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Abstract: Three dimensional (3-D) scaffolds have been explored in an attempt to persuade the body to 
heal or repair tissues that do not do so spontaneously.  Considerable advances in tissue engineering and 
regeneration have been accomplished over the last decade.  However, the material and 3-D scaffolds 
ideal for optimal regeneration of missing or lost tissues has not been identified.  While current 
materials and techniques have met with varying successes, each exhibits limitations that must be 
addressed.  In addition, despite the large amount of research in the area of 3-D scaffolds for bone tissue 
engineering that has been performed over the past decade, there is an overall lack of success in 
bringing this technology to the clinic, especially for porous scaffolds used to restore large bone defects.  
This review paper will focus on the use of calcium phosphate (CaP) materials used for tissue 
engineering, the different known methods of scaffold synthesis, and some of the significant in vitro, in 
vivo, and clinical outcomes when these CaP scaffolds were used in patients.   
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INTRODUCTION 

 
 Over 8 million surgical procedures are performed 
annually in the United States to treat the millions of 
Americans experiencing organ failure or tissue loss[1].  
Although the procedures for organ transplantation and 
reconstruction surgery improve the quality of life, and 
in some cases save life, there are problems associated 
with them. In most cases these procedures require either 
organ donation from a donor individual or tissue 
transplantation from a second surgical site in the 
individual being treated.  The major problem with 
organ transplantation is that there exists a drastic 
shortage of donor organs.  In 1996 alone, only 20,000 
donor organs were available for 50,000 patients in need.  
In fact, patients are more likely to die while waiting for 
a human donor heart than in the first two years after 
transplantation[1].  The problem with second site 
surgeries is that these procedures are associated with 
pain and morbidity.  As a result of these problems, the 
science of tissue engineering has emerged with the goal 
of developing organs, tissues, and synthetic materials 
outside of the body ready for future transplant use[1-8].  
The estimated market for future tissue engineered 
products is approximately $5 billion worldwide[2]. 
 In bone defect reconstruction caused by benign 
tumor or trauma, the use of autologous and allograft 
bone have been popularly used in clinics[9-12].  However 
use of autologous bone is known to result in secondary 
trauma and allograft bone induces immune repulsion.  
In addition, since bone grafts are avascular and are 
dependent on diffusion, the use of autologous and 
allograft bones are limited by the size of the defect and 

