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New biomaterials for bone regeneration
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Summary

Bone-grafting techniques either with autografts or allo-
grafts still represent a challenge for reconstructive surgery.
Allografts and autografts are the current strategies for filling
bone defects and subsequent repair but each have drawbacks. 
Synthetic bone-graft substitutes, developed in an effort to over-
come the inherent limitations of autograft and allograft, re-
present an alternative strategy. Synthetic bone graft substi-
tutes have the goal of mimicking the physical and mechani-
cal nature of native tissue and to promote osteoconduction
for bone regeneration.  In addition these substitutes are ca-
pable to release drugs or growth factors in a temporally and
spatially manner. Some biomaterials are employed to desi-
gn biomimetic scaffold such as natural and synthetic poly-
mers, ceramics, metallics and composites. 
The purpose of this paper is to provide an overview of the main
biomaterials used for bone reconstruction. 
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Introduction

Bone is a tissue that has the ability to heal and regenerate itself.
Occasionally a bone defect can be formed in orthopedics and trau-
matology and in this case the bone fails to heal and needs bone
reconstruction. 
Successful bone reconstruction requires osteoproduction, osteoin-
duction, osteoconduction, mechanical stimulation, and vascula-
risation. Besides drugs that acts in to the bone metabolism can
play an important role for bone ingrowth (1).
Autogenous cancellous bone is the current gold standard treat-
ment in bone loss for a number of reasons, including the osteo-
genic, osteoconductive and osteoinductive properties of autograft
and the lack of disease transmission or immunogenicity when uti-
lized. However, there are major drawbacks to the use of autolo-
gous bone, such as limited availability and variable quality, he-
matoma, infection, increased operative time and bleeding, chro-
nic donor site pain, and additional cost (2,3). 

Because of this limits the expanding need for bone reconstruction
is paired by the growth of interest in the discipline of bone sub-
stitutes and tissue engineering.Tissue engineering in bone re-
construction includes the utilisation of growth factors, scaffolds and
mesenchymal stem cells.
Some investigators have developped synthetic scaffolds with the
goal of mimicking the physical and mechanical nature of native
tissue and to promote osteoconduction for bone regeneration. This
graft substitutes, or biomaterials, or matrices, are formed from a
variety of materials that are designed to mimic the three-dimen-
sional characteristic of autograft tissue while also providing the abi-
lity to sustain cells proliferation onto the construct (4). 
The purpose of this paper is to provide an overview of the main
biomaterials  employed for bone reconstruction. 

Scaffold generality

Two major categories of scaffold  can be distinguished (5): 
1. Human tissue derived scaffols. There are homologous cancellous
bone and demineralized bone matrix. 
Urist in the 1965 defined the organic matrix of bone as “a
scaffold/delivery system for bone morphogenetic protein”. DBM
may be generated by the acid extraction of processed allograft
bone, giving rise to a demineralized matrix consisting of osteo-
conductive type 1 collagen and noncollagenous proteins, inclu-
ding osteoinductive bone morphogenetic proteins (BMPs) that sti-
mulate the formation of bone at a defect site. These properties make
DBM both osteoconductive and osteoinductive. DBM is available
in several forms, including freeze-dried powder, granules, gel, putty,
and strips (6,7). 
The advantage of these materials is their good biocompatibility and
the bioresorbable property. Disadvantages however are the na-
tural source, processing, possible disease transmission and im-
munogenicity (8). 
2. Medical devices scaffolds (biomaterials). These synthetic
graft substitutes, or matrices, are formed from a variety of mate-
rials, including natural and synthetic polymers, ceramics, metal-
lics and composites, that are designed to mimic the three-di-
mensional characteristics of autograft tissue while maintaining via-
ble cell populations.
Ideally, biomaterials for tissue engineering should meet several
design criteria:
1. the surface should permit cell adhesion, promote cell growth,
and allow the retention of differentiated cell functions; 
2.  the scaffolds should be biocompatible, with lack of immuno-
genic response, neither the polymer nor its degradation by-pro-
ducts should provoke inflammation or toxicity in vivo; 
3.  the scaffold should be biodegradable and eventually elimina-
ted (not for metallic biomaterials);
4. the porosity should be high enough to provide sufficient spa-
ce for cell adhesion, extracellular matrix regeneration, and mini-
mal diffusional constraints during culture, and the pore structure
should allow even spatial cell distribution throughout the scaffold
to facilitate homogeneous tissue formation. Ideally the structures
of the scaffold must be highly porous, with open pored and fully
interconnected. Microporosity with pores less than 10 µm is nee-
ded for capillary ingrowth and cell-matrix interactions. Macropo-
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rosity with pore sizes of 150-900 µm allows for nutrient supply and
waste removal of cells grown on the scaffold; 
5.  the material should be reproducibly processable into three-
dimensional structure;
6. mechanical structure: bone responds to the absence and pre-
sence of physical load. In response to these loads, the body either
resorbs or forms bone. Given this principle, it is important to de-
sign a matrix that possesses mechanical properties that are similar
to the tissue in the immediate surrounding area of the defect. An
overengineered matrix may result in bone resorption around the
implant site, while an underengineered matrix may fail as a me-
chanical support to the skeleton.
A number of three-dimensional porous scaffolds fabricated from
various kinds of biodegradable materials have been developed and
used for tissue engineering of the bone tissue (9).   

