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Abstract

Professor Shu Chien is a world-renowned leader and founder of Bioengineering. In particular, he 

has made seminal contributions to advancing our systematic and insightful understanding of how 

cells perceive their physical/mechanical environment and coordinate cellular functions. In this 

review, as part of a tribute to Prof. Shu Chien's scientific achievement, we summarize the research 

progress in understanding the physiology of bone cells interacting with different mechanical/

physical environments during bone tissue regeneration/repair. We first introduce the cellular 

composition of the bone tissue and the mechanism of the physiological bone regeneration/repair 

process. We then describe the properties and development of biomaterials for bone tissue 

engineering, followed by the highlighting of research progresses on the cellular response to 

mechanical environmental cues. Finally, several latest advancements in bone tissue regeneration 

and remaining challenges in the field are discussed for future research directions.
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1. Introduction

Bones are important structural components of vertebrates that are composed of 60% 

hydroxyapatite, 10% water and 30% collagen proteins. Bones play important roles in 

providing mechanical support for locomotion, protecting vital organs, and regulating the 

*To whom correspondence should be addressed. Yingxiao Wang, Ph. D., Department of Bioengineering and the Beckman Institute for 
Advanced Science and Technology, University of Illinois, Urbana-Champaign, IL 61801, Tel: (217) 333-6727, Fax: (217) 265-0246, 
yingxiao@uiuc.edu.
#These authors contributed equally to this work.

NIH Public Access
Author Manuscript
Cell Mol Bioeng. Author manuscript; available in PMC 2015 January 09.

Published in final edited form as:
Cell Mol Bioeng. 2011 December ; 4(4): 579–590. doi:10.1007/s12195-011-0204-9.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



metabolism of calcium and phosphorus. The lifelong execution of these functions requires a 

healthy bone system [1]. However, millions of people worldwide suffer from bone defects 

due to various reasons, including trauma, tumor, bone diseases, congenital defects and 

aging. These defects are increasingly becoming the majority of the clinical cases in 

orthopedics. Accordingly, bone repair has been the focus of many research activities related 

to clinical therapies.

Recent advances in bone repair research have highlighted hybrid cell-material structures for 

tissue engineering, which provide a unique self-repair capacity with minimally invasive 

surgery. These structures are seeded with stem cells from the patients themselves, usually 

derived from bone marrow, to allow the process of proliferation and differentiation into 

different bone cells under in vitro conditions [2]. This process of new bone tissue 

regeneration is managed by the bone cells under a tightly controlled microenvironment 

including both chemical and mechanical stimuli, e.g. the chemical and physical 

characteristics of the scaffold [3, 4].

Accordingly, we provide an overview of the bone cell physiology and repair process in this 

review, with specific attentions focused on the effect of the scaffold’s chemical and physical 

properties on bone cell functions.

2 Bone Cells and Repair Mechanisms

2.1 Bone Tissue and Cellular Composition

Bone structures contain cells derived from different sources [3]. The multicellular structures 

of bones consist of four parts, extending from inside to outside: bone marrow, endosteum, 

porous mineralized osseous tissue, and periosteum (a membrane that lines along the outer 

surface of bones) (Figure 1).

The bone marrow contains haematopoietic stem cells (HSCs) and mesenchymal stem cells 

(MSCs). The endosteum, located at the walls of the bone marrow cavity and the mesh of 

cancellous bones, contains the progenitor of osteoblasts (specialized cells capable of matrix 

secretion and mineralization) and osteoclasts (specialized in bone resorption). In the osseous 

tissue, there is abundant mineralized bone matrix and five kinds of cells: (1) 

osteoprogenitors, including the progenitors of osteoblasts and osteoclasts, (2) osteoblasts, (3) 

osteocytes (a derivative of osteoblasts), (4) osteoclasts, and (5) bone-lining cells (inactive 

osteoblasts which can be re-activated by mechanical stimulus) [3, 5, 6]. Among these bone 

cells, osteocytes and bone-lining cells are the most abundant. The osteocytes are located in 

the spaces within the bone matrix, while bone lining cells cover all bone surfaces. The other 

three kinds of cells reside at the trabecular surface in cancellous bone or on the surface of 

the Haversian canals in the osseous tissues of compact bone [3, 6, 7]. Periosteum forms a 

layer outside of the osseous tissue. Both periosteum and endosteum play important roles in 

bone formation and growth and the bone remodeling process [8].