the viability of the host vascular bed.  It was reported 
that grafts in large defects were resorbed by the body 
before the completion of osteogenesis[13,14].  To solve 
these problems, many researches have focused on the 
use of artificial bone-like materials such as bone 
cements and bioglass[15-20].  However, since bone 
cements are prepared in the operating room, they are 
therefore susceptible to infection. 
 In an attempt to solve some of the problems 
associated with the use of autologous bone, allograft, 
and bone cements, the advent of tissue engineering has 
become a major area of medical research as the search 
continues to develop better materials to replace lost or 
missing tissues from the human body[21-22].  Although 
scaffolds for use in guided tissue regeneration and 
tissue engineering have been the subject of much 
research over the last decade[23], material selection and 
the ideal three-dimensional (3-D) scaffold architecture 
for optimal regeneration of missing or lost tissues has 
yet to be identified.  While current materials and 
techniques have met with varying successes, each 
exhibits limitations that must be addressed.  In addition, 
despite the large amount of research in the area of 3-D 
porous scaffolds for bone tissue engineering that has 
been performed over the past decade, there is an overall 
lack of success in bringing this technology to the clinic, 
especially for use in restoring large bone defects[3-8]. 
 Like any implanted biomaterials, the ideal scaffold 
should exhibit biocompatibility without causing an 
inflammatory response or foreign body/toxic reaction.  
Strong bonding with the host bone, active bone 
ingrowth into the graft, and bioabsorbability are equally 
desirable.    Although scaffolds can be constructed from 
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numerous materials, the primary materials studied 
mostly revolve around different polymers such as 
polylactic acid[24, 25], polyglycolic acid[26], 
polyurethane[27], and a number of copolymers[28-30].  
Other polymeric materials studied included 
polyanhydrides, polyorthoesters, polycaprolactones, 
polycarbonates, and polyfumarates.  These polymers 
have been used in research for applications in 
orthopedics, implantable drug delivery systems, 
intraluminal grafts, stent-like devices, temporary 
vascular grafts, temporary conduits for peripheral nerve 
regeneration, and as scaffolds for artificial skin[26].  
Although the use of biodegradable polymers for the 
fabrication of porous scaffolds have shown some 
success in terms to tissue ingrowth, the porous 
polymeric scaffolds lack sufficient mechanical strength 
to withstand mechanical loading in areas of load 
bearing.  Aside from insufficient mechanical strength, 
other problems with biodegradable polymers have 
included the presence of hydrophobic surfaces and the 
lowering of localized pH which are detrimental to tissue 
formation as a result of the autocatalytic ester 
breakdown resulting in degradation[24, 26, 31-37]. 
 In addition to polymeric materials, researchers 
have also focused on the use of calcium phosphate 
(CaP) ceramics to synthesize bone-like scaffolds.  
Rationales for the use of CaP ceramics stem from the 
fact that CaP is found in the body and that it shows 
promises of biocompatibility, osteoconductivity, and 
biodegradability.  At present, CaP ceramics such as 
hydroxyapatite (HA) produced from corals has been 
reportedly used for orthopedic bone defect 
reconstruction.  These porous coral HA scaffolds are 
reported to exhibit a hydrothermal exchange reaction 
thereby converting porous coralline skeletal materials 
into HA that have similar microstructure as the starting 
carbonate skeletal material[38].  However, the major 
drawback for the use of coralline HA is the inability to 
control the pore size and chemical composition, thereby 
resulting in unpredictable outcomes.  In order to take 
advantage of the biocompatibility of CaP, numerous 
researchers have turned their attention to the use of 
synthetic CaP ceramics in order to engineer trabecular 
bone-like scaffolds[38-40].  This review paper will focus 
on the use of CaP materials used for tissue engineering, 
the different methods of scaffold synthesis, and some of 
the significant in vitro, in vivo, and clinical outcomes 
when these CaP scaffolds were used in patients. 
 

SCAFFOLD MATERIALS 
 
 The absorbable, inorganic materials that have been 
investigated for bone tissue engineering include CaCO3 
(argonite), CaSO4-2H2O (plaster of Paris), and 
Ca3(PO4)2 (beta-whitlockite, a form of tricalcium 
phosphate, TCP)[41]. The most widely studied CaP 
ceramics are TCP, HA (Ca10(PO4)6(OH)2), and 
tetracalcium phosphate[41, 42]. The appeal of CaP rests 

largely with their biocompatibility. Since they are 
protein free, minimal immunologic or foreign body 
reactions have been reported with their use and these 
materials can be processed to avoid systemic toxicity. 
Although these inorganic ceramics are not 
osteoinductive, they are osteoconductive in addition to 
their remarkable ability to bind directly to bone[41, 43].   
 

SCAFFOLD SYNTHESIS 
 
 Many fabrication techniques are available to 
produce ceramic scaffolds with varying architectural 
features.  These include gas foaming, soluble or volatile 
poragen processing[44, 45], phase-mixing[46], free form 
fabrication such as strereolithography[47], and template 
coating and casting[48-51].  The first three methods are 
linked with higher material density with corresponding 
mechanical strength and offer excellent definition of 
pore shape. The latter two methods offer improved 
control over the scaffold architecture with free form 
fabrication and the advances in selective sintering, an 
internal architecture of nearly any shape is possible.  
Liquid sponge coating is limited to the original template 
used and is likewise formable into any shape. Both of 
the latter techniques can be used for open-pore 
architectures with full interconnectivity.  The use of 
ceramic processing has also been reported to advance 
the developments in photopolymerizable biopolymers. 
Garg et al. employed stereolithography technology to 
fabricate ceramic scaffolds using a concentrated 
colloidal dispersion in an aqueous photocurable 
polymer solution[52]. This has potential for controlling 
pore size and porosity for precision fabrication of 
templates or scaffolds. 
 With template coatings, highly porous micro-
crystalline CaP scaffolds can be prepared by applying 
the CaP slurry with a compression/release process and 
thereby forming a uniform surface coating on the 
template.  Following a heat-sintering schedule, the 
templates are volatilized leaving the sintered ceramic 
scaffold with controllable crystalline structure.  Figure 
1 shows SEM micrographs of micro- and nano-
crystalline HA surfaces with nano-surfaces prepared by 
the sol-template coating technique. 
 
