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Abstract: Currently, the transplant crisis is one of the main concerns in the healthcare systems all over the world, 

the lack of donors and the persons which are on the waiting list for a transplant being higher from year to year. The 

diseases at the bone tissue level are affecting about 75M in USA, Europe and Japan, the need of treatments in this 

field becoming clear. During the last decades, the USA spent more than 20 billion dollars on treatments for bone 

trauma and more than 300.000 spinal fusions were conducted only in 2005. Moreover, the International 

Osteoporosis Foundation stated that the number of hip fractures may increase by four by 2050. Therefore, 

considering the data reported for the last decades and the predictions made for the near future, there are two main 

directions which must be considered: the drawbacks of the current treatments and the economic impact of the 

available options. In this regards, Tissue Engineering is relatively new field in the regenerative medicine area, which 

aims to develop cost-effective alternatives for different diseases/trauma in order to restore the function of a tissue 

and to undertake the transplant crisis. 
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1. Introduction 

Currently, one of the most exploited fields 
in the regenerative medicine area is tissue 
engineering which aims to combine notions and 
concepts from engineering (impact, manufacturing, 
cost etc.) with biological facts (proteins, growth 
factors) by using the human body’s potential to 
repair/create new tissues. The main scope of tissue 
engineering (TE) is to undertake the transplant 
crisis, to restore the functions of the affected 
tissues or to propose suitable solutions for various 
diseases and/or trauma.  

The 1980s was a remarkable decade in 
biomedical field due to Dr. Vacanti and Dr. Langer 

who suggested to construct and design polymeric 
scaffolds for cell delivery. The first paper in this 
regard was published in 1988, in Archives in 
Surgery, this being the moment when Tissue 
Engineering field was born. Starting from this 
point, TE field had a remarkable evolution, and 
nowadays, many companies around the world are 
developing tissue-engineered products which are 
used by physicians worldwide, especially at the 
skin, bone or cartilage level. However, some 
companies had to stop the production of such 
products because of high manufacturing costs [1-
3].  
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At the beginning of 2018, the United 
Network for Organ Sharing (also known as 
UNOS) stated 115.445 people being on the waiting 

list for a lifesaving transplant, therefore the need of 
tissue development is essential [4].

2. The main tools used in Tissue Engineering area 

2.1. Scaffolds  
 

Scaffolds are one of the main tools used in 
TE area being considered an artificial extracellular 
matrix (ECM) characterized by a specific shape 
which must provide mechanical support for the 
new tissue formation. The native extracellular 
matrix is composed of products secreted by cells, 
being a complex mixture of several proteins, 
growth factors and polysaccharides, which are 
meant to direct the cellular activity (proliferation, 
differentiation, migration) by providing the 
necessary biological, chemical and physical 
parameters, and to modulate the immune response.  

A novel perspective in terms of ECM is 
represented by the proteins which are present in its 
structure, for example, fibronectin, which has a 
major role in supporting the cellular attachment 
and spreading, being a mediator in bacteria 
attachment as well – these facts are very important 
when it comes to cell-surface interactions [5-7].  

Considering the fast development of tissue 
engineering, biological scaffolds which can deliver 
a functional microenvironment for cellular 
adhesion, growth and spreading, as well as having 
the ability to integrate in the required tissue have 
gained researchers attention in the last years. 
Therefore, various biologic scaffolds made of 
allogenic/xenogeneic ECM were used in order to 
rebuilt tissues such as skin, urinary bladder etc. 
However, it was established that the manufacturing 
process, the origin of the cells or the sterilization 
may affect the mechanical properties, degradation 
rate or the cytocompatibility of the scaffold [8]. 

However, many materials are used in 
order to create 3D matrices for tissue engineering, 
especially natural and synthetic polymers such as 
PLGA – poly(lactic-co-glycolic acid), silk, PCL – 
poly(caprolactone) or ceramics like tricalcium 
phosphate – TCP, hydroxyapatite – HA or 
composite biomaterials. The choice of the 
materials used as scaffolds always depends on the 
application [9]. 

 
2.2. Stem cells and growth factors 

 
Starting from the fact that cells are capable 

to create tissues if they are cultured in certain 
conditions, TE is based on the idea to create them 
by combining cells, growth factors and 3D 

matrices with specific structures, surface chemistry, 
architectures etc. 

