated conditions. 

Araujo et al. cultured nano-meshes of polycaprolactone (PCL) and bicalcium phosphate-coated 

PCL (10 × 10 × 0.06 mm) seeded with MG63 cells for seven days under static conditions, then 

additional seven days at 16 rpm [44]. Culture in bioreactors did not support either cell proliferation or 

osteogenic differentiation.  

In 2010, Ben-David et al. explored the bone formation ability of grafts engineered using rotating 

wall vessels in vivo [45] (Table 2). The authors cultured constructs of BM-derived hMSCs and a 

mixture of gelatin-based hydrogel and CaCO3/HA particles (particle diameter: 0.5–1 mm) for 21 days 

before subcutaneous implantation in nude mice for eight weeks. Following the implantation period 

new bone formation was observed in the cell/scaffold constructs, whereas no bone formation was 

observed in transplants containing no cells. However, the lack of control samples cultured under static 

conditions does not allow drawing conclusions on the effects of dynamic culture on bone formation. 

Taken together, the above studies demonstrate large variability in the results, and it is not clear 

whether this variability arises from the different cell source, scaffolds and dynamic culture regimes 

investigated, or the specific combination thereof.  

Rotating wall vessels are limited to the cultures of small cell/scaffold constructs since they do not 

support optimal mass transport inside the construct core. In addition, due to the low range of values of 

shear stress imparted to the cells, these systems may not be efficient in promoting robust osteogenic 

differentiation. On the other hand, rotating wall vessels allow the concomitant culture of several 

cell/scaffold constructs, resulting in high volume of engineered bone tissue substitutes per vessel 

(Figure 3). Nevertheless, it remains to be seen whether cell/scaffold constructs cultured in rotating wall 

vessels exhibit improved bone regenerative capacity in vivo compared to static cultures. In that case, 

especially considering that cell/scaffold constructs are culture in a “free-fall” state under specific 

rotating conditions, these systems could be adopted to engineer thin bone substitutes for the 

reconstruction of flat bones or as bone patches for restorative applications of the skeletal system.  
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Table 1. Rotating wall vessels. 

Reference 
Cell type and 

density 
Scaffold type 

Max V of 

constructs/ 

bioreactor 

Rotation rate 
Shear 

stress 

Culture period 

and media 
Results (vs. static culture) 

Botchwey et al. 

2001 [40] 

SaOS-2 (ATCC) 

~222 × 103/scaffold 

PLGA disc  

(d 4 × h 2.5 mm) 
1.116 cm3 25 rpm 0.39 Pa 

7 days  

OS+ medium 

Proliferation: ↓  

Differentiation: ↑ ALP, Ca 

Facer et al.  

2005 [41] 

HEPM (ATCC)  

10 × 106/suspension 
No scaffold na 15 ** rpm na 

28 days  

OS− medium  

OS+ medium 

↑ cell aggregation;  

↑ Ca and P deposition 

Wang et al.  

2009 [42] 

BM-hMSCs 

na/scaffold 

Gelatin-hyaluronic acid film  

(1.5 × 1.5 cm) 
na 30 rpm na 

21 days  

OS+ medium 

Proliferation:↑  

Differentiation: ↓ ALP, OC, COL1 

Diederichs et al. 

2009 [43] 

AT-hMSCs  

14 × 106/scaffold 

ZrO2 based ceramic (Sponceram®) disc 

natural HA-coated  

(d 65 × h 3 mm) 

9.96 cm3 1 rpm na 
47 days  

OS+ medium  

Only in natural scaffolds  

Proliferation: ↑  

Differentiation: ↑ bone specific ECM;  

↑ mineralization  

Araujo et al. 

2010 [44] 

MG63 (ATCC)  

1.5 × 105/cm2 

BCP-PCL nano-mesh  

PCL nano-mesh (10 × 10 × 0.06 mm)  
na 16 rpm na 

14 * days  

OS− medium 

Proliferation: ↔  

Differentiation: ↑ protein amount 

Ben-David et al. 

2010 [45] 

BM-hMSCs  

0.5 × 106/scaffold 

Gelatin-Coral/HA (ProOsteon™) 

particles (0.5–1 mm) 
na 7.5 rpm na 

21 days  

OS+ medium 
na 

Abbreviations: ↑ = increase; ↓ = decrease; ↔ = similar; ALP = alkaline phosphatase; AT-hMSCs = adipose tissue-derived hMSCs; BCP = bicalcium phosphate;  

BM-hMSCs = bone marrow-derived hMSCs; Ca = calcium deposition; COL1 = collagen 1; d = diameter; h = height; HA = hydroxyapatite; HEPM = human embryonic palatal mesenchymal preosteoblast cell line; 

hMSCs = human mesenchymal stem cells; MG63 = human osteosarcoma-derived cell line; na = not available; OC = osteocalcin; OS− = proliferative culture medium; OS+ = osteogenic culture medium;  

P = phosphate deposition; PCL = poly(caprolactone); PLGA = poly(lactic-co-glycolic acid); rpm = rotation per minute; SaOS-2 = human osteosarcoma cell line; V = volume; ZrO2 = zirconium dioxide;  

* = cells were cultured in static conditions the first half of the culture period; ** because of the increasing size of cell aggregates over time the rotational speed was later increased to maintain them in suspension. 
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Table 2. In vivo studies. 

Reference Cell type Scaffold type 
Bioreactor  

Pre-culture period 
Animal model 

Implantation 

period 
Bone formation 

Braccini et al. 2005 [46] BM-hMSCs 
HA  

(d 8 × h 4 mm) 

Direct perfusion bioreactor 

19 days 
Nude mice sc 8 weeks 

Dynamic > Static  

52% vs. 9.6% of available pore space  

Karageorgiou et al.  

2006 [47] 

BM-hMSCs 

(Clonetics) 

Silk loaded with BMP-2  

(d 4 × h 2 mm) 

Spinner flask  

28 days 

Mice Cranial  

4 mm defect 
5 weeks 

Dynamic ↔ Static  

0.28 vs. 0.11 mm2  

Schliephake et al.  

2009 [48] 
hTBCs 

CaCO3 (Biocoral®)  

(d 5 × h 3 mm) 

Direct perfusion bioreactor 

14 days 
Nude rat im 6 weeks 

Dynamic ↔ Static  

22% vs. 16% of area  

Schliephake et al.  

2009 [49] 
hTBCs 

CaCO3 (Biocoral®)  

Mineralized collagen  

TCP (Cerasorb®)  

(d 5 × h 3 mm) 

Direct perfusion bioreactor 

14 days 

Nude rats Mandibular 

5 mm defect 
6 weeks 

Dynamic ↔ Static  

CaCO3: 7.2 vs. 8.7% of area  

Mineralized collagen:  

10.3% vs. 12.5% of area  

TCP: 14.6% vs. 22.8% of area 

Zhang et al.  

2009 [50] 
hfMSCs  

PCL-TCP  

(6 × 6 × 4 mm) 

Biaxial rotating bioreactor 

14 days 
NOD/SCID mice sc 12 weeks 

Dynamic > Static  

Dynamic: 3.2x fold increase 

Ben-David et al.  

2010 [45] 
BM-hMSCs 

Gelatin-Coral/HA (ProOsteon®) 

particles (0.5–1 mm) 

Rotating wall vessel  

21 days 
Nude mouse sc 8 weeks 

Bone formation  

No static group 

Janssen et al.  

2010 [51] 
BM-hMSCs 

BCP particles (OsSatura™)  

(2–6 mm)  

Indirect perfusion 

bioreactor 7; 20; 40 days 
Nude mice sc 6 weeks Dynamic ↔ Static 

Marolt et al.  