2.2 Physiological Processes of Bone Resorption, Formation, and Repair

According to Albright’s metabolic balance theory [9], the structure of human bone tissue is 

constantly maintained at a steady state by the dynamic balance between the bone resorption 

Liao et al. Page 2

Cell Mol Bioeng. Author manuscript; available in PMC 2015 January 09.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



and bone remodeling processes. These two processes occur coordinately at different 

locations, governed by the bone dynamic balance, with the resorption of old bones followed 

by replacement with new bones [9, 10]. An imbalance between bone resorption and 

formation is known to be closely associated with serious bone diseases, such as osteoporosis 

(OP) and osteoarthritis (OA) [3, 11, 12].

The resorption of pre-existing bone by mature osteoclasts is followed by the formation of 

new bone by osteoblasts. This coupling of resorption and regeneration processes, under a 

dynamic balance, occurs throughout a bone’s lifespan. For example, a mature bone 

continuously remodels with an estimated rate of 10% turnover every year [8, 10]. Therefore, 

in bone tissue engineering, a designed scaffold material should allow a similar resorption/

regeneration process to occur.

During the bone repair process, HSCs differentiate into committed osteoclast progenitor 

cells, or pre-osteoclasts, which enter the healing site through circulation and fuse with each 

other to become mature osteoclasts [3]. Meanwhile, MSCs can migrate to the healing site 

and differentiate into chondrocytes (producing the cartilage) and osteoblasts. The defective 

portions of bones are removed by osteoclast-mediated resorption and replaced by new bone 

matrix secreted and mineralized by osteoblasts. These new bone tissues are maintained by 

the mineralized osteocytes and bone-lining cells [3, 8, 10]. Osteoclasts can also regulate the 

differentiation of osteoblast precursors and the migration of hematopoietic stem cells and 

secrete cytokines in inflammatory and neoplastic processes [13].

The regeneration process of damaged bone tissue can hence be summarized in Figure 2 [8, 

14–16], with multiple well-coordinated steps: (1) The regeneration of periosteum: the 

fibroblasts within the periosteum start to divide in order to generate enough cells to form 

new periosteum, closing the defective gap at the surface; (2) The resorption process: The 

HSCs from bone marrow differentiate into pre-osteoclasts, which enter the circulation, 

migrate to the defect location and fuse to form mature osteoclasts, under the influence of the 

osteoprogenitor cells from osseous tissue, periosteum and endosteum [8]. The mature 

osteoclasts are multinuclear, macrophage-like cells, which can start the resorption process of 

the calcified matrix fragments at the edge of defective bone under the influence of 

osteoblasts; (3) The remodeling process: After resorption, MSCs and osteoprogenitor cells 

are stimulated to migrate toward the healing site and differentiate into chondrocytes and 

osteoblasts to form new bone tissue. The new bone tissues are composed of cartilage osteoid 

matrices, which are later replaced by mineralized mature osteocytes. This newly formed 

bone tissue is usually called ‘woven bone’, which still needs to be remodeled by the 

repeating resorbing and regeneration processes [8].

2.3 Mesenchymal Stem Cells

Mesenchymal stem cells are precursor cells derived from any tissue of mesenchyme origin 

which are uniquely capable of both differentiation (to produce mature daughter cells that 

carry out particular functions) and self-renewal (to sustain and replenish the stem cell pool). 

They play critical roles in the establishment of tissues during development and sometimes 

are retained into adulthood, where they support ongoing replacement of short-lived cells as 

well as injury-induced regeneration of daughter cells [17–20]. In particular, MSCs are at the 
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center stage of bone tissue engineering because they are multipotent cells capable of self-

renewal and differentiation into multiple tissues (including bone, cartilage, muscle, fat, skin, 

and connective tissue). These capabilities can be applied clinically as a new therapy for 

treating a variety of bone diseases.