Therefore, one of the most exploited type 
of cells used in the field is the stem cells class. A 
stem cell is usually classified as an undifferentiated 
cell which can be divided in copies of itself and it 
can differentiate in other cell types. They are 
grouped in two main categories: 

a) Adult stem cells 
b) Embryonic stem cells 
Embryonic stem cells are derived from 

human/other species embryo and they present 
pluripotency which means that they can follow the 
differentiation process, being able to transform 
themselves in more than 200 types of cells under 
suitable conditions, while adult stem cells present a 
multipotent character – they can differentiate only 
in a restricted number of cell phenotypes [10].  

As it was stated before, tissue engineering 
is exploiting the ability of the organism to recover 
after a trauma/disease. This ability is linked with 
the existence of stem cells populations within 
various tissues/organs in the human body which 
reacts in order to restore the function of the 
affected tissue/organ. However, bone marrow 
represents a key reservoir of hematopoietic (HSCs) 
and mesenchymal (MSCs) stem cells. 

Recognized by scientists as blood forming 
cells, HSCs are found in mesodermal 
hemangioblasts, being responsible for the 
continuous renewal of blood elements. However, 
the most exploited category of stem cells in TE is 
the mesenchymal stem cells class which can be 
defined as cells derived from various connective 
tissues, being found in brain, heart, teeth, blood 
vessels, skeletal muscle etc. 

The potential of MSCs to differentiate in a 
wide range of cell phenotypes such as osteoblasts, 
chondrocytes, myocytes etc. has gained a lot of 
attention in the last decades, especially in the last 
years, when recent studies suggested that they can 
differentiate in liver cells as well. However, even if 
they are used by scientists and physicians due to 
many advantages (such as ease of isolation, 
manipulability, proliferation rate or the ability to 
differentiate in the desired tissue under proper 
conditions), deeper research is required to confirm 
the liver cells differentiation theory and to establish 
their real potential [11]. 
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From the beginning, the main principle of 
tissue engineering was based on the use of 
scaffolds, stem cells and growth factors, which are 
substances utilized in this field as signaling 
molecules, to direct the cells in order to migrate, 

proliferate or differentiate. Despite this, nowadays, 
the research is focused on developing growth 
factors-free alternatives because of their high cost 
[6].  

 

3. Bone tissue engineering (BTE)- an overview

3.1. Bone tissue- structure and function 
 

The bone tissue is one of the most 
complex organs in the human body being 
composed of three main components: 
hydroxyapatite (HA), which represents about 70% 
from the total percentage of the mineral phase, 
collagen-I – about 20%, water – 8% and other 
constituents such as magnesium, non-collagenous 
proteins (usually having the function of growth 
factors, in order to promote bone formation), 
lipids etc. Collagen-I is a very important 
component of the bone matrix, its structure having 
a crucial role in the mineralization process. 

Collagen-I is present in various tissues in 
the human body, especially in skin, bones and 
tendons, having a triple helix conformation. The 
bone matrix appears before the mineralization 
process and in its structure, collagen exists as 
chains which are connected into fibrils. The fibrils 
are structured as parallel layers which are meant to 
support the crystal depositions between them [13]. 

The specialized cells involved in the 
osteogenesis (bone formation process) - 
osteoblasts, osteoclasts and osteocytes, are very 
complex and they are the main elements 
responsible for the regeneration capacity of the 
bone tissue. The potential of these cells is 
constantly investigated and exploited in order to 
develop materials which can direct their activity 
and accelerate the regeneration [13].  

Even if bone is a dynamic tissue, there are 
many factors which can affect the integrity and 
function of the osseous tissue, such as diseases, 
fractures or various injuries. The most common 
diseases in this area are osteoporosis, osteoarthritis, 
Osteogenesis Imperfecta, sarcopenia or 
osteomyelitis, which can mainly lead to bone loss, 
bone break, slow osteogenesis process, and they 
affect the daily activities of a patient. Therefore, at 
the moment, the responsibility of an orthopaedic 
physician is to find a suitable product which can 
fulfil all the requirements requested by the 
damaged tissue [14, 15]. 

 
 

3.2. The need of BTE 
 

Considering the data gained in the last 
years and the predictions made by scientists for the 
future, two main aspects must be considered: the 
current challenges in terms of medical issues and 
the economic impact of the available treatments.  

Statistically, it was stated that, in the USA, 
the cost for treatments, in terms of bone trauma, 
which appeared as a result of diseases, accidents 
etc., was very high, being estimated at about 20 
billion $ in 2003. Moreover, in 2005, the same 
amount of money was spent in the USA only on 
conducting 300.000 fusions. 