2012 [24] 
hESC-MPs 

Decellularized cow bone  

(d 4 × h 4 mm) 

Direct perfusion bioreactor 

35 days 
SCID-beige mice sc 8 weeks 

Dynamic > CTL  

7% vs. 2% of area  

de Peppo et al.  

2013 [25] 
hiPSC-MPs 

Decellularized cow bone  

(d 4 × h 4 mm) 

Direct perfusion bioreactor 

35 days 
SCID-beige mice sc 12 weeks 

Bone-like tissue formation  

No static group 

Yeatts et al.  

2014 [52] 

BM-hMSCs 

(Lonza) 

PLGA/PCL  

(d 3 × h 3 mm) 

Indirect perfusion 

bioreactor 10 days 

Nude rats Femoral 

condyle 2.5 mm defect
3 and 6 weeks 

Dynamic > Static (6 weeks only)  

1.72 vs. 1.26 mm2 

Abbreviations: > = superior; < = inferior; ↔ = similar; BCP = bicalcium phosphate; BM-hMSCs = bone marrow-derived hMSCs; BMP-2 = bone morphogenetic protein 2; CaCO3 = calcium carbonate;  

CTL = scaffolds seeded with cells prior implantation without pre-culturing; d = diameter; h = height; HA = hydroxyapatite; hESC-MPs = human embryonic stem cell-derived mesenchymal progenitors;  

hfMSCs = human fetal mesenchymal stem cells; hiPSC-MPs = human induced pluripotent stem cell-derived mesenchymal progenitors; hMSCs = human mesenchymal stem cells; hTBCs = human trabecular bone 

cells; im = intramuscular site; NOD/SCID = nonobese diabetic/severe combined immunodeficiency; PCL = polycaprolactone; PLGA = poly(lactic-co-glycolic acid; sc = subcutaneous site;  

TCP = tricalcium phosphate. 
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Figure 3. Maximal volume of engineered bone. Scatter dot plot graph showing the 

maximal volume of engineered bone substitutes per culture chamber for all different 

bioreactor systems examined in this review. 

 

2.2. Spinner Flasks 

Spinner flasks are simple bioreactor systems composed of a glass or plastic vessel in which 

cell/scaffold constructs are attached to vertical needles hanging from the top of the vessel and 

immersed in the culture medium (Figure 4). The top of the vessel is usually used for gas exchange and 

medium oxygenation. Mixing of the medium is maintained with a stir bar at the bottom of the vessel or 
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other mixing mechanisms. The convective forces generated during stirring mitigate the nutrient 

concentration gradients at the surface of the cell/scaffold constructs and produce turbulences that 

enhance mass transport toward the center of the samples [71]. Spinner flasks were traditionally used to 

support large biomass growth [72] and have recently been exploited for tissue engineering applications, 

including the culture and maturation of bone tissue substitutes using human osteocompetent cells 

derived from adult tissues.  

Figure 4. Spinner flask. Schematic representation of a spinner flask showing the glass or 

plastic vessel (i), the cell/scaffold constructs (ii) immersed in the culture medium and 

attached to vertical needles hanging from the top of the vessel (iii), and the magnetic stir 

bar (iv) enabling mixing of the culture medium. In these systems the top of the vessel is 

usually used for gas exchange and medium oxygenation. 

 

A summary of these studies is reported in Table 3. Yasuda et al. interfaced adipose tissue-derived 

hMSCs to polyethylene terephthalate discs (6 mm in diameter), and cultured the cell/disc constructs at 

50 rpm in osteogenic conditions for 21 days, which resulted in increased cell proliferation but 

decreased ALP activity compared to static conditions [73].  

As opposite, Meinel et al. reported that bone marrow-derived hMSCs seeded onto collagen  

scaffolds (11 mm diameter and 1.5 mm thickness) and cultured in spinner flasks (50 rpm) for  

five weeks displayed increased ALP activity and calcium deposition compared to static cultures [53]. 

Interestingly, the authors observed that the orientation and distribution of deposited calcium rods 

where affected by the fluid dynamics, highlighting the critical role played by specific hydrodynamic 

conditions in the maturation of bone tissues in bioreactors.  

A study by Karageorgiou et al. investigated the effects of dynamic conditions on constructs of 

human trabecular bone cells and BMP2-loaded silk discs (4 mm in diameter and 2 mm in thickness)  

in vitro after 28 days and in mouse calvaria defects after a 5-week implantation period [47] (Table 2). 

Although the dynamic conditions seemed to promote the formation of bone-like tissue in vitro, no 

significant differences in bone formation ability in vivo were observed between constructs cultured 

under dynamic and static conditions. 
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Table 3. Spinner flasks. 

Reference Cell type and density Scaffold type 
Max V of 

constructs/bioreactor

Rotation 

rate 

Shear 

stress 

Culture period  

and media 
Results (vs. static culture) 

Yasuda et al.  

2004 [73] 

AT-hMSCs  

1 × 106/scaffold 

PET fiber disc  

(d 6 mm × h na mm)  
na 50 rpm na 

21 days  

OS+ medium 

Proliferation: ↑  

Differentiation: ↓ ALP 

Meinel et al. 

2004 [53] 

BM-hMSCs (Clonetics)  

5 × 106/scaffold 

Collagen film (Ultrafoam®)  

(d 11 × h 1.5 mm) 
1.144 cm3 50 rpm na 

35 days  

OS+ medium 
Differentiation: ↑ ALP, Ca  

Karageorgiou  

et al. 2006 [47] 

BM-hMSCs (Clonetics)  

5 × 106/scaffold 

Silk loaded with BMP-2  

(d 4 × h 2 mm) 
0.151 cm3  50 rpm na 

28 days  

OS+ medium 
na 

Kim et al.  

2007 [54] 

BM-hMSCs (Cambrex)  

1 × 106/scaffold 

Aqueous-derived silk disc  

(d 15 × h 5 mm) 
7.072 cm3 50 rpm na 

84 days  

OS+ medium 

Proliferation: ↑  

Differentiation: ↑ ALP, Ca;  

↑ ALP, BSP, COL1, OP;  

↑ compressive modulus  

↑ compressive strength 

Hofmann et al. 

2007 [55] 

BM-hMSCs (Clonetix)  

5 × 106/scaffold 

Silk fibroin disc (d 8 × h 2 mm)  

small pores (112–224 µm)  

large pores (400–500 µm)  

mixed pores 

0.804 cm3 60 rpm na 

35 days  

OS− medium;  

OS+ medium 

na  

Mygind et al.  

2007 [56] 

BM-hMSCs-TERT  

2 × 106/scaffold 

Coralline HA disc  

(ProOsteonTM)  

(d 10 × h 2 mm)  

small pores (200 µm)  

large pores (500 µm)  

1.232 cm3 30 rpm na 
21 days  

OS− medium 

Proliferation: P200 ↔; P500 5  

Differentiation: P200 ↑ ALP  

↑ ALP, COL1, RUNX2,  

BMP-2, BSP, Osterix, ON  

P500 ↔ ALP  

↑ ALP, COL1, RUNX2, OP, ON 

Stiehler et al.  

2009 [57] 

BM-hMSCs-TERT  

2 × 106/scaffold 

PLGA block  

(8 × 8 × 5 mm) 2.56 cm3 30 rpm na 
21 days  

OS+ medium 

Proliferation: ↔  

Differentiation: ↑ ALP, Ca  

↑ COL1, BMP-2, RUNX2, ON 

Wang et al.  

