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Treatment of severe bone defects, resulting from trauma or resorption, remains a major challenge in
orthopaedic surgery and traumatology. These pathological conditions significantly decrease the quality
of life of people affected and have a high social and economic costs. In the presented minireview we
summarize data of both current therapy for bone regeneration and the perspectives in the field of bone
tissue engineering.

Introduction

Bone disease is a serious health problem that directly impacts on the quality of life of
patients. It has been predicted that the percentage of persons over 50 years of age af-
fected by bone disease will double by 2020, especially in populations where aging is
coupled with increased obesity and poor physical activity. Bone and joint degenerative
and inflammatory problems, bone fractures, low back pain, osteoporosis, scoliosis ant
other musculoskeletal problems need to be solved by using permanent, temporary or
biodegradable devices [28, 30].

Bone structure, role and properties

Bone is a highly complex and specialized form of connective tissue which is composed
of an organic matrix strengthened by deposits of calcium phosphate crystals. The or-
ganic matrix is composed of collagen type I fibers (approximately 95%) and of prote-
oglicans and numerous non-collagenous proteins (5%). This organic matrix, calcified
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by calcium phosphate minerals embeds bone cells (Table 1), which participate in the
maintenance and organization of bone, namely osteoprogenitor cells, osteoblasts, os-
teocytes, and osteoclasts [1, 4]. The cellular origin of bone was recognised in the early
19" century, and the term “osteoblast” was first used by Gegenbaur in 1864 to refer to
the “granular corpuscles found in all developing bone as the active agents of osseous
growth” [16].

Table 1. The cellular components of bone

CELL TYPE ORIGIN FUNCTION AND PHENOTYPE

OSTEOBLASTS Mesenchymal | Can have one of four different fates: 1) become embedded
stem cells in the bone as osteocytes, (2) transform into inactive
osteoblasts and become bone-lining cells — found along the
bone surfaces that are undergoing neither bone formation
nor resorption, inactive cells that are believed to be pre-
cursors osteoblasts, (3) undergo programmed cell death
(apoptosis), or in some situations (4) transdifferentiate
into cells that deposit chondroid or chondroid bone. Ac-
tive osteoblasts are mononuclear cells with cuboidal
shape; rich in alkaline phosphatase; synthesize and secrete
collagen type I and glycoproteins (osteopontin, steocalcin),
cytokines, and growth factors into a region of unmineralized
matrix (osteoid) between the cell body and the mineralized
matrix; produce calcium phosphate minerals extra- and
intracellularly within vesicles. Inactive osteoblasts are
elongated cells, undistinguishable morphologically from
the bone-lining cells

OSTEOCYTES Osteoblasts An important role of osteocytes and their network of cell
processes is to function as strain and stress sensors, signals
that are very important for maintaining bone structure

OSTEOCLASTS Hematopoietic | Polynuclear cells responsible for bone resorption (by
stem cells acidification of bone mineral leading to its dissolution and by
enzymatic degradation of demineralized extracellular bone
matrix; important for growth and development

CHONDROCYTES | Mesenchymal |Cells found in cartilage that produce and maintain the
stem cells cartilaginous matrix

According to [4, 14, 27, 43].

Despite its hard structure, bone actually exists in a constant state of dynamic turno-
ver known as bone remodeling even once growth and modeling of the skeleton have
been completed [21].

Bone defects

Bone defects often result from tumor resection, congenital malformation (such as os-
teogenbesis imperfects, osteopetrosis), trauma, fractures, surgery, or periodontitis in
dentistry, as well as from diseases, such as osteoporosis or arthritis [15, 24, 39].

Osteogenesis imperfecta or brittle bone disease is the most common of the inhe-
rited disorders primarily affecting bone. It occurs in 1 in 10 000 to 20 000 live births
and is associated with mutations in type I collagen genes (COLIAI and COLIA2) in ~
90% of the patients [37, 40, 41].
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Osteopetrosis is a rare genetic condition (with both autosomal recessive and au-
tosomal dominant forms) characterized by an increase of bone mass due to defective
osteoclast formation and function and spontaneous fractures [8, 42].

Osteoporosis, a major public health burden that affects millions of people (es-
pecially women) around the world, is defined as “a skeletal disorder characterized by
risk of fractures of the hip, spine, and other skeletal sites.” It is a systemic skeletal di-
sease characterized by low bone mineral density and micro-architectural deterioration
of bone tissue, leading to bone fragility and increased in risk of fracture [11, 31].

Bone health may be impaired in many patients being treated for cancer. Primary
tumors that reside in (osteosarcoma and Ewing’s family tumours) or form metastases
(such as breast, prostate, lung cancers, myeloma) to bone can result in compromised
skeletal integrity [17, 44]. Several medical conditions and medications significantly
increase the risk for bone loss and skeletal fragility. These include androgen-deprivation
therapy for prostate cancer and aromatase inhibitor therapy for breast cancer, among
others. Hypogonadism induced by many of these cancer treatments results in bone loss
and increases the risk of osteoporosis and fractures. Glucocorticoid-induced osteoporo-
sis is the most common form of secondary osteoporosis [7, 32].