Recent research advancements about MSCs at the cell biology level have delineated the 

mechanisms that regulate the differentiation of the MSCs [3, 8, 10, 21–23]. These studies 

have identified that extracellular biochemical stimuli, including hormones, cytokines (e.g. 

BMPs, the TGF-β family, VEGF, IGF-I, FGFs, IRAP, IL-4, PDGF), and mechanical stimuli, 

can regulate the differentiation and activity of MSCs [15]. Intracellular signaling molecules 

(e.g. LMP-1, Smad1, 5 and 8, FAK, Ca2+) can regulate gene expression through activating 

transcription factors, such as Runx2, Brachyury, or Sox-9. Therefore, these regulation 

signaling molecules can be targeted to facilitate the differentiation of MSCs for bone therapy 

[24–26]. For example, it has been shown that electrical stimulation can regulate calcium 

oscillation and hence promote osteogenesis involving HMSCs. Physical properties such as 

cell shape can also determine the fate of HMSCs. Flat and spread cells underwent 

osteogenesis via RhoA activation and up-regulation of actomyosin tension while round cells 

became adipocytes, via RhoA inhibition [27]. At the transcription level, the transcription 

factor Sox9 is indispensable for chondrogenesis, while Runx2 is essential for osteoblast 

differentiation and Wnt signaling appears to switch the chondrocyte fate into osteoblasts 

[10]. Therefore, the understanding of these cell signaling pathways can provide a foundation 

for the design of bone repair therapies that mimic natural tissue formation [21, 24].

3 Biomaterials for Bone Tissue Engineering

Although small-scale bone fractures can be easily self-repaired, large-scale bone defects 

(i.e., comminuted fracture, osteoporotic and cartilaginous tissues) are difficult to be self-

healed via regeneration and remodeling [21]. In this case, surgery is often required to 

implant a bone graft or artificial materials at the site of defect [28]. According to statistics, 

there are more than 2 million operations requiring bone substitutes each year in the United 

States alone and the demand continues to rise drastically. For example, there will be a 174% 

increase for first-time total hip replacements, and a 673% increase for first-time total knee 

replacements by the year 2030 (AAOS 2006c). Such statistics does not include the steadily 

growing number of revision surgeries resulting from the average lifespan (only 10 to 15 

years) of an orthopedic implant [21]. Clearly, with increasing clinical needs, bone implants 

are in high demand, with a significant socioeconomic impact worldwide.

The traditional bone repair procedure involves the use of autografts (from the patient iliac 

crest) and allografts (from the cadaver bone) [29]. The autograft has been considered the 

gold standard in the reconstruction of bone defects until now, because it has structural 

stability and natural osteogenic ability [30, 31]. Although the autograft and allograft 

procedures have been fairly successful, there are serious limitations such as limited supply 

of donor bone tissue, unpredictable rejection characteristics, and infection [2, 29]. 

Particularly, large bone defects are a major clinical problem since autologous bone grafts are 

not available in up to 40% of these patients [32]. Therefore, there is a pressing need for more 

reliable and abundant bone substitutes to replace or repair bone defects in clinics.
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3.1 Three Generations of Bone Materials

In past decades, with the development in the fields of materials and biomaterials, a series of 

bone graft substitutes have been produced. There are currently over 100 approved bone 

replacement materials in Germany alone [31], through which three different generations 

have been evolved [33, 34]: the first-generation “bioinert” materials; the second-generation 

“bioactive and biodegradable” materials; and the third-generation “cell- and gene-

activating” materials (designed to stimulate specific cellular responses at the molecular level 

with the aim of developing materials that, once implanted, will stimulate the body to heal by 

itself). These three generations of materials are shown in Table 1 as follows [21, 27, 33–36].