2009 [42] 

BM-hMSCs  

na/scaffold 

Gelatin- hyaluronic acid film  

(1.5 × 1.5 mm) 
na 60 rpm na 

21 days  

OS+ medium 

Proliferation: ↑  

Differentiation: ↑ ALP, OC, COL1 

Teixeira et al. 

2014 [58] 

hMSCs; (Lonza)  

0.5 × 106/scaffold 

Chitosan disc  

(d 4 × h 3 mm) 
0.226 cm3 50 rpm na 

14 days; OS− medium; 

OS+ medium  

Proliferation: ↑  

Differentiation: ↑ ALP, von Kossa 

Abbreviations: ↑ = increase; ↓ = decrease; ↔ = similar; ALP = alkaline phosphatase; AT-hMSCs = adipose tissue-derived hMSCs; BM-hMSCs = bone marrow-derived hMSCs; BMP-2 = bone morphogenetic 

protein 2; BSP = bone sialoprotein; Ca = calcium deposition; COL1 = collagen 1; d = diameter; h = height; HA = hydroxyapatite; hMSCs = human mesenchymal stem cells; na = not available; OC = osteocalcin; 

ON = osteonectin; OP = osteopontin; OS− = proliferative culture medium; OS+ = osteogenic culture medium; P = pore size (µm); PET = polyethylene terephthalate; PLGA = poly(lactic-co-glycolic acid);  

rpm = rotation per minute; RUNX2 = runt-related transcription factor 2; TERT = telomerase reverse transcriptase; V = volume. 
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Later on, Kim et al. reported the beneficial effects of dynamic culture in spinner flasks (50 rpm) on 

BM-derived hMSCs seeded onto large aqueous-derived macroporous silk scaffolds (15 mm diameter 

and 5 mm thickness) for 84 days [54]. Compared to static controls, constructs cultured under dynamic 

conditions exhibited enhanced cell proliferation, osteogenic differentiation and mechanical properties, 

as evidenced by increased expression of bone-specific genes, ALP activity, deposition of mineralized 

matrix and formation of organized bone-like structures. The authors attributed the good bone 

formation outcomes obtained for large-sized scaffolds in spinner flask systems to the large pore size 

(~900–100 µm) of the scaffold materials used in the study.  

Independent studies by Hofmann et al. investigated the effects of dynamic conditions (60 rpm) on 

BM-derived hMSCs seeded onto silk fibroin discs (8 mm diameter and 5 mm thickness) with different 

pore size (small: 112–224 µm, large: 400–500 and mixed: 112–500 µm) for five weeks [55]. Cell 

differentiation in osteogenic medium resulted in increased ALP activity and calcium deposition when 

compared to control medium. However, the lack of control samples cultured under static conditions 

does not allow estimating the contribution of the dynamic conditions in supporting the formation of 

bone-like tissue.  

In a different study, BM-derived hMSCs modified to express telomerase reverse transcriptase 

(hMSC-TERT) were cultured for 21 days on coralline HA scaffolds (10 mm diameter and 2 mm 

thickness) with 200 or 500 µm pore size in spinner flasks (30 rpm) [56]. Results showed that dynamic 

cultures were associated with increased proliferation, homogenous cell distribution and osteogenic 

differentiation. Interestingly, the results demonstrated that scaffolds with smaller pore size exhibited a 

faster rate of osteogenic differentiation as evidenced by increased ALP activity and expression of 

several osteogenic markers, while scaffolds with 500 µm pore size exhibited higher cellularity, 

indicating that scaffold porosity plays a role when cell/scaffold constructs are cultured under specific 

conditions in bioreactors. Under similar dynamic culture conditions, cells seeded onto scaffolds with 

smaller pore size are subjected to higher wall shear stresses [74], which could support differentiation in 

place of proliferation.  

Independent studies using BM-derived hMSC-TERT seeded onto porous poly(lactic-co-glycolic acid) 

scaffolds (8 × 8 × 5 mm) and cultured in spinner flasks (30 rpm) up to 21 days showed similar  

results [57], characterized by a positive effect provided by the dynamic conditions on cell distribution 

and differentiation toward the osteogenic lineage, as evidenced by increased ALP activity and  

calcium deposition.  

In another study, Wang et al. demonstrated that culture of BM-derived hMSCs seeded onto films of 

gelatin-hyaluronic acid (1.5 × 1.5 mm) under dynamic osteogenic conditions (60 rpm) for 21 days 

resulted in increased proliferation and expression of bone specific genes [42]. Following comparison 

with culture of the same constructs under dynamic conditions in rotating wall vessels, the authors 

concluded that the increased expression of bone specific genes resulted from the increased shear stress 

associated with culture in spinner flasks, although no real values of stresses imparted to the cells  

were reported.  

Teixeira et al. recently reported the beneficial effects of dynamic culture conditions (50 rpm) on the 

proliferation and osteogenic differentiation of commercially available hMSCs seeded onto chitosan 

disks (4 mm diameter and 3 mm thickness) for 14 days [58], as evidenced by improved cell 

distribution within the scaffolds, and increased matrix deposition and mineralization. Taken together, 
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these results show that the dynamic conditions provided by spinner flask systems can support 

osteogenic differentiation and bone-like tissue formation, although these effects are also highly 

dependent on operation regimes and scaffold properties.  

Spinner flasks display higher ability to enhance mass transport compared to rotating wall vessels, 

and can be used to impart higher values of stress to the cells, although no estimations about these 

values have been reported in the studies examined in this review. However, these effects are still 

limited and concerns exist regarding their ability to support functional bone tissue maturation in  

large cell/scaffold constructs. On the other hand, as for rotating wall vessels, spinner flasks can 

accommodate a large amount of small constructs (Figure 3), and therefore allow the culture of 

clinically relevant volumes of engineered tissues for the reconstructions of segmental skeletal defects. 

In addition, like for rotating wall vessels, spinner flasks could be adopted to engineer thin bone 

substitutes for the reconstruction of flat bones or as bone patches for restorative applications. Again, 

the low amount of studies reported, as well as the lack of control groups cultured under static 

conditions, does not allow drawing definite conclusions regarding the real potential of spinner  

flask-engineered substitutes in supporting bone tissue formation in vivo. 

2.3. Perfusion Bioreactors 

Perfusion bioreactors for bone engineering applications are culture systems composed of several 

key elements, including one or more perfusion chambers where the cell/scaffold constructs are placed, 

a medium reservoir, a tubing circuit and a pump enabling mass transport of nutrients and oxygen 

throughout the perfusion chamber (Figure 5). Perfusion bioreactors are broadly classified into indirect 

or direct systems, depending on whether the culture medium is perfused around or throughout the 

cell/scaffold constructs.  

Figure 5. Perfusion bioreactors. Schematic representation of an indirect (A) and a direct 

(B) perfusion bioreactor showing the culture chambers (i), the cell/scaffold constructs (ii), 

the culture medium reservoirs (iii), the peristaltic pumps (iv) and the tubing systems (v).  

In indirect perfusion bioreactors the culture medium follows the path of less resistance 

around the constructs. In direct perfusion bioreactors the cell/scaffold constructs are placed 

in a press-fitted fashion in the culture chamber and the medium is perfused throughout  

the constructs. 
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2.3.1. Indirect Perfusion Bioreactors 

In this type of perfusion bioreactors the cell/scaffold constructs are loosely placed in the perfusion 

chamber, and the culture medium preferentially follows the path of least resistance around the 

constructs (Figure 5A), resulting in reduced mass transfer throughout the core of the samples. 