Fracture healing is a complex, unique physiological process of repair, where, un-
like in other tissues, the majority of bone injuries recover without the formation of scar
tissue, and bone is regenerated with its pre-existing properties largely restored [13].
However, there are cases of fracture healing in which bone regeneration is impaired due
to various factors leading to pathologies such as delayed union or fracture non-union
[3]. The unsuccessful bone regeneration still results in many people never recovering
fully their function and quality of life; with all the social, financial and psychological
implications [38]. For example there are data demonstrating that old people suffering
from femoral fractures will die within a year (15-25%) or become dependent (50%)
[11,31].

The techniques used to repair damaged bones

When an area of damaged bone is too large for self-repair, the damaged bones must
be repaired by using alternative materials, such as autografts, allografts and artificial
materials.

Autografts, which are transferred from healthy parts of the bones of the same pa-
tient, are widely used because they show high performance. Autologous bone remains
the “gold standard” for stimulating bone repair and regeneration, but its availability
may be limited and the procedure to harvest the material is associated with complica-
tions (e.g. additional surgical trauma). On the other hand, allografts, which are trans-
ferred from other people, have problems related to not only limited availability but also
with foreign body immune reactions and infections (for example risk of HCV or HIV
transmission to the recipient). In addition, they have a poor degree of cellularity, less
revascularisation, and a higher resorption rate compared to autologous grafts, resulting
in a slower rate of new bone tissue formation [26, 28, 30].

As aresult there is a need for the development of artificial bone substitute materi-
als with improved characteristics that are safe for patients, (relatively) easily produced
and can be supplied at any time and in any amount.

Biomaterials for bone implants

A variety of materials with different structure, composition and mechanism of ac-
tion are available or under development to enhance the repair of bone defects (Some of
them are presented in Table 2).
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Table 2. Brief description of some biomaterials for bone implants

Based mainly on hydroxya-
patite, since this is the inor-
ganic compound of bone

SHORT CHARACTERISTIC
BIOMATERIAL

ADVANTAGES DISADVANTAGES
CERAMICS Able to form bone apatite-like mate- | Brittleness and slow degrada-

rial or carbonate hydroxyapatite on
their surface, enhancing their osse-
ointegration;

Hardness, high compression strength
and excellent wettability that result
in low incidence of biologically sig-
nificant particle generation and clini-
cally significant osteolysis.

Able to bind and concentrate cy-
tokines, as in the case of natural bone.
Used as a bearing surface in total hip
arthroplasty (THA) for more than 30
years

tion rates; low fracture toughness
and linear elastic behavior which
make them prone to breakage un-
der stress. There are data that the
addition of carbon nanotubes re-
markably improves the mechani-
cal characteristics of alumina.

BIOACTIVE GLASS
based on a random network
of silica tetrahedra contain-
ing Si-O-Si bonds. The
network can be modified
by the addition of modi-
fiers such as Ca, Na and P.

The first man-made material to bond
to living tissues;

biocompatible and osteoconductive
(especially glasses with SiO, content
< 60% in weight), bond to bone with-
out an intervening fibrous connective
tissue; in vivo, there is a dynamic bal-
ance between intramedullary bone
formation and bioactive glass resorp-
tion.

Low mechanical strength and
decreased fracture resistance that
can be easily overcome by modi-
fying the composition and appli-
cation in low load-bearing areas.

METALS

Mainly stainless steel
and titanium alloys
(i.e. Ti-6Al-4V)

Excellent mechanical properties,
which makes them the most widely
applied implant material used in
bone surgical repairs

The lack of tissue adherence and
the low rate of degradation results
either in a second surgery to re-
move the implant or in permanent
implantation in the body with the
related risks of toxicity due to ac-
cumulation of metal ions due to
corrosion

NATURAL POLYMETS
Collagen and glycosami-
noglycans

Biocompatibility and biodegradabil-
ity, since they compose the structural
materials of tissues.

Low mechanical strength and high
rates of degradation (they are used
in composites or in chemical mo-
dification by cross-linking. These
changes make cause cytotoxic ef-
fects and reduce compatibility).

SYNTHETIC The versatility of chemically synthesized polymers enables the fabrica-

POLYMERS tion of scaffolds with different features (forms, porosities and pore size,
rates of degradation, mechanical properties) to match tissue specific ap-
plications

COMPOSITES Can combine a synthetic scaffold with biologic elements to stimulate cell

infiltration and new bone formation. Each individual material has advan-
tages for osteogenic applications, each also has drawbacks associated in
certain properties (i.e. brittleness of ceramics) that can be overcome by

combining different materials.