 
 
 
 
 
 
 
Fig. 1: Scanning electron micrographs of (a) micro- 

crystalline and (b) nano-HA surface. 
 
Analysis of typical template formed scaffolds revealed 
an average porosity range between 70 to 90%.  SEM 
images from micro- and nano-engineered HA scaffolds 
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are shown in Fig. 2 with 90% porosity as measured by 
micro-CT and an average pore size of 400 µm 
measured by SEM.  Also shown in Fig. 2, an ideal 
scaffold is fully inter-connective.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2: Representative HA scaffolds showing (a) bulk 

architecture, (b) micro-crystalline surface, and 
(c) nano-crystalline surface. 

 
RECENT ADVANCES IN SYNTHESIS 

 
 Friedman and co-workers have created a new 
tetracalcium phosphate that addresses the difficulties 
with malleability often encountered with the high-
porosity ceramics[42]. BoneSourceTM is an HA that is 
supplied in powder-form. When it is mixed with sterile 
water, it has a paste-like consistency and setting the 
paste results in a microporous structure of 8-12 µm. 
Despite its structure, BoneSourceTM is rapidly adherent 
to bone and possesses the unique quality of direct 
conversion to new bone without loss of implant 
volume. This process of direct conversion has been 
termed osteoconversion[42].  With the aim of developing 
stronger ceramic scaffolds, Tomsia and co-workers 
have directed the freezing behavior of ceramic slurries 

to create a layered microstructure as much as four times 
the strength of traditional 50% porous HA implants [53]. 
 

IN VITRO CHARACTERISTICS 
 
 3-D CaP scaffolds have a profound effect on the 
attachment and long-term survival of cells on a 
surface[54]. As such, for specific cell types, there is an 
optimal pore topography that can be readily modulated 
by careful selection of the scaffold processing 
technique. Since bone has very different structures 
depending on its function and location, it stands to 
reason that the same pore shape may not be ideal for all 
potential uses. The scaffold influence on new bone 
formation, resorption rate, vascular infiltration, and 
mechanical integrity are just a few of the factors that 
ultimately determine implant success. 
 Osteoblast proliferation is sensitive to surface 
topography[55], strain and other mechanical stimuli. It is 
known that contours of a material influence the 
differentiation of a host tissue. Particle size, shape, and 
surface roughness are also known to affect cellular 
adhesion, proliferation, and phenotype. Cells can 
discriminate even the subtlest changes in topography, 
and they are exceedingly sensitive to chemistry, surface 
roughness, and surface energy. Additionally, the 
surface energy may play a role in attracting particular 
proteins to the surface of the material and, in turn, this 
will affect the cells affinity to the material. Optimizing 
these surface features is particularly challenging with 
an absorbable material since the surface layer is in 
constant flux. 
 In addition to the direct cell-material interaction is 
the effect of biological environment on 3-D tissue 
cultures. Early optimization of scaffolds is often 
performed by in vitro tissue engineering.  In the 
absence of a universal biomaterial or growth factor for 
skeletal regeneration, the development and 
improvement of cell culture techniques to mimic the in 
vivo environment becomes paramount.  Tissue 
engineering strategies have allowed for improved 
screening of new candidate materials or modifications 
to existing designs.  Bioreactors to perform fluid 
perfusion, mechanical strain and low intensity 
ultrasound are among the current techniques used to 
more closely simulate the natural bone environment and 
to meet the metabolic demands of large tissue-scaffold 
constructs.  These systems contribute to the 
differentiation signals observed in the human body and 
stimulate a more natural tissue organization[44, 56-58].  
Highly porous HA scaffolds provide a framework for 
enhanced cell infiltration and migration throughout the 
scaffold.  Cell spreading and proliferation with bone 
progenitors were capable of filling 400 �m pores within 
two weeks.  As shown in Fig. 3, scaffolds were filled 
with cells which began to regulate their own pore 
dimensions, leaving channels open for media flow, 
within one month of incubation.  With the success of in 
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vitro testing of these open scaffolds, further evaluation 
has been performed in animal models. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3: Histology cross sections of (a) control scaffold, 