Therefore, the convective forces generated by the perfusion pump mitigate the nutrient concentration 

gradients principally at the surface of the cell/scaffold constructs, thus limiting the size of bone 

substitutes that can be engineered using these systems. On the other hand, indirect perfusion 

bioreactors may represent valuable systems for the collective culture of a large number of small 

particulate cell/scaffold constructs [21,75] that could be then assembled to repair large and 

geometrically complex skeletal defects.  

A list of works using indirect perfusion bioreactors is summarized in Table 4. Using indirect 

perfusion bioreactors, human MG63 cells were cultured onto beta tricalcium phosphate cylinders  

(14 mm diameter and 33 mm length), with 65% porosity and 500–630 μm range of pore size, in 

bioreactors under convergent or divergent perfusion (flow rate: 3 mL/min) for up to 28 days [59]. 

Compared to controls, perfusion cultures resulted in increased cell proliferation and distribution as 

evidenced by glucose consumption, DNA content and new tissue formation. Interestingly, the authors 

observed better outcomes when constructs were cultured under convergent perfusion, suggesting that 

operation configurations are crucial for optimal bone tissue regeneration.  

In another study, Bernhardt et al. showed that cultures of BM-derived hMSCs under dynamic 

conditions (flow rate: 1 mL/min) for 35 days on tapes composed of collagen type I with 

nanocrystalline HA (12 mm diameter) did not result in increased proliferation and osteogenic 

differentiation compared to static conditions. Same findings were observed regardless the cell/scaffold 

constructs where cultured in presence or absence of osteogenic supplements [60].  

In 2010, Janssen et al. published a study reporting the use of BM-derived hMSCs for the production 

of clinically relevant amount of tissue-engineered bone substitutes [51] (Table 2). Cells were seeded 

onto macroporous biphasic calcium phosphate particles (2–6 mm diameter) and constructs cultured in 

a large-volume perfusion bioreactor system for 20 days with a medium recirculation speed of  

4 mL/min. Following the experimental period, the particles were covered with a homogeneous layer  

of viable cells and interconnected. However, no significant differences were found in the expression of 

bone-specific markers and bone formation in vivo compared to control groups cultured under  

static conditions. 

In 2011, Bernhardt et al. showed that dynamic culture conditions (flow rate: 1.5 mL/min) had an 

effect on proliferation and osteoblastic differentiation (evidenced by ALP activity) of BM-derived 

hMSCs seeded onto βTCP scaffolds (12 mm diameter and 6 mm thickness) [61]. However, the 

observed effects were dependent on the serum concentration in the medium, suggesting a synergistic 

effect of chemical and physical stimulation on cell response.  
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Table 4. Indirect perfusion bioreactors. 

Reference Cell type and density Scaffold type 
Max V of 

constructs/bioreactor 
Perfusion rate 

Shear 

stress 

Culture period  

and media 
Results (vs. static culture) 

Olivier et al. 

2007 [59] 

MG63  

10 × 106/scaffold 

ßTCP cylinder  

(d 14 mm × h 33 mm) 
10.721 cm3 

3 mL/min  

convergent and 

divergent flow set-up 

na 
28 days  

OS− medium 

Proliferation: ↑;  

Homogeneous cell distribution: 

Convergent > divergent > static 

Bernhardt et al. 

2008 [60] 

BM-hMSCs  

0.015 × 106/scaffold 

COL1-nanocrystalline HA tape  

(d 12 × h 0.2 mm) 
0.271 cm3 1 mL/min na 

35 days  

OS− medium  

OS+ medium 

Proliferation: ↔ OS−; ↔ Os+; 

Differentiation: ↔ ALP in OS−;  

↓ ALP in Os+ 

Janssen et al. 

2010 [51] 

BM-hMSCs  

(1–12) × 106/all 

scaffolds 

BCP particles (OsSatura™)  

(2–6 mm)  
10 cm3 4 mL/min na 

20 days  

OS+ medium 

Differentiation: ↔ ALP, CBFA1, 

COL1, OC, ON, S100A4, BMP-2 

Bernhardt et al. 

2011 [61] 

BM-hMSCs  

0.2 × 106/scaffold 

βTCP (Cerasorb®)  

(d 12 × h 6 mm) 

750 and 1400 µm pore size 

5.43 cm3 1.5 mL/min na 

21 days  

OS+ medium with 

10% serum or 2% 

serum 

Proliferation:  

↑ OS+ medium with 10% serum;  

↔ OS+ medium with 2% serum; 

Differentiation:  

↔ OS+ medium with 10% serum;  

↑ OS+ medium with 2% serum 

Pisanti et al. 

2012 [62] 

BM-hMSCs (Lonza) 

0.12 × 106/scaffold 

PLLA disc  

(d 4 × h 5 mm)  

100, 250, and 500 µm pore size  

1.89 cm3 0.3 mL/min na 
24 days  

Os+ medium 
Differentiation: ↑ ALP, BMP-2 

de Peppo et al. 

2013 [21] 

BM-hMSCs  

hESC-MPs  

0.1 × 106/scaffold 

CaCO3 cube (Biocoral®)  

(3 mm) 
2.025 cm3 10 mL/min  0.001 Pa

35 days  

OS+ medium 

Proliferation: ↑;  

hESC-MPs > BM-hMSCs;  

Differentiation:  

↑ RUNX2, COL1, ALP, ON, OP; 

hESC-MPs > BM-hMSCs 

Yeatts et al. 

2014 [52] 

BM-hMSCs (Lonza)  

0.25 × 106/scaffold 

PLGA-PCL  

(d 3 × h 3 mm) 
na 1 mL/min na 

10 days  

OS+ medium 
na 

Abbreviations: ↑ = increase; ↓ = decrease; ↔ = similar; ALP = alkaline phosphatase; BCP = bicalcium phosphate; BM-hMSCs = bone marrow-derived hMSCs; BMP-2 = bone morphogenetic protein; ßTCP = beta 

tricalcium phosphate; CaCO3 = calcium carbonate; CBFA1 = core-binding factor subunit alpha-1; COL1 = collagen 1; convergent = flow direction where culture medium infiltrates the scaffold from scaffold’s 

exterior; d = diameter; divergent = flow direction where culture medium infiltrates the scaffold from scaffold’s central inlet; h = height; HA = hydroxyapatite; hESC-MPs = human embryonic stem cell-derived 

mesenchymal progenitors; hMSCs = human mesenchymal stem cells; MG63 = human osteosarcoma-derived cell line; na = not applicable; OC = osteocalcin; ON = osteonectin; OP = osteopontin;  

OS− = proliferative culture medium; OS+ = osteogenic culture medium; PCL = poly(caprolactone); PLGA = poly(lactic-co-glycolic acid); PLLA = poly-l-lactic acid; RUNX2 = runt-related transcription factor 2; 

S100A4 = negative regulator of mineralization; V = volume. 
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In another study, Pisanti et al. explored the influence of scaffold microstructure and dynamic 

culture in perfusion bioreactors (flow rate: 0.3 mL/min) on commercially available hMSCs [62]. Cells 

were seeded onto poly-l-lactic acid scaffolds with average pore size of 100, 250, and 500 µm and 

cultured under dynamic or static conditions for up to 24 days. Results indicated that proliferation and 

osteogenic differentiation were enhanced when cells where cultured under dynamic conditions in the 

250 µm and 500 µm pore size scaffolds, indicating a synergistic effect of scaffold microstructure and 

culture in bioreactors on hMSC behavior.  