According to [2, 12, 18, 30, 34, 46].
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Historically, these materials belong to the following three generations:

First generation — Bioinert materials. They are represented by alumina (Al,O,)
and zirconia (ZrO,) and played an important role for substitution purposes due to their
low reactivity. This is not surprising because at the very beginning the main goal of in-
vestigators was to achieve substitution with the lowest tissue response, perhaps because
the only expected tissue response was inflammation and material rejection [25,45];

Second generation — Bioactive and biodegradable materials. To this group belong
bioactive glasses — synthetic silica-based materials with bone bonding properties due
to the formation of a carbonate substituted hydroxycarbonate apatite layer (similar to
the apatite layer in bone) on the surface of the materials after immersion in body fluid
[18, 19, 25];

Third generation — Materials designed to stimulate specific cellular responses
at the molecular level [19, 33]. They appeared at the same time as scaffolds for tissue
engineering applications started to be developed.

Bone tissue engineering

Tissue engineering approaches have recently been devised to repair large bone losses.
Three main players take part in this technology: i) stem cells (for example mesenchy-
mal stem cells) that are having the potential to form the organ of interest; ii) scaffold
(where the stem cells will be transferred into) — a three-dimensional porous structures
that serves as a template for cell interactions and the formation of bone-extracellular
matrix to provide structural support to the newly formed tissue; iii) signals stimulating
proliferation and appropriate differentiation of the stem cells [1, 25]. Scafold materials
must meet a number of requirements including biocompatibility, adequate mechanical
properties, biodegradability, etc. [25, 47]. Among the most important properties that
they should possess are osteoinduction (the ability to stimulate the differentiation of
osteoprogenitor cells into mature bone cells and then the formation of new bone), os-
teoconduction (the physical property of the graft to serve as a scaffold for viable bone
healing - osteoblasts from the margin of defect that is being grafted, utilize the bone
graft material as a framework upon which to spread and generate new bone), and osteo-
genesis (the ability of the graft to produce new bone, this process is dependent on the
presence of vital bone cells in the graft) [29].

Mesenchymal stem cells

Adult mesenchymal stem cells (MSCs) are non differentiated multipotent cells with self-
renewal capacity that have the potential to differentiate towards lineages of mesenchy-
mal origin, including bone and cartilage. Although originally isolated from bone marrow,
MSCs have since been obtained from many other tissues such as adipose tissue, synovial
fluid, periosteum, umbilical cord blood and several fetal tissues [5, 9, 22, 23, 48].

MSCs have several advantages that are of interest for bone tissue engineering:

* These cells can be relatively easily obtained from different sources including fat
tissue, bone marrow, cord blood;

* MSCs can be extracted from patient’s own tissue than can prevent the develop-
ment of immune rejection;

* In comparison to embryonic stem cells there are no ethical concerns for their
application;

* MSCs do not develop into teratomas when transplanted, a consequence observed
with embryonic stem cells and induced pluripotent stem cells [20].

There are some difficulties in working with these cells which should also be men-
tioned:
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* Lack of commonly accepted surface markers, which can be used for the identifi-
cation of MSCs. A set of minimal criteria for MSC was recommended, which includes
the capability of adherence to plastic surfaces, the expression of CD73, CD90 and
CD105 and the absence of major histocompatibility complex (MHC) class II surface
molecules (HLA-DR), endothelial (CD31) and hematopoietic-specific antigens (CD34,
CD45,CD14)[10, 23, 35]. In culture their cell surface antigens may vary depending on
the isolation and expansion methods used [23].

* The small percentage of MSCs in some tissues such as bone marrow — the amount
of BM-MSCs varies between 0.001% and 0.01% of the total mononuclear cell. Such
low frequency of BM-MSC requires prolonged cultivation of the cells in laboratory
conditions, thus increasing the risk of differentiation induction and epigenetic altera-
tions [20]. In addition, age-related changes in number, proliferation capacity and dif-
ferentiation potential of MSCs have been reported [6].

* The protocols for isolation and cultivation of MSCs are complicated and not suit-
able for routine clinical practice [20]. Human MSCs are sensitive to serum and oxygen
deprivation, which resulted in cell death in vitro when applied in combination for 48
hours. This fact must be taken into consideration when working with them [36];

* The biological activity of these cells is not fully clarified;

* And finally — MSCs can be obtained from various tissues but there is still no definite
answer to the question what is the best source for their isolation.

Conclusion

Tissue engineering is one of the most rapidly developing and promising areas of sci-
ence and medicine. The first successful steps in this exciting direction have already
been made. Before its entry into routine clinical practice, it is necessary to overcome
a number of challenges including establishment of scaffolds with improved properties
that meet the requirements for these type biomaterials, identification of the most ap-
propriate stem cells, optimizing strategies for their isolation, cultivation and directed
differentiation.
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