(b) scaffolds cultured with bone cell progenitors 
for two weeks, and (c) scaffolds cultured with 
bone cells for one month (image dimensions of 
1.5 mm width x 1.1 mm height). 

 
IN VIVO CHARACTERISTICS / CLINICAL 

STUDIES 
 
 The affect of pore size on cell behavior is also very 
cell-type specific. Gogolewski’s laboratory reported 
that, although polyester membranes with pore size up to 
200 µm diameter promoted bone growth within a 1 cm 
defect of the radii of rabbits, smaller pore sizes 
promoted enhanced growth[59].  Tsurga and coworkers 
have suggested that the optimal pore size of ceramics 
that supports ectopic bone formation was 300-400 
µm[60]. Holmes similarly suggested that the optimal 
pore range was 200-400 µm with the average human 
osteon size of approximately 223 µm[61].  Due to the 
necessity for proper capillary bed formation in 
successful implants, pore size greater than 300 µm was 
recommended[62]. 

 Porosity can, however, adversely affect important 
mechanical characteristics of a scaffold, requiring more 
complex material designs.  The advantage of high 
porosity in scaffolds has been reported to achieve good 
cellular distribution, and that it is critical to select the 
correct pore size[63].  For example, it has been reported 
that increased HA porosity decreases its malleability 
and reduces its ability to conform to the irregular 
surfaces that may be present in host bone[42, 64-65].  This 
challenge may be overcome by re-engineering a porous 
HA to deliver bone inductive proteins such as 
recombinant human bone morphogenic protein 2 
(rhBMP 2). This strategy has been reported to result in 
nearly uniform fixation, thereby allowing the authors to 
postulate that the porous HA acted as a conduit for the 
rhBMP induced growth of new bone allowing better 
fixation of the HA composite despite its porosity[66]. 
 In another study, osteoblastic cells in proximity to 
and on the ceramic at 14 days and 1 month were 
observed when block porous HA were implanted in rat 
femurs[40].  Cytoplasmic processes of these osteoblasts 
appeared to deeply penetrate into the micropores of the 
ceramics.  Although extensive in vivo studies have 
shown that porosity and pore size influences cell 
immigration, tissue in-growth, and tissue regeneration, 
there has been a general lack of appreciation for how 
the effects of composition, porosity and pore size on 
early cell activity may influence long term success[25-30, 

67-74]. 
 Other studies using larger animals, such as the 
implantation of porous, sintered HA in baboon muscles, 
have been reported to result in the induction of bone 
formation regulated by the substratum geometry[75].  It 
was further demonstrated that monolithic disks of 
sintered HA constructed with 400 and 1600 �m 
concavities and implanted in the rectus abdominis of 
baboons resulted in bone generation exclusively in the 
concavities of the substratum.  In addition, bone 
morphogenetic proteins (BMP) and osteogenic proteins 
were observed to be localized at the HA interface, 
suggesting that the geometry of the substrate, with the 
addition of BMP, may contribute to the osteoinductive 
characteristics of the HA substrate. 
 Precise control over surface features such as crystal 
size with the advent of nano-ceramic processing allows 
for scaffolds to improve their fusion with in vivo 
tissues. The potential of HA scaffolds with micro- and 
nano- based surfaces to demonstrate favorable results 
have also been tested in dog mandibular defect 
studies[76-77]. From histological cross-sections, ingrowth 
of vascularized connective tissue and new bone was 
observed in micro and nano-crystalline scaffolds after 
12 weeks post-operation (Fig. 4).  The absence of 
significant bone regeneration can be seen in the control 
defect site, and appears more characteristic of 
trabecular bone. 
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Fig. 4: Histology showing (a) defect site without 