A recent study by de Peppo et al. demonstrated that culture of BM-derived hMSCs and  

hESC-derived mesenchymal progenitors seeded onto biocoral scaffolds (3 × 3 × 3 mm) in a packed 

bed/column bioreactor (flow rate: 10 mL/min; average shear stress estimated to be 0.001 Pa) over a 

period of five weeks resulted in increased cell proliferation as shown by increased DNA and protein 

content, and improved osteogenesis as evidenced by increased gene expression, tissue formation and 

matrix deposition and mineralization [21]. Interestingly, the authors found that the beneficial effects of 

dynamic culture were significantly higher for constructs of hESC-derived mesenchymal progenitors, 

suggesting that different operation regimes may result optimal when cells of different origin and 

developmental stage are used for bone engineering applications using bioreactors.  

In a different study, Yeatts et al. interfaced BM-derived hMSC with poly(lactic-co-glycolic 

acid)/PCL cylinders (3 mm diameter and 3 mm height), and cultured the constructs under dynamic 

conditions for 10 days before implantation in femoral condyle defects in nude rats [52] (Table 2). 

Results showed that dynamic cultures of these constructs resulted in increased bone formation 

compared to static culture after six weeks in vivo, highlighting the positive effects of the perfusion 

culture for bone engineering applications.  

Using a version of a perfusion bioreactor combined with a biaxial rotating system, Zhang et al. 

similarly reported the beneficial effects of dynamic conditions (5 biaxial rpm; flow perfusion: 3.8 mL/min) 

on human fetal MSCs seeded onto PCL/tricalcium phospahate blocks (6 × 6 × 4 mm) both in vitro, as 

evidenced by increased proliferation and calcium deposition, and in subcutaneous pockets in mice [50] 

(Table 2), resulting in 3.2 fold increase of ectopic bone formation compared to statically cultured constructs.  

As yet, indirect perfusion bioreactors have allowed engineering the highest volume of bone 

substitutes per culture chamber (Figure 3), therefore representing valuable systems for the construction 

of large amount of bone substitutes for extensive skeletal reconstructions. However, although indirect 

flow perfusion bioreactors have shown the potential to support maturation of bone substitutes both  

in vitro and in vivo, outcomes seems to depend on experimental protocol, type of cells and scaffolds 

used, and bioreactor configuration and operation regimes. Additionally studies are therefore 

recommended to better explore the potential of these systems for the culture of bone substitutes that 

can be used to treat large skeletal defects. 

2.3.2. Direct Perfusion Bioreactors 

In direct perfusion bioreactors the cell/scaffold constructs are placed in the perfusion chamber in a 
press-fit fashion so that the culture medium is forced to pass through the center of the samples (Figure 5B). 
In view of this advantage, direct perfusion bioreactors have extensively been used to engineer bone 
substitutes using a combination of different human osteocompetent cells and biomaterial scaffolds, as 
summarized in Table 5.  
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Table 5. Direct perfusion bioreactors. 

Reference Cell type and density Scaffold type 
Max V of 

constructs/bioreactor 
Perfusion rate Shear stress

Culture period 

and media 

Results  

(vs. static culture) 

Hofmann et al.  

2003 [63] 

Human osteoblasts 

12,500 cells/cm2 

Cancelous human bone HA (Endobon®)  

(d 7.5 × h 10 mm) 
0.442 cm3 1 mL/min na 

10 days  

OS− medium 
na 

Braccini et al.  

2005 [46] 

hBMNCs;  

~18 × 106/scaffold 

HA (Engipore®)  

(d 8 × h 4 mm) 
0.201 cm3 100 μm/s na 

19 days;  

OS+ medium 
na 

Bjerre et al.  

2008 [64] 

BM-hMSC-TERT  

2 × 106/scaffold 

67% Si-TCP/33% HA/ßTCP (SkeliteTM)  

(d 10 × h 5 mm) 
6.288 cm3 0.1 mL/min na 

21 days  

OS− medium 

Proliferation: ↑; 

Differentiation: ↑ ALP;  

↑ OP, BSP, BMP-2 

Schliephake et al. 

2009 [48] 

hTBCs  

5 × 106 cells/cm3 

CaCO3 (Biocoral®)  

(d 5 × h 3 mm) 
0.530 cm3 na na 

14 days  

OS− medium 
na 

Schliephake et al. 

2009 [49] 

hTBCs  

5 × 106 cells/cm3 

CaCO3 (Biocoral®)  

Mineralized collagen  

TCP (Cerasorb®)  

(d 5 × h 3 mm) 

0.530 cm3 na na 
14 days  

OS− medium 
na 

Grayson et al.  

2010 [65] 

BM-hMSCs (Cambrex) 

3.4 × 106/scaffold  

Decellularized cow bone hTMJ-shaped  

(~15 × 15 × 5 mm) 
~1 cm3 1.8 mL/min na 

35 days  

OS+ medium 

Proliferation: ↑; 

Differentiation:  

↑ bone volume  

Fröhlich et al.  

2010 [66] 

AT-hMSCs  

1.5 × 106/scaffold 

Decellularized cow bone plugs  

(d 4 × h 4 mm)  
0.302 cm3 1.8 mL/min ~0.01 Pa 

35 days  

OS− medium; 

OS+ medium 

Proliferation: ↔ OS−  

↔ OS+;  

Differentiation:  

↑ bone specific ECM  

Grayson et al.  

2011 [67] 

BM-hMSCs (Cambrex) 

1.2 × 106/scaffold 

Decellularized cow bone plugs  

(d 4 × h 4 mm) 
0.302 cm3 

80, 400, 800, 1200 

or 1800 µm/s 

0.0006–0.02 

Pa 

35 days  

OS+ medium 
na 

Chen et al.  

2011 [68] 

AM-hMSCs  

5 × 104 cells/mg 

microcarriers 

Porcine gelatin microcarrier  

(CultiSpher S)  

(d 20 × h 10 mm) 

3.142 cm3 2 mL/min na 

28 + 7 days;  

OS− medium; 

OS+ medium 

na 
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Table 5. Cont. 

Reference 
Cell type and 

density 
Scaffold type 

Max V of 

constructs/bioreactor 
Perfusion rate Shear stress 

Culture period 

and media 

Results  

(vs. static culture) 

Marolt et al.  

2012 [24] 

hESC-MPs  

1.5 × 106/scaffold 

Decellularized cow bone plugs 

(d 4 × h 4 mm) 
0.302 cm3 3.6 mL/min na 

35 days  

OS+ medium 

Proliferation: ↑; 

Differentiation: ↑ ALP, 

OP; ↑ bone specific ECM 

de Peppo et al. 

2013 [25] 

hiPSC-MPs  

1.5 × 106/scaffold 

Decellularized cow bone plugs 

(d 4 × h 4 mm) 
0.302 cm3 3.6 mL/min na 

35 days  

OS+ medium 

Differentiation: ↑ OP; ↑ 

bone specific ECM 

Abbreviations: ↑ = increase; ↓ = decrease; ↔ = similar; ALP = alkaline phosphatase; AM-hMSCs = amniotic membrane hMSCs; AT-hMSCs = adipose tissue-derived hMSCs;  

BM-hMSCs = bone marrow-derived hMSCs; BMP-2 = bone morphogenetic protein 2; BSP = bone sialoprotein; ßTCP = beta tricalcium phosphate; CaCO3 = calcium carbonate;  

d = diameter; ECM = extracellular matrix; h = height; HA = hydroxyapatite; hBMNCs = human bone marrow nuclear cells; hESC-MPs = human embryonic stem cell-derived mesenchymal progenitors;  

hiPSC-MPs = human induced pluripotent stem cell-derived mesenchymal progenitors; hMSCs = human mesenchymal stem cells; hTBCs = human trabecular bone cells;  

hTMJ = human temporomandibular joint; na = not available; OP = osteopontin; OS− = proliferative culture medium; OS+ = osteogenic culture medium; Si-TCP = silicate-substituted tricalcium phosphate;  

TCP = tricalcium phosphate; TERT = telomerase reverse transcriptase; V = volume. 
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A relatively large amount of these studies have also explored the bone formation potential of these 

substitutes in vivo using ectopic and orthotopic animal models (Table 2). In a study by Hofmann et al., 

human osteoblasts were cultured in a perfusion bioreactor (flow rate: 1 mL/h) for ten days after 

seeding onto demineralized and non-demineralized human spongiosa, and HA cylinder scaffolds  

(7.5 mm diameter and 10 mm height) [63]. The results demonstrated significant increased expression 

of bone-specific genes when cells where seeded onto demineralized matrices compared to the other 

scaffolds. However, the lack of static groups does not allow evaluating the real effects of dynamic 

conditions on cell proliferation and osteogenic differentiation.  