Biomaterials

Synthetic bone-graft substitutes, developed in an effort to over-
come the inherent limitations of autograft and allograft, represents
an alternative strategy. Biomaterials are temporary matrices for
bone growth and provide a specific environment and architectu-
re for tissue development. In addition scaffolds can be used as
a vehicle for drug delivery such as antibiotics, chemotherapeutic
agents or growth factors (10,11). Depending on the specific intended
application of the matrix, whether for structural support, drug-de-
livery capability, or both, certain material categories may be more
or less well suited to the final structure. Choices for matrix material
include polymers, ceramics, and composites of the two.

1. Polymers
Polymers are natural or synthetic. Natural biodegradable poly-
mer such as type-I collagen, fibrin, hyaluronic acid and chitosan,
exhibit good biocompatibility and osteoconductive properties. Howe-
ver the use of these materials is limited due to their very low me-
chanical stability. Biodegradable synthetic polymers, such as
polyanhydrides, polypropylene fumarate, polycaprolactones,
polyphosphazenes, polylactide, polyglycolide, and associated co-
polymers (polylactide-co-glycolide), are widely used as scaffolds
for tissue engineering (12-14). 
Different polymers express different physical attributes, mecha-
nical properties, degradation times, and modes of degradation
that can be chosen on the basis of the intended application of the
matrix.
Polymers like polylactide-coglycolide and polycaprolactone, for
example, undergo bulk degradation and may be less well suited
for drug-delivery purposes than are surface-eroding polymers, such
as polyanhydrides, that would more predictably deliver loaded fac-
tors and therapeutic substances. 

2. Ceramics
A ceramic is a material made from an inorganic, non-metallic ma-
terial that can possess a crystalline structure. Ceramics typical-
ly have a high compressive strength and low ductility, meaning that
they provide high resistance to deformation but that they tend to
fail because of their brittle nature. Often the compressive modu-
lus of such ceramics exceeds the value commonly seen in tra-
becular bone.
Calcium phosphates, calcium sulfates, and bioactive glass have
been used as matrices for bone regeneration. These substances,
especially the calcium phosphates, are ideal candidates for use
as matrices because the inorganic component of bone is composed
of the ceramic calcium hydroxyapatite. Calcium phosphate and
bioactive glass are also considered biomimetic, in that they stimulate
the formation, precipitation, and deposition of calcium phospha-
te from solution and can result in enhanced bone-matrix interfa-
ce strength. 

Ceramic such as calcium sulfates also have potential as drug and/or
factor delivery vehicles as a result of the high binding affinities
between ceramics and proteins (15-17). 
The ceramics can form either solid preformed structures or injec-
table forms that harden in situ. 

1. Preformed Matrices

Preformed matrices can be designed of different shape such as
blocks, granules, powders with pore structure, diameter and in-
terconnettivity nearly to the bone. 
This type of matrices are indicated in defects in which the shape
can be largely predicted prior to surgery such as in osteotomy (Fi-
gure 1 A-B), tumor resection or spinal fusions. Restoration of an
entere long-bone segment that has been damaged as a result of
injury or tumor removal requires preformed matrices for structu-
ral integrity (18).

2. Injectable Matrices

Injectable matrices are gaining favor in the orthopaedics field as
materials and techniques. This type of matrices are indicated for
use in trabecular defects in which the damaged skeletal tissue in
not load-bearing, in contained defects when the major structural
osseous tissue is still intact and in small tumor-removal sites in
appendicular skeleton (Figure 2).
The primary advantage of cements over preformed matrices is the
ability to custom-fill defects and increased compressive strength.  
The material for injectable matrices must be in a liquid or gelati-
nous state and  will harden in an aqueous environment at 37°C
(body temperature). This property allows the polymer to be injec-
ted into a bone-defect cavity or space through a narrow-bore sy-
ringe, minimizing the surgical site to a small cutaneous incision.
Theoretically, radiopaque markers can render the material visible
under fluoroscopy to determine appropriate deposition into the de-
fect site.
Investigators have evaluated the use of calcium phosphate cement
products for augmentation of the repair of fractures of the distal
radial metaphysis, tibial plateau, calcaneus, hip and spine (16, 19-
21). 