Recently, the International Osteoporosis 
Foundation - IOF stated that osteoporosis affects 
more than 75M (million) people in the USA, 
Europe and Japan, leading to about 8M bone 
fractures/year, more than 6M being reported only 
for the USA. When it comes to the healing process 
of these fractures, about 8% don’t present a 
complete restoration because of bone loss, 
infections or incomplete vascularization. 
Furthermore, a recent report published by IOF in 
2018, suggested that the number hip fractures 
caused by osteoporosis in Lebanon, Syria and 
Jordan is expected to be multiplied by 4 by 2050.  

When it comes to disability, the rate 
reported for patient affected by osteoporosis is 
very high, being compared to the one reported for 
various types of cancers. The main issue at the 
moment is that the available treatments used for 
clinical practice, for example autografts and 
allografts have been associated over the time with 
poor integration, host rejection, disease 
transmission or other unfavorable reactions [9,14, 
16]. 

 
3.3. Scaffold requirements 

 
The success of osteogenesis is correlated 

with many factors including the design and 
manufacturing of the scaffolds (Figure 1). 
Therefore, there are several requirements which 
must be respected in order to sustain bone 
formation. In a general point of view, the materials 
used in the fabrication of a scaffold must be 
biocompatible and non-toxic, in order to maintain 
the cellular activity and to assure the completion of 
the angiogenesis process. They must possess a 
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proper biodegradability rate, being able to provide 
the needed space for the newly formed bone. 
 

Figure 1. Scaffold requirements (Adapted from 
Tang et al., 2016 [17] and Szcześ et al., 2017 [18]). 

 
The architecture of the scaffold must 

ensure a proper porous network capable to deliver 
mechanical support, similar to the native tissue. 
The porous network should provide a correct 
diffusion of the nutrients and O2 in order to 
ensure cell survival and it has to be well controlled 
to sustain the cellular attachment. Materials with 
increased porosity showed over the time deficient 
mechanical properties [9, 17, 19]. 

Osteoconduction and osteoinduction are 
key parameters, as well when it comes to 
projecting an ideal scaffold, because it must induce 
cellular attachment, spreading and differentiation 
in a specific direction [20]. 

In order to make these systems suitable 
for commercialization, it is very important to find a 
proper sterilization method – at industrial scale, to 
avoid multiple preparation procedures at the 
implantation time and to be able to be reproduced 
at a large scale by using cost-effective 
manufacturing techniques.  

However, most of the scaffolds used in 
this field are fabricated from polymers, 
bioceramics or hybrids and they may be injectable 
or rigid, depending on the targeted application 
[19].  
 

3.4. Scaffold manufacturing: current 
technologies 

 
Currently, there are many technologies 

which are used in order to create the scaffold, but 
a novel approach in the field is the 3D printing 
process – rapid prototyping (RP) which aims to 

overcome the drawbacks reported for the 
conventional methods (Figure 2), such as: limited 
control of geometry, shape, architecture, or the use 
of different organic solvents which may affect the 
cellular viability [19]. 

 
Figure 2. Popular manufacturing techniques. 
(Adapted from Roseti et al., 2017 [19]). 

 
Rapid prototyping is also known as 

additive manufacturing (AM) and allows the 
manufacturing of the 3D matrix by layer 
deposition and it can use liquids, solids or 
powders. These techniques offer a better control 
of the porosity, structure and architecture because 
of the equipment used. It starts from a 3D 
mathematical model and the entire equipment is 
composed of three main tools: a scanner which 
transmits the geometry gained from the source to a 
specialized software in an editable and readable 
format by a fabrication system and a 
manufacturing apparatus which transforms the 
data gained from the software in the desired 
product. 

The advantages of using additive 
manufacturing in this field are numerous, including 
that there is no need of toxic organic solvents in 
the fabrication process (which leads to a higher 
biocompatibility, non-toxicity), a firm control of 
shape and structure or a well-ordered porosity. 
Moreover, nowadays, these techniques are used in 
the biomedical area, based on the data obtained for 
patients by using different imagining techniques 
such as MRI – Magnetic Resonance Imaging or CT 
– Computer Tomography [19].  