In another study, Braccini et al. seeded BM-derived hMSCs onto HA scaffolds (8 mm diameter and 

4 mm thickness) and cultured the constructs under static or dynamic conditions (100 µm/s) before 

subcutaneous implantation in nude mice for eight weeks. Results demonstrated a superior ability of the 

constructs cultured in perfusion bioreactors in promoting bone formation in vivo [46] (Table 2).  

Bjerre and colleagues later demonstrated that dynamic cultures (flow rate: 0.1 mL/min) of  

BM-derived hMSC-TERT seeded onto silicate-substituted tricalcium phosphate scaffolds (10 mm 

diameter and 5 mm thickness) for 21 days were associated with higher construct cellularity, improved 

cell distribution and increased osteogenic differentiation as evidenced by ALP and expression of other 

bone-specific markers [64].  

In 2009, Schliephake et al. cultured constructs of human trabecular bone cells and CaCO3 scaffolds 

(pore size: 250–750 µm) or mineralized collagen scaffolds (pore size: 100–200 µm) in vitro for  

14 days, and then implanted the constructs in intramuscular pockets or 5-mm mandibular defects in 

nude rats for six weeks [48,49]. As opposite to the study by Braccini et al., the authors did not found 

significant differences in bone formation between the constructs cultured under static or dynamic 

conditions, suggesting that other factors couls play a role in enhancing the bone formation ability of 

these constructs.  

Using a biomimetic approach of bone engineering, Grayson et al. demonstrated the effect of 

perfusion rate on BM-derived hMSCs seeded onto decellularized bone plugs (4 mm diameter and  

4 mm height) during a five-week perfusion culture [67]. The authors found that increasing the flow 

velocity of perfusion medium from 80 to 1800 μm/s (corresponding to estimated initial shear stresses 

ranging from 0.0006 to 0.02 Pa) significantly affected cell morphology, cell-cell interactions, matrix 

production and composition, and the expression of osteogenic genes and that intermediate flow 

velocities (400 to 800 μm/s) yielded the best osteogenic outcomes. As proof of principle for potential 

clinical translation to treat complex skeletal defects, they also reported the ability to engineer 

anatomically-shaped human bone substitutes using a combination of decellularized bone scaffolds  

(in the shape of a temporomandibular joint condylar bone), BM-derived hMSCs and a customized 

direct perfusion bioreactor [65]. In a different study, the same group reported that an interstitial 

velocity of 400 µm/s (corresponding to shear stress values of the order of 0.01 Pa) imparted to adipose  

tissue-derived hMSCs seeded onto decellularized bone plugs (4 mm diameter and 4 mm height) 

resulted in more uniform distributions of cells and bone matrix (collagen, bone sialoprotein, and bone 

osteopontin) compared to control groups cultured under static conditions. The presence of osteogenic 

supplements significantly increased construct cellularity, and the perfusion markedly improved the 

amounts and distributions of cells and bone matrix [66].  
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Using the same biomimetic approach of bone development, Marolt and de Peppo recently 

demonstrated that viable bone substitutes could be engineered from hESC- [24] and hiPSC-derived 

mesenchymal progenitors [25] respectively. Culture in bioreactors resulted in common alterations in 

the expression of several important genes involved in molecular pathways controlling cell proliferation 

and tissue maturation, indicating a strong phenotypic transition toward the osteogenic lineage driven 

by the investigated conditions. Interestingly, both studies demonstrated phenotypic stability and further 

bone tissue maturation following ectopic implantation of engineered bone substitutes in nude mice, 

opening the possibility to engineer unlimited amounts of functional bone substitutes for personalized 

clinical applications.  

A new strategy of bone engineering was reported by Chen et al. using a two-stage culture  

protocol [68]. First, amniotic hMSCs were cultured on porcine gelatin microcarriers in a spinner flask 

for 28 days (3 min agitation at 30 rpm followed by 30 min in static conditions). During this cultivation 

process, cell-laden microcarriers aggregated into 700–800 µm clusters that displayed increased 

expression of bone markers and matrix deposition over time, as evidenced by alizarin red staining and 

calcium quantification. In the second step, microtissues were transferred into cylindrical perfusion 

culture chamber (2 cm in diameter) and assembled through applying pulsatile flow (flow rate: 2 mL/min) 

of osteogenic medium for seven days, resulting into a centimeter-sized construct (2 cm diameter and  

1 cm height), which displayed high cell viability, homogenous cell distribution and deposition of  

bone-specific extracellular matrix.  

Altogether, these studies demonstrate that direct perfusion bioreactors, irrespective of the specific 

cell source and properties of the biomaterial scaffolds used, display high potential in supporting tissue 

maturation and bone formation both in vitro and in vivo, suggesting they could represent suitable 

culture systems for the construction of viable bone substitutes for future applications in clinical 

settings. The press-fit setup that characterizes the direct perfusion systems on one hand allows the 

production of anatomically shaped bone substitutes but on the other limits the size of the cell/scaffold 

constructs that can be cultured using these systems due to the resistance built in the systems upon 

tissue maturation (Figure 3), and it is therefore crucial to develop innovative engineering solutions to 

account for this limitation. Again, a lot of work remains to be done before optimal protocols of 

dynamic culture can be developed for the reproducible production of bone tissue substitutes for 

effective reconstruction of the skeletal system using direct perfusion systems.  

2.4. Compression Bioreactors and Combined Systems 

Compression bioreactors were intended to mimic the bone physiological environment in vitro, 

characterized by repeated mechanical stimulation required for functional bone regeneration. These 

culture systems consist of a motor, a system providing linear motion and a compression chamber in 

which one or more pistons apply static or dynamic compressive loads directly to the cell/scaffold 

constructs (Figure 6).  

In a study by Matziolis et al., BM-derived hMSCs were cultured on human cancellous bone-fibrin 

composites (15 mm diameter and 4 mm thickness) in a compression bioreactor, and the effect of short 

term mechanical stimulation (24-hour cyclic loading of 4 kPa, 25% strain at 0.05 Hz) on osteogenic 

differentiation was investigated [69] (Table 6). Short-term mechanical stimulation enhanced the 
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expression of several genes encoding for factors involved in osteogenesis, including RUNX2, 

osteopontin, integrin-β1, TGFßR1, SMAD5, annexin-V and PDGFα. These results demonstrate that even 

short mechanical stimuli can be sufficient to activate the osteogenic differentiation pathways in hMSCs.  

Figure 6. Compression bioreactor. Schematic representation of a compression bioreactor 

showing the compression chamber (i), the cell/scaffold construct (ii) and the piston (iii), 

which applies static or dynamic compressive loads directly to the constructs. In these 

systems the compression is controlled by a motor and a system that provides linear motion. 