During the 1960s and 1970s, the first-generation materials were developed with the simple 

goal of achieving “a suitable combination of physical properties to match those of the 

replaced tissue with a minimal toxic response in the host” [34]. In 1980, around 2 to 3 

million prosthetic parts were implanted in patients in the United States, which enhanced 

these patients’ life quality for 5 to 25 years with such “inert” biomaterials [34, 37]. In the 

mid-1980s, the second generation “bioactive” materials were developed and applied in 

clinics for orthopedic and dental applications. By the 1990s, bioactive composites, including 

hydroxyapatite particles, have become important in the repair and replacement of bones [34, 

35, 37]. Although some of the above first and second generation substitutes have been 

successfully applied to replace or repair bone defects in clinics, they are limited in part due 

to the fact that they are man-made, and thus do not respond to physiological loads or 

biochemical stimuli. For most first and second generation biomaterials, stress shielding 

effects can result from the mismatch of the mechanical properties between the host bone and 

the implant. In addition, the implant surface properties can inhibit the regeneration of new 

tissue, which can lead to loosening of the implant from host bones. This became the main 

reason for orthopedic implant failure, with one third to one half of prostheses failing within 

10 to 25 years [34]. New strategies are hence needed to further improve the repair and 

regeneration of bone tissues.

During the first decade of the 21st century, the new third generation, “cell- and gene-

activating” biomaterials (also called bone tissue engineering materials), have been tailored 

into extracellular matrix (ECM) scaffolds. This allows the bone progenitor cells to seed on 

scaffolds for proliferation and differentiation in vitro, thus better mimicking naturally 

surrounding tissue before being implanted into the patients [35]. Bone tissue engineering has 

gained increasing recognition to treat bone defects, since it can stimulate new bone tissue 

regeneration in the host by inducing bone cell adhesion and proliferation. This provides a 

more effective approach than the traditional methods [29, 35]. To date, one of the most 

advanced bone tissue engineering methods is to transplant hybrid cell-material constructs 

into patients, which incorporate cells, a 3D porous scaffold, and bioactive factors as an 

integrated bone graft substitute. This hybrid construct is a typical third-generation “cell- and 

gene-activating” material (Figure 3) [2, 29, 34, 38] . After a minimally invasive surgery to 

insert the hybrid construct to the diseased or injured site, the self-healing process occurs by 

stimulating the specific response of cells at a molecular level, activating specific gene 

expression to regulate regeneration, and gradually replacing the missing bone with newly 
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formed tissue [34, 39]. Thus, the new bone repair therapy can be simply defined as the 

‘science of persuading the body to heal by its intrinsic repair mechanisms’ [8, 40].

In summary, it is clear that the new generation of bone repair strategy utilizes biomaterials 

to support cells. These new materials must be biodegradable, nontoxic, resorbable, and have 

proper physical properties.

3.2 Mesenchymal Stem Cells in Bone Tissue Engineering

Bone tissue engineering and regeneration approaches for therapies often involve isolating 

and culturing MSCs in vitro, followed by implantation into the defect site. These strategies 

typically harvest MSCs from the patient’s body (including bone marrow stroma, muscle, 

skin, fat, and gingiva) to avoid immunological complications. MSCs have been isolated 

from bone marrow and applied in bone, cartilage, and ligament repair [21, 24, 41–43]. In 

1991, Caplan first proposed that the isolation, mitotic expansion, and site-directed delivery 

of autologous stem cells can govern the rapid and specific repair of skeletal tissues [44]. 

Later, Quarto et al. published the first clinical paper to report the successful repair of large 

bone defects by using autologous bone marrow stromal cells in 2001 [41]. Schimming first 

demonstrated in 2004 that periosteum derived osteoblasts can form lamellar bone within 

three months after transplantation [45].