Bioprinting has gained the attention of 
numerous research groups in the last years and it is 
a very exploited technique in tissue engineering 
area. Compared to conventional techniques, 
bioprinting uses living cells in the manufacturing 
process. The selection of the materials utilized as 
bioinks is a crucial step in the process – many 
bioinks are made of natural and synthetic polymers 
with a controlled viscosity [21].  
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4. The importance of calcium phosphates in BTE 

Even if many materials were investigated 
over the time as scaffolds for bone tissue 
engineering, calcium phosphate (CaP) family is one 
of the most intensively studied group of ceramics 
because of its similarities when compared to the 
native tissue, in two main aspects: chemistry and 
structure. Moreover, Sun et al., stated that its 
degradation products are contributing to bone 
mineralization. Therefore, CaP-based scaffolds are 
usually made of hydroxyapatite, tricalcium 
phosphate (TCP) or biphasic CaP (BCP) – which 
is composed of HA and β-tricalcium phosphate).  

CaP-based scaffolds can be fabricated 
using various methods, including 3D printing and 
gel casting. However, the controlled porosity is 
correlated with the process used for fabrication 
and with the thermal treatment applied for 
sinterization – the high temperature used in order 
to obtain a dense material affects the pore size and 
the mechanical integrity of the scaffold. For 
instance, Islam et al. suggested that the fracture 
stress and compressive modulus of porous 
composite scaffolds made of ceramics and 
polymers increased at higher temperatures [22].  

An ideal scaffold should possess an 
interconnected pore network with pores that have 
sizes between 150-500 µm in diameter to permit 

the access of cells and growth factors and to 
promote vascularization. Therefore, the porosity is 
a key factor, being one of the main contributors to 
the osteocondutive capacity and bioactivity of a 
scaffold. This is one of the main drawbacks of 
these types of scaffolds, together with their 
compressive strength – for a HA scaffold a value 
of 30.2±6.0 MPa was reported, which is very high 
when compared to the compressive strength of 
spongy bone (4-12 MPA) and very low compared 
to the compact bone (around 150 MPa) [23, 24].  

In a recent study, Li et al., investigated the 
osteoinductive potential of the most common 
three materials from CaP family used in the field – 
HA, TCP and BCP on bone marrow derived stem 
cells (BMSC). After analyzing theese materials at 
different cellular concentrations, it was observed 
that the hybrid BCP exhibited a better expression 
of osteogenic markers compared to HA and TCP 
substrates, being evident that the differentiation 
ability was linked with the composition of the 
scaffold. Thus, it can be concluded that a 
combination of materials (from the same class or 
even from different categories – e.g. polymers) 
may influence in a positive way the 
osteoinductivity of the scaffold [25].  

5. Hydroxyapatite- based scaffolds- properties and drawbacks 

Considering that HA is an important 
member of CaP family, many studies have been 
made over the last decades in order to exploit this 
material by itself or in combination with various 
polymers. HA is used at the moment in various 
applications such as drug delivery systems (DDS), 
bioactive coatings - especially for metallic implants, 
scaffolds etc. due to its high biocompatibility. 

Taking into account its formula 
(Ca10(OH)2(PO4)6) and its hexagonal structure, HA 
is one of the most stable CaP in physiological 
medium, being stable at pH between 4 and 12, 
being biocompatible for applications in hard tissue 
engineering area. The hexagonal structure is one of 
the main factors which offers a promising fatigue 
resistance to this inorganic compound [26-28].  

However, the mechanical properties of 
HA were reported to be low, especially for 
scaffolds with macroporosity, therefore an increase 
in mechanical stability is necessary. As a 
consequence, research has been made to evaluate 
the behavior of HA doped with a range of 

reinforcement agents, for example different oxides 
(titanium, zirconium, magnesium or aluminium 
oxides), but the results obtained showed a 
significant decrease in bioactivity and 
biocompatibility [29-31]. 

Another issue reported for HA is the 
degradation rate correlated with its stability, which 
leads to a difficult resorption in the human body. 
As it was stated before, the controlled degradation 
rate is crucial for a scaffold used in bone tissue 
engineering area, therefore a HA-based composite 
is considered a viable alternative because it can be 
fabricated by adding a second phase which 
presents a higher degradation rate (e. g. silicates). 
In order to obtain an intimate contact between the 
implanted scaffold and the surrounding tissues, 
one approach in this regard is to obtain an optimal 
porosity. Therefore, many techniques are used to 
obtain this feature, including the freeze-casting 
method which is cost-effective and eco-friendly, 
this being attributed to the ice crystals utilized as 
pore-forming agents.  
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This technique was exploited by Jia et al., 
who created HA-silica (HA-SiO2) porous scaffolds 
with different silica ratios. A 3D matrix with 
oriented pore channels was obtained and 
characterized by various techniques, in order to 
evaluate the impact of silica on biodegradability 
and mechanical stability of the scaffold. After 
analyzing the samples with different amounts of 
SiO2, it was concluded that the SiO2 content had a 
negative impact on the compressive strength, but it 
improved the degradability rate and confirmed the 
importance of controlled porosity after SBF 
incubation. HA-5SiO2 (5% of SiO2 in 
composition) showed a faster deposition rate of 
the apatite layer on the surface when compared to 
simple HA, 2%SiO2 and 10%SiO2 [32].  