3. Metallics
There is a novel class of  biomaterials employed in clinical use:
the metallic scaffolds such as porous titanium or tantalum. 
Porous metals are an expanding family of porous structures or
scaffolds that have the innate characteristic of a 3-dimensional in-
terconnected pore structure comparable to trabecular bone. 
Futhermore titanium and tantalum are biocompatible, highly cor-
rosion resistant, durable and not biodegradable with an elastic mo-
dule very similar to that of the trabecular bone and can be pre-
pared in many different shapes and textures without affecting its
biocompatibility. 
However the bioinert character of its protective naturally forming
surface oxide does not readily form a strong interface with sur-
rounding tissue. Furthermore, the relatively high stiffness of tita-
nium, as compared to surrounding bone, can lead to problems of
stress-shielding and subsequent implant loosening.
This type of scaffolds are employed to coat the surface of the pro-
sthetic implants to promote bone ingrowth and secondary implants
stability (22,23). 

4. Composites
The composites consist of a combination of materials of different
properties and might therefore use the advantages of the indivi-
dual materials to optimize another material class. The combina-
tion of bioactive ceramics such as calcium phosphates with poly-
mers improves the mechanical properties of scaffolds. Furthermore,
the addition of polymers to the ceramics reduces their overall brit-
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tleness, while the addition of ceramic to a polymer increases both
its bioactivity and its capacity to take up and deliver factors and
therapeutic substances.
For example, the combination of natural polymers with calcium
sulphate ceramics might enhance their mechanical stability.
Recently some investigators have combined titanium surfaces with
hydroxyapatite to reduce the bioinert character of the metal and
to enhance bone osteointegration. 

Future direction: from bone tissue engineering 
to regenerative medicine

The biomaterials promotes bone formation by providing an
osteoconductive matrix for host osteogenic cells to create bone
under the influence of host osteoinductive factors.
Some  of these biomaterials can be mixed with mesenchimal stem
cells and growth factors to enhance the osteogenesis and
osteoinduction property of the bone substitute. This procedure is
the most used, not only because it is inexpensive and it does not
require extra instrumentation, but also for regulatory reasons be-
cause it can be preformed as a ‘‘minimal invasive procedure”. The
procedure can be performed in the surgical room, and the cells
are almost immediately reintroduced at the bone defect site.
Some authors have reported that a limited number of mesenchi-
mal stem cells (MSCs) are implanted without expansion. Becau-
se of the limited number of MSCs in the bone marrow, several in-
vestigators have felt the need to increase the number of MSCs
by ex vivo expansion (24). 
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Figure 1 A-B - Wedge preformed matrices employed to fill the bone defect
in osteotomy. 

Figure 2 - Injectable calcium phosphate cement in calcaneus fracture.
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1. Tissue engineering 
In the tissue engineering the MSCs are isolated (typically from the
patient), expanded ex vivo, before implantation, and seeded onto
a synthetic scaffold, allowed to produce extracellular matrix on the
scaffold in controlled culture conditions, and finally implanted into
the osseous defect or void in the patient. 
A primary obstacle in translating this technology from the bench
to the bedside is that this technique involves an additional surgery
and the patient must wait for the bone graft to develop in vitro.
Transplanted scaffolds seeded with MSCs have been shown to
enhance osteogenic capacity and integrate with native tissue fa-
ster than acellular scaffolds in many preclinical trials.
Despite the enormous potential of this approach for bone tissue
engineering, there are still a number of barriers to address. The
first and most significant barrier is that a number of studies have
shown that MSCs which have been extensively cultured ex vivo
lose their phenotypic behavior such as osteodifferentiation and bone
forming capacity once implanted in vivo. Furthermore the low pro-
liferative capacity of MSCs makes difficult to obtain sufficient cell
density in a large scaffold. In addition to the increased risk due
to a second surgery, there is a need to establish rigorous sterili-
zation techniques for the cell-seeded scaffold which has been in
culture ex vivo for up to several weeks (24-26). 

2. Regenerative medicine
The new approach to bone regeneration involves implantation of
a new generation of  acellular scaffold immediately after injury or
bone removal. 
The performance of an acellular scaffold may be substantially
enhanced through the incorporation of bioactive molecules whi-
ch are released in a controlled manner as the scaffold degrades
and native tissue replaces it. This type of scaffold are molecular
designed for in situ regeneration and repair with minimally inva-
sive surgery.
The governing principles of this approach are the same as the fir-
st approach, however, to ensure rapid healing, it is even more cri-
tical to design a scaffold as a bioreactor that mimics native bone
tissue by driving local MSC migration into the scaffold, supporting
and promoting osteodifferentiation  and deposition of extracellu-
lar matrix (27). 
Some clear advantages of this approach are that “smart” scaffolds
are much easier to sterilize, they have a shelf-life, and they have
the lowest potential for infection or immunogenicity of all the bone
repair strategies. 
To have smart biomaterials is important:   
1 - design of a micro and nanoscale dimensional hierarchy re-
presentative of bone;
2 - the incorporation and controlled viable release of bioactive mo-
lecules and drugs;
3 - control of bioerosion to match native tissue synthesis rate (11,
27,28). 
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