The ultimate goal of bone tissue regeneration is the effective and efficient formation of new 

bones. The inducible expression systems are therefore important because they can directly 

regulate the proliferation and differentiation of osteoblasts and osteoclasts [46–50]. As early 

as 1965, Urist first proposed that bone tissue contains specific growth factors capable of 

inducing bone formation in ectopic sites [51]. Later in 1974, he discovered bone 

morphogenetic protein (BMP). BMP can bind to the extracellular receptor and ultimately 

promote gene expression and the development of bone cells from MSCs [52]. Later, 

specialized cocktail additives have been developed to induce the differential specific bone 

cells. For example, a chondrogenic cocktail containing TGF-beta, ITS+ Premix, and 

dexamethasone has been used to induce the MSC chondrogenesis [53, 54]. In a recent study, 

MSCs were mixed with matrigel, seeded on 3D-woven poly(ε-caprolactone) (PLC) scaffolds 

and cultured in a bioreactor with bi-directional medium perfusion. The MSCs and a tightly 

woven PLC scaffold formed functional tissue cartilage with mechanical properties similar to 

those of normal articular cartilage after 21 days of culture with or without perfusion [53].

To further enhance the long-term growth and differentiation of MSCs, genetic engineering 

approaches have been developed to introduce target genes encoding functional proteins into 

MSCs by viral or non-viral carriers[21, 55]. In addition to their osteogenic roles in tissue 

engineering, MSCs have also been used as delivery machinery of bioactive and 

immunosuppressive molecules in regenerative medicine with some success [24, 56, 57]. It 

remains important to further investigate the molecular regulation of the MSCs and to 

provide more guidance toward their clinical applications. Specifically, the biochemical and 

physical environment has profound effects on the differentiation and functional regulation of 

MSCs which remain to be further studied.
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4. Physical/Mechanical Environmental Effects on Bone Cell Functions

In the process of regenerative bone tissue engineering, MSCs initially exit from their niche 

and migrate toward their target location where they engraft and differentiate according to 

their microenvironment [58]. This bone formation process is largely affected by the 

physical/mechanical properties of the environment. Therefore, analysis of the differentiation 

process must take into account the physical/mechanical environment. Currently, the 

underlying principles involved in the mechanical-regulation of MSC differentiation remain 

unclear [59].

4.1 The Effect of Porosity and Pore Size of Scaffold

Scaffolds are designed to support the cells, guide their differentiation by controlling their 

shapes and acting as a temporary synthetic extracellular matrix (Figure 3). As such, they are 

crucial in tissue engineering for bone regeneration.

Three-dimensional (3D) bone tissue engineering scaffolds have been designed to mimic the 

features of the in vivo environment [38]. Porous scaffolds can be beneficial for bone tissue 

formation since they allow for migration, metabolism and vascularization of bone cells [60]. 

In addition, scaffolds with porous surfaces allow for better interfacing of the implant 

biomaterial to the host microenvironment [61]. While scaffolds with higher porosity and 

pore size result in better interaction with the surrounding tissue (and thus in better in vivo in 

growth of the bone cells), they will also result in diminished mechanical properties. 

Therefore, scaffolds must be carefully designed to match their mechanical properties with 

those of the host tissue [61–63]. Bone has heterogeneity at different body parts and among 

different individuals, therefore it will also be important to optimize the bone material for 

individual repair. The optimization of porosities and pore sizes in vitro has been done with a 

range of porosities from 25% to 94% and pores sizes from 6 μm to 900 μm. The results show 

that higher porosities, >80%, and a pore diameter distribution in the range of 200 μm-400 

μm are optimal for new bone tissue regeneration [64–67]. In an earlier work, the minimum 

pore size for a scaffold was considered to be about 100 μm due to cell size for the migration 

and transport requirements [68]. However, subsequent studies found that pore sizes above 

200 μm are recommended, due to enhanced formation of new bone and vascularization [69]. 

Karageorgiou et al. further confirmed that small pores are better for inducing osteochondral 

formation before osteogenesis, while large pores facilitate well-vascularized osteogenesis 

without preceding cartilage formation [61].

Further studies are, however, still needed for the systematic understanding of porosity and 

pore sizes effects on the osteogenic outcome of different scaffolds [61].