 

Table 6. Compression bioreactors. 

Reference 
Cell type and 

density 
Scaffold type 

Max V of 

constructs/bioreactor

Compression 

rate 

Culture period 

and media 

Results  

(vs. static culture) 

Matziolis et al. 

2011 [69] 

BM-hMSCs  

1 × 106/scaffold 

Human cancellous 

bone-fibrin 

composite  

(d 15 × h 4 mm) 

0.707 cm3 

4 kPa  

25% strain 

0.05 Hz  

24 h  

OS−medium 

↑ OP, integrin-ß-1, 

TGFßR1, SMAD5, 

PDGFα, annexin-V

Abbreviations: ↑ = increase; ↓ = decrease; ↔ = similar; BM-hMSCs = bone marrow-derived hMSCs; d = diameter; h = height;  

hMSCs = human mesenchymal stem cells; OP = osteopontin; PDGFα = platelet-derived growth factor alpha; TGFßR1 = transforming 

growth factor beta-receptor type 1; V = volume. 

In order to enhance mass transport and allow long-term culture of large cell/scaffold constructs, 

combined configurations of compression systems coupled with perfusion loops have been developed, 

as summarized in Table 7.  

Jagodzinski et al. reported a study aimed at investigating the effect of mechanical stimuli on  

BM-derived hMSCs. Cells were seeded on bovine spongiosa discs (20 mm diameter and 4 mm 

thickness) and incubated in a bioreactor system under either perfusion (flow rate: 10 mL/min) or a 

combination of perfusion and cyclic loading (10% cyclic compression at 0.5 Hz) for three weeks [36]. 

Both conditions demonstrated enhanced proliferation compared to static cultures. However, hMSCs 

stimulated by cyclic compression clearly demonstrated an enhanced secretion of osteocalcin along the 

entire experimental period. 
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Table 7. Combined bioreactors. 

Reference 
Mechanical 

stimulation 

Cell type and 

density 
Scaffold type 

Max V of 

constructs/bioreactor 

Rotation 

rate 

Perfusion 

rate 
Compression rate

Culture period 

and media 
Results (vs. static culture) 

Jagodzinski et al. 

2008 [36] 

Perfusion  

BM-hMSCs  

1 × 106/scaffold 

Decellularized 

cow bone 

(Tutobone®)  

(d 20 × h 4 mm) 

1.257 cm3 

Not done 10 mL/min Not done 

21 days  

OS+ medium 

Proliferation: ↑  

Differentiation: ↔ OC 

Compression-

perfusion 
Not done 10 mL/min 

10% strain,  

0.5 Hz 

Proliferation: ↑  

Differentiation: ↑ OC;  

also > to perfusion only 

Bölgen et al.  

2008 [70] 

Compression  
MG63 (ATTC)  

1 × 106/scaffold 

HEMA–lactate–

dextran  

(d 8 × h 4 mm) 

0.201 cm3 

Not done 0.1 mL/min Not done 
10 days  

OS− medium 

Differentiation: ↔ ALP 

Compression-

perfusion 
Not done 0.1 mL/min 

1.5% strain,  

1 Hz, 1 h/day 
Differentiation: ↑ ALP 

Zhang et al.  

2009 [50] 

Perfusion-

rotation 

hfMSCs  

0.5 × 106/scaffold

PCL-TCP  

(6 × 6 × 4 mm) 
6.48 cm3 5 rpm 3.8 mL/min Not done 

28 days  

OS+ medium 

Proliferation: ↑  

Differentiation: ↑ ALP, Ca 

Liu et al.  

2012 [76] 

Perfusion  

BM-hMSCs  

6 × 106/scaffold 

PU-BDI  

shape of human 

meniscus  

(size na) 

na 

Not done 10 mL/min Not done 

14 days  

na medium  

Proliferation: ↑  

Differentiation: ↔ ALP;  

↔ mechanical strength 

Compression-

perfusion 

Not done 10 mL/min  

10% strain, 0.5 Hz, 

1 time/day,  

8 h/time 

Proliferation: ↔; 

Differentiation: ↔ ALP;  

↔ mechanical strength 

Not done 10 mL/min 

10% strain, 0.5 Hz, 

4 times/day,  

2 h/time, 4 h of rest

Proliferation: ↑;  

also > to perfusion only; 

Differentiation: ↑ ALP;  

↑ mechanical strength` 

Abbreviations: ↑ = increase; ↓ = decrease; ↔ = similar; ALP = alkaline phosphatase; BM-hMSCs = bone marrow-derived hMSCs; Ca = calcium deposition; d = diameter; h = height; HEMA = 2-hydroxyethyl 

methacrylate; hfMSCs = human fetal mesenchymal stem cells; hMSCs = human mesenchymal stem cells; MG63 = human osteosarcoma-derived cell line; na = not available; OC = osteocalcin; OS− = proliferative 

culture medium; OS+ = osteogenic culture medium; PCL = poly(caprolactone); PU-BDI = polyurethane-based 1,4-butanediisocyanate; rpm = rotation per minute; TCP = tricalcium phosphate; V = volume. 
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Similarly, Bölgen et al. cultured a human osteoblast-like cell line seeded on biodegradable cryogels 

made of L-lactide and dextran with 2-hydroxyethyl methacrylate end groups (8 mm diameter and  

4 mm thickness) in compression bioreactor (1.5% strain level at 1 Hz for 1 h/day) with or without 

perfusion (flow rate: 0.1 mL/min) for two weeks [70]. Culture in both conditions resulted in increased 

expression of markers of osteoblastic differentiation and deposition of bone extracellular matrix 

compared to control. However, as above, combination of compression and perfusion appeared to be 

more beneficial in supporting osteogenic differentiation as evidenced by increased ALP activity.  

In a different study, Liu et al. cultured constructs of BM-derived hMSCs and meniscal-shaped 

polyurethane-based 1,4-butanediisocyanate scaffolds under either perfusion (flow rate: 10 mL/min) or 

a combination of perfusion and compression for 14 days [76]. Among the different conditions, only the 

combination of perfusion and cyclic loading of 2-hour compression followed by 4-hour rest resulted in 

increased proliferation and bone-like tissue maturation compared to static cultures, as evidenced by 

increased ALP activity and mechanical strength.  

In conclusion, these studies provide evidence that mechanical loading, especially when combined 

with flow perfusion, can play a pivotal role in promoting survival and functional ostegenic 

differentiation of the cells within the cultured constructs. However, no in vivo studies have been 

reported so far and much work remains to be done to assess the potential of these systems for clinically 

relevant bone engineering applications. 

3. Simulation Techniques for Improved Bioreactor Design 

Traditionally bioreactor designs and operation regimes were chosen by trial-and-error approaches, 

which are time consuming and often result in suboptimal performance and poor reproducibility [77]. 

To overcome such limitations and allow future translation of bone-engineered products, over the last 

years mathematical models and computer simulation techniques have been applied to an increasing 

extent to bioreactor systems in order to determine a priori the most favorable parameters for functional 

tissue regeneration from a set of available alternatives (for a review see [78]). Simulations in tissue 

engineering are usually divided into simulation of the biophysical environments (distribution of all 

physical forces) [71,79] or biological environments (including dynamics of nutrient transport, tissue 

growth, matrix deposition and morphological evolution) [80], or both environments [81].  