scaffold, (b) new bone growth on HA scaffold 
with micro-crystalline surface after 12 weeks 
post-operation, and (c) new bone growth on HA 
scaffold with nano-crystalline surface after 12 
weeks post-operation (Image dimensions of 2.9 
mm width x 2.2 mm height). 

 
 As shown in Table 1, HA scaffolds with nano-
crystalline surfaces exhibited statistically higher bone 
formation as compared to HA scaffolds with micro-
crystalline surfaces.  Minimal new bone was observed 
for defects in the control group at weeks 3 and 6, and 
limited bone regenerated in the defects for the control 
group at week 12. 
 
Table 1: Evaluation of bone regeneration area after 12 weeks post-

operation. 

 Bone 
Area (%) 

Scaffold 
Area (%) 

Total 
Porosity (%) 

Control 35.6±2.9 - 64.4±2.9 
HA Scaffold with micro-
crystalline surface 

59.0±2.4 23.3±2.9 17.7±2.5 

HA Scaffold with nano-
crystalline surface 

69.7±2.0 22.6±1.8 7.8±3.7 

 
 Clinically, Koshino et al inserted porous HA 
wedges into the tibias of 10 knees in 7 patients with 
osteoarthritis who underwent high tibial osteotomies.  
Histological examination at the time of hardware 
removal revealed pores located at the interface were 
completely filled with bone and depth of bone 
formation increased consistently with time[39].  In 
another study examining pore geometry and 
osteoconduction of porous HA implants placed in rabbit 
tibias, transverse sections demonstrated new bone 
growth through the pores.  Osteon structure forming 
concentric lamellae around a single vessel in 50 and 
100 �m pore-sized cylindrical HA implants was 
observed at eight weeks.  The same structures were 
observed around multiple vessels in the 300 and 500 
�m pore-sized implants[78].   In addition, in a study of 
103 patients with cranial defects in which 
BoneSourceTM was used, the success rate, which was 
based on maintenance of the implant and implant 
volume at 24 months, was approximately 97%[42]. 
 

SUMMARY AND FUTURE AREAS OF 
DEVELOPMENT 

 
 Substantial progress has been made in the analysis 
of progenitor cells with regard to differentiation 
pathways. This knowledge is being incorporated into 
the design of future scaffolds particularly with regard to 
optimization. Biomaterial development and final design 
will be essential to the appropriate stimulation and 
differentiation of bone cells. The environment in which 
these CaP tissue-scaffold systems are cultivated will 
greatly affect the long-term tissue viability.  
Furthermore, it will also be necessary to focus on 
creating the optimal micromechanical environment.  
Bioreactor studies examining the interaction of cellular 
systems with scaffold architectures continue in their 
developmental stage and may ultimately provide both a 
platform for improved cell-material science and a 
clinically relevant tissue bank for regenerative 
orthopedics. 
 Clinically, it is always of interest to improve 
methods of bone regeneration in order to reduce 
surgical trauma and expense to the patient. The ability 
to use autogenous bone forming cells attached to a 
mechanically sound, biologically active, and 
replaceable scaffolding would be ideal. This would 
allow implantation of the cellular scaffold without 
associated surgeries to harvest a graft or implant a static 
structural device. As a compromise, a similar cellular 
scaffold could be used in conjunction with conventional 
fixation techniques. However, the diverse nature and 
independent processing parameters of research in this 
field makes comparisons especially difficult and the 
need for consistency fundamental. As such, 
standardization will hopefully expedite the 
development of successful tissue-engineering 
alternatives.   
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