4.2 The Effect of Physical Properties of Scaffold Surface

Recently, the roles of implant surface have been actively investigated, since the surface is in 

direct contact with host living tissues. Current orthopedic implant surfaces still need 

improvement, possibly due to the lack of appropriate cell adhesion (the physiochemical 

linkage and protein interactions between cells and the implant surface) and implant-tissue 

integration (the bonding between the implant and surrounding living tissue). These are the 
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main reasons leading to clinical complications that shorten the lifespan of current orthopedic 

implants [70].

Although the chemical properties of the extracellular matrix are well-known regulators of 

cellular responses, physical properties of the matrix in a 3D scaffold can also play important 

roles in regulating the initial response of bone cells around the implant [59, 71]. In fact, 

MSCs are able to sense the roughness, stiffness and texture of their surroundings and then 

use this information to decide their fate during differentiation [59]. Other studies have also 

shown that the cell-matrix interactions are largely influenced by the surface roughness and 

topography [70, 72–74]. According to these results (Table 2), some inherent properties of 

the surface, particularly surface energy, physico-chemical properties, and roughness, 

strongly affect the protein adsorption process, and therefore, the interactions between the 

cells and their environment. The surface properties also have an effect on cell adhesion, 

protein arrangement and proteoglycans of the cell's extracellular matrix [75].

The irregularity of the material surface can be characterized based on the scales: 

macroroughness (100 μm-milimeters), microroughness (100 nm-100 μm), and 

nanoroughness (less than 100 nm). Macroroughness does not seem to have a major impact 

on cells and it does not restrict cell attachment and spreading. The effect of microroughness 

is more controversial: micro-rough surfaces, in some cases, increase the bone tissue growth 

around the implant by facilitating the deposition and better distribution of proteins on the 

implant’s surface, whereas in other cases they impair the surrounding tissue growth [70–74, 

76, 77]. In these cases, the irregular surface textures with different shapes, e.g., pyramids, 

ridges, grooves, round pores, etc, may have contributed to these conflicted observations [70, 

71]. Nanoscale roughness has been shown to be beneficial for osteoblast cell response, 

including initial cell adhesion, proliferation, and expression of differentiation markers [70, 

78]. This observation is consistent with the fact that bone itself is a structure with a nano-

rough surface, which mainly consists of 90% type I collagen synthesized by osteoblasts with 

linear fibrils 300 nm in length and 0.5 nm in diameter [79], and of hydroxyapatite crystals 

matrices that contain hexagonal unit structures 2~5 nm thick and 20~80 nm long [80]. 

Accordingly, current research on nanotexture surfaces aims to reproduce the natural 

nanoroughness of bone using nanotechnology techniques [73, 78, 81]. In the future, studies 

can also focus on cell substrate interactions at the atomic and molecular level to allow the 

study of the ultrastructure levels [72, 82].

4.3 The Effect of Environmental Mechanical Properties

Studies have shown that cell proliferation, migration, and differentiation are influenced by 

mechanical properties of the extracellular matrix [24, 59, 83–85]. For example, Engler et al. 

found that the differentiation of MSCs was controlled by the stiffness of the two-

dimensional substrate matrix which cells were cultured on [59]. This commitment could be 

reprogrammed during the first week in culture by the addition of soluble induction factors, 

but not after several weeks in culture. This result was recently confirmed by MSCs cultured 

in three-dimensional gels [83]. Kong et al. studied the effect of the substrate rigidity on gene 

transfer and expression [86]. This study utilized fluorescent resonance energy transfer 

(FRET), an imaging technology extensively used to evaluate and visualize specific 
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intermolecular interactions and intracellular activity in and outside of cells [86–88] to 

monitor the interaction between cells and the substrate. The results indicate that high 

substrate stiffness enhances cell proliferation by increasing the endocytosis of the pDNA 

condensates and their transportation into the nucleus. Increasing the substrate rigidity also 

facilitated the release of pDNA from the condensates and enhanced the ability of cells to 

generate traction forces and promote the cell cycle [86]. Conversely, softer substrate or gels 

had difficulty providing stable anchor sites for cell receptors, limiting the ability of the cells 

to generate traction forces [59, 86] and uptake exogenous signaling molecules [89]. While 

the underlying mechanism remains unclear, environmental rigidity may be perceived by the 

cell via the adhesion molecules to regulate the intracellular stress and subsequently the 

RhoA/ROCK signaling pathway for the ultimate control of cellular functions [59, 89].