As opposite to cumbersome optical measuring techniques, such as for examples laser Doppler 

anemometry, particle image velocimetry and planar laser-induced fluorescence, computational fluid 

dynamics (CFD) softwares are now extensively used to provide simulations of the hydrodynamic 

environment of bioreactor systems and the factors influencing it. Distribution of mechanical forces, 

nutrient consumption and kinetics of tissue growth highly depend on mass transport, scaffold 

architecture and properties, as well as bioreactor design and operation regimes. In this view, given 

specific models of scaffolds filled with biological material, which can be developed using finite 

element methods, CFD simulations can be used to give recommendations about key elements of 

bioreactor design including shape, inlet and outlet location and size, and operation regimes, with the 

aim of providing adequate hydrodynamic environments supporting optimal bone tissue regeneration.  

However, in the case of compression bioreactors, the dynamic loading of cell/scaffold constructs 

results in cyclic deformation of the scaffold and cellular material, which in turn affects the 
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hydrodynamic behavior of the system, the distribution and intensity of the physical forces throughout 

the constructs over time, and the cellular response. Therefore, rigorous models must be developed 

using different numerical methods to specifically account for these fluid-structure interactions [82], 

and better predict formation and differentiation of tissues under specific loading conditions, which 

could also help in the development of more appropriate scaffold and bioreactor designs. The 

application of CFD simulations therefore plays an important role in the design of perfusion bioreactor 

configurations to engineer bone substitutes of clinical relevance, therefore reducing time and cost of 

product development for therapeutic translation, especially in clinical situations where customized 

bioreactors must be developed for functional regeneration of anatomically-shaped bone substitutes. 

4. Future Directions for Clinical Translation 

As discussed in previous sections, bioreactor systems have shown great utility in supporting  

de novo growth of bone tissue substitutes in vitro, with the perfusion bioreactors representing the 

optimal systems to support cell viability, increase construct cellularity and deposition of bone matrix, 

and guide maturation of functional tissue.  

Nevertheless, despite these promising results, no examples of successful clinical applications of 

bioreactor-engineered bone substitutes has as yet been reported, and several challenges remain to be 

addressed before these products can be used as treatment of choice for reconstructive therapies of the 

skeletal system. Bioreactor systems have been used to support functional tissue regeneration for about 

two decades, but relatively few studies exist thus far and it is important to further explore the effects of 

dynamic conditions on different sources of human progenitor cells (reviewed in this manuscript),  

the role of biomaterials properties in tissue regenerations, and the safety and efficacy of  

bioreactor-engineered bone grafts in valid animal models of skeletal defects. First of all, the relative 

potential of hMSC, hESCs, hiPSCs for the construction of large bone substitutes must be investigated, 

as well as their genetic and phenotypic stability following protracted in vitro expansion and osteogenic 

differentiation onto biomaterial scaffolds in bioreactor systems. Similarly important, the effect of 

biomaterial properties and scaffold design in promoting bone tissue regeneration in bioreactor systems 

must also been assessed. For example, it is essential to understand how the hydrodynamic environment 

in bioreactors affects the surface energy of the scaffolds and their interaction with cells, as well as the 

resorption rate and release of by-products, and how these changes alter the stress imparted to the cells 

over time and influence cell behavior and differentiation toward the bone lineage. Systematic studies 

aimed at exploring these relations will certainly contribute to the development of more optimal 

biomaterial scaffolds for application in bone engineering using bioreactor systems.  

In addition, the regenerative potential of bioreactor-engineered bone substitutes must be explored in 

preclinical studies using valid animal models of skeletal defects as a guide to safety and efficacy, and 

to establish and quantify their relative benefit compared to bone substitutes engineered under static 

conditions and currently available treatments. In fact, dynamic conditions in bioreactors support 

maturation of bone-like tissue in vitro and in isolated cases of skeletal defects in animal models, but do 

not guarantee graft survival following in vivo implantation due to the lack of a vascular system that 

provides adequate exchange of nutrients and gases, and removal of waste products. As a result, cell 
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death often occurs in the center of the implanted grafts prior to blood vessel ingrowth from the 

surrounding host tissues [83].  

One possibility to overcome this problem is to engineer vascularized bone substitutes that support 

rapid integration and survival of the cells inside the graft. Considering the pivotal role of the vascular 

compartment in development and regeneration [84], pre-vascularization strategies of bone engineering 

could also lead to the generation of tissues of higher physiological complexity and enhanced 

regenerative potential. In this context, the broad regenerative potential of hiPSCs make these cells of 

great interest for the generation of unlimited amount of multicellular bone tissue substitutes for 

personalized applications. Nevertheless, it remains to be clarified whether bioreactor conditions 

supporting functional maturation of bone-like tissues are also favorable in sustaining the formation of a 

stable and well-organized network of vascular structures inside the construct. Another important aspect 

is to understand if the proposed experimental conditions in bioreactors result in highly reproducible 

outcomes, so that suitable bone engineering protocols can be developed for translational applications. 

The use of miniature multi-chamber bioreactor systems has been proposed to address the problem of 

the large variability associated with the use of biological material, resulting for example from genetic 

and developmental differences of the cell source used to engineering tissues [85,86]. Bioreactor 

systems support dynamic maturation of tissue substitutes by providing physical stimulation to the cells 

in the three-dimensional context within biomaterial scaffolds. As seen in this review, several different 

operational regimes of dynamic culture have been tested, but only a few studies have reported the 

corresponding values of stress imparted to the cells. It is therefore crucial, with the help of CFD 

simulations, to estimate these values in order to develop better protocols for functional and reproducible 

maturation of tissues for future clinical translations. Other reasons behind the unsuccessful clinical 

translation of bioreactor-engineered bone substitutes have recently been reviewed by Salter et al., and 

regard cost, time and ease of application [33].  

A few bioreactors for bone engineering are available on the market and many concerns arise 

whether the proposed configurations are optimal for translation in specific clinical situations [87]. On 

the other hand, development of customized bioreactors that meet specific clinical needs is expensive, 

time consuming and often do not comply with international regulatory requirements for translation into 

the clinics. In this view, the development of proper manufacturing and clinical procedures that meet 

international regulatory requirements is paramount for future clinical translation. The prevention of 

microbial contamination using environmentally controlled areas, process standardization and 

validation and quality control testing are among some of the most important challenges that must be 

addressed before bioreactor-engineered bone substitutes can be used in clinical settings [88]. 

Production time and cost of customized bioreactor systems will also play a role in enabling the 

production of replacement bone substitutes for the treatment of complex skeletal defects. It is likely 

that advances and decreasing cost of rapid prototyping technologies, and the ability to automate each 

manufacturing step using closed-system bioreactors for real-time monitoring and controlling of tissue 

maturation would increase product consistency, and facilitate the transition from a research scale to a 

clinically applicable mass production of bioreactor-engineered bone substitutes, in a reproducible, 

GMP-compliant and economically affordable fashion [35,89,90].  
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5. Conclusions 

An increasing number of studies have demonstrated the feasibility of using bioreactor systems to 

engineer bone tissue substitutes from human osteocompetent cells interfaced with different biomaterial 

scaffolds. Using bioreactor systems, biophysical and biochemical stimuli can be integrated to enhance 

cell survival and differentiation, and control functional maturation of three-dimensional bone  

tissue substitutes. However, it is still crucial to understand the independent role of the bioreactor 

environment, scaffold properties and cell origin and phenotype in the formation of bone substitutes 

before standardized protocols of bone engineering can be developed for safe and effective 

reconstructive therapies. In conclusion, it is only via the use of state-of-the-art cell culture technologies, 

process automation under GMP-compliant conditions and adherence to regulatory policies that  

lab-made bone grafts engineered using bioreactor systems can start being used to treat human patients. 
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