4.4 The Effect of Active Mechanical Loading

Bones can adapt to their surrounding environment by controlling their mass and structure 

[90, 91]. Consistent with the fundamental role of bones in controlling body movement and 

providing mechanical support, bone cells are continuously exposed to mechanical loading, 

such as interstitial fluid shear stress and tensile strain. The predicted range of in vivo fluid 

shear stress ranges from 0.8 to 3 Pa [92, 93]. This mechanical loading can stimulate bone 

cells and result in the change of bone mass and structure to maintain optimal skeletal 

architecture [91]. In fact, mechanical loading at the physiologic level has been shown to 

cause a significant increase in bone mass in vivo [91, 94]. Prolonged absence of loading can 

lead to a decrease of bone mass and strength, resulting in osteoporosis (OP) and 

osteoarthritis (OA) as common diseases in the elderly [12, 91].

Mechanical loading also promotes bone cells to adapt to implants during repair processes, 

causing osseous integration between host and implant, a prerequisite for the stability of 

implants [95, 96]. Fluctuating fluid motion can occur between bone cells and implants due 

to mechanical loading during walking and other daily activities. In addition to ensuring 

sufficient nutrient supply and waste removal, these fluid motions can apply shear stresses on 

cells seeded in the scaffold which increase the production and release of growth factors. For 

example, shear stresses have been shown to initiate a cascade of signaling events, including 

transient release of calcium from intercellular stores, synthesis and release of prostaglandins 

(PG) [94] and nitric oxide [93], and phosphorylation of the mitogen activated protein (MAP) 

kinases ERK-1/2 [94]. Among these signaling events, phosphorylated ERK-1/2 is also 

essential for the recruitment of MSCs and their subsequent differentiation into bone forming 

cells [96]. Thus, mechanical fluid loading is considered an important aspect in the 

development of artificial bone scaffold because it facilitates osteo-integration and osteo-

induction [91].

Shear stresses can clearly regulate the osteogenic differentiation of human mesenchymal 

stem cells [97]. In this case, mechanical-induced Ca2+ signal and FAK/Src complex in 

hMSCs can lead to the activation of the ERK1/2 signaling pathway, which is critical for 

osteoblastic differentiation via the activation of transcription factors, such as FosB and 

Runx2 [98]. In fact, the expression level of Runx2, which is essential for the osteogenic 

differentiation of hMSCs, osteoblasts, and chondroblasts [99], can be regulated not only by 
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ECM, growth factors such as BMPs and FGF-2, and hormones, but also by mechanical 

loading [100].

Mechanical forces can also affect the differentiation of osteoprogenitor cells at different 

stages of proliferation, extracellular matrix maturation, and matrix mineralization. Haut 

Donahue investigated the effect of shear stress in regulating the intracellular calcium 

mobilization and prostaglandin E2 (PGE2) [101]. The results indicate that bone cells respond 

to oscillating fluid flow with an increase in intracellular calcium concentration ([Ca2+]i) and 

PGE2 production when the flow rate is increased. Celil Aydemir, et al. demonstrated that 

fluid shear stress and tensile strain can result in nuclear translocation of nuclear factor of 

activated T cells (NFAT) in cells of the osteoblastic lineage [91]. Since NFAT is an 

inflammation transcription factor well-known to act downstream of the Ca2+/calcineurin 

pathway, a peptide inhibitor of the calcineurin/NFAT axis was found to block the 

mechanical stimulation mediated Cox2 induction. Chromatin immunoprecipitation assay 

further demonstrated the direct interaction between NFAT2 and the human Cox2 promoter 

region [91]. Bacabac, et al. also investigated bone cell responses to vibration stresses at a 

wide range of frequencies (5~100Hz) by monitoring the release of NO and prostaglandin E2 

(PGE2) and the expression of COX-2 mRNA as important regulators of bone adaptation 

[93]. The results revealed that NO release is positively correlated with the maximum 

acceleration rate of the vibration, but has a negative correlation with PGE2 release. COX-2 

mRNA expression also increased in a frequency dependent manner, mediated by NO release 

at high frequencies. These results may lead to a better understanding of diseases involving 

altered mechanotransduction, such as osteoporosis [102].

Both bone diseases of OP and OA are associated with age increase, possibly due to the 

imperfection in the bone remodeling process controlled by bone cell responses to 

mechanical stimuli. However, OP and OA rarely coexist within one patient. Bakker, et al. 

found a difference in shear-stress-induced responses of OP and OA, measured as the 

production of nitric oxide (NO) and prostaglandin E2 (PGE2) [12]. The NO-response to 

shear stress was higher in the OP than in the OA cells, while the PGE2-response was higher 

in the OA cells [12, 103]. These results should shed new light on our understanding of the 

underlying mechanisms governing OP and OA diseases.

5. Summary and Perspectives

In the last decade, bone repair therapies have undergone several major advancements: from 

the direct replacement of defective tissues with first and second generation materials to the 

application of the third-generation bioactive materials for the induction of the bone self-

healing. However, challenging questions still remain unaddressed for the further 

improvement of functionality and effectiveness of materials. For instance, how to control 

and optimize the rate of new tissue formation and old tissue resorption; how to maintain the 

strength during the scaffold’s degradation process; how to develop new biomaterials with 

controlled physical, mechanical and biochemical properties; how to tailor the materials for 

specific patients, disease states, and different parts of body; and how to design 3D 

biologically inspired materials that can mimic or even surpass the natural repair and 

regeneration processes. In addition, the first and second generation materials cannot be 
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immediately abandoned at the current stage because of their excellent mechanical properties, 

particularly for serious large bone fractures and joint replacement in clinical therapies. 

However, in order to improve the bonding of scaffolds with the host bone tissue, there is a 

crucial need for surface modification techniques, including tailoring surface texture, 

modifying surface-chemistry of the materials, improving the nonspecific protein adsorption 

in vivo, and immobilizing precise signaling groups on surfaces.

Furthermore, the current evaluation method of biomaterials for tissue engineering is largely 

based on traditional biochemical assays such as immunoblotting and immunostaining, which 

kill the cells and may introduce artifacts or result in loss of information [88]. Therefore, it is 

also important to develop and apply living cell imaging methods for the evaluation of 

biomaterials. Integrated with optimally transparent materials, three-dimensional microscopy, 

and advanced image analysis methods, live cell imaging technologies such as fluorescence 

resonance energy transfer (FRET) are expected to provide novel insights at the molecular 

levels into the interaction mechanisms between cells and materials, which should provide a 

fundamental basis for the development of optimized materials for tissue engineering.
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Figure 1. 
The basic multi-cellular structure of the bone depicted in a simple diagram. The bone is 

remodeled by cells derived from different sources, which are collectively called the basic 

multi-cellular units (not including the blood vessels and nervous tissue).
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Figure 2. 
The bone resorption and remodeling process, depicted in a simplified diagram (not depicted 

is the role of vascularization). There are a variety of cells involved in the regeneration 

process, including HSCs, MSCs, osteoprogenitor cells, osteoblasts, osteocytes, osteoclasts 

and fibroblasts, which are originated from bone marrow, osseous tissues, periosteum, and 

endosteum (based on Simmons DJ 1990; Rydziel S 1994; Silva GA. 2007).
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Figure 3. 
A simplified diagram of bone tissue engineering. The MSCs derived from the bone marrow 

are seeded into 3D porous scaffold materials along with some transcription factors and 

growth factors. The cells then continue to differentiate and grow in the hybrid cell-scaffold 

constructs. Upon maturity, the cells may migrate from the engineered scaffold to the healing 

site of patients.
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