The relation between the crystal grain size 
and the degradation rate was investigated by many 
research groups and it was observed that the size 
had a strong influence on both degradation and 
mechanical properties – nanoHA showed 
promising results compared to microHA (Lin and 
Chang, 2015). 

This approach was evaluated as well in 
HA-based composites by a research group who 
prepared HA nanocrystallites in combination with 
N-acetylated chitosan (N-CS) and simple chitosan, 
which is a biopolymer widely used in tissue 
engineering field due to its antimicrobial nature, 
osteoconduction, minimal immune response and 
the ability to create porous matrices. Moreover, it 
is a promising material to be used in tissue 
engineering considering its structure, which is 
similar to the glycosaminoglycans, which are 
components of the ECM. Therefore, 3D porous 
scaffolds were developed and analyzed in terms of 
mechanical properties. The obtained scaffolds 
were compared with micron-sized HA used as 
control. The obtained results confirmed the 
presence of an open porous interconnected 
network for all the HA/CS and HA/N-CS 
scaffolds with a 90% porosity and pore sizes 
between 200µm - 700µm. The mechanical 
properties were higher for the scaffolds containing 
both polymer and nanoHA compared to the ones 
with micron-sized HA or with the polymeric 
matrix without inorganic part. The results 
confirmed the hypothesis that the grain size is 
correlated with the mechanical properties of the 
scaffold [33]. 

Moreover, the biocompatibility and 
osteoconductivity of HA/CS composites was 
demonstrated in numerous studies, including by 
Uswatta et al., who fabricated an injectable porous 
scaffold made from CS (0% and 2%) and nanoHA 

which were analyzed in terms of structural and 
functional parameters, mechanical properties, 
cytotoxicity and cellular response. The viability 
obtained for the composite scaffold was high, a 
few dead OB-6 cells were observed after 3 and 14 
days of incubation. Superior cellular attachment 
and proliferation were observed, as well as a high 
confluency on the composite substrates, a 
remarkable increase being observed after 14 days 
on 2% CS nanoHA scaffolds, compared to 3 days. 
The favorable attachment was correlated with the 
high porosity of the substrate [34]. 

A new approach in terms of HA-based 
scaffolds starts from the idea that collagen is a 
constituent part of the bone tissue and it is well-
known that HA-collagen scaffolds exhibit high 
biocompatibility, but poor mechanical properties 
and a fast degradation of collagen. Therefore, Sun 
et al., developed highly porous ultralong HA 
nanowires – UHANWs/Collagen - Col composite 
scaffolds with lengths of hundreds of µm, 
hierarchical porosity and various ratios of collagen, 
in order to evaluate the improvements made in 
terms of mechanical properties and cellular 
performance. The successful fabrication of the 
composite scaffold was determined by different 
characterization methods such as Scanning 
Electron Microscopy - SEM, X-ray Diffraction 
(XRD), and Transmission Electron Microscopy 
(TEM). The results showed that the flexibility of 
the nanowires allowed them to bend and to form a 
3D fabric-like network. They were fully 
incorporated into the polymeric matrix, offering 
enhanced mechanical properties. Rat bone 
marrow-derived stem cells (r-BMSC) were used to 
investigate the cellular performance and it was 
concluded that, after 3 days of incubation,  
prominent cytoplasmic extensions were formed, 
being associated with the hierarchical porous 
structure of the scaffold. Considering these 
aspects, research is still needed to establish the 
cellular performance at various time moments and 
the exact improvement of the mechanical 
properties in terms of compressive strength, 
Young’s modulus and other relevant parameters 
[35].  

As it was stated before, HA is a 
biomaterial which exhibits low osteoinduction and 
angiogenesis. These abilities together with 
bioactivity are crucial in terms of osteoblasts or 
stem cells stimulation. In order to solve these 
issues, the surface design and the chemical 
composition of the bulk material utilized as 
scaffold were taken into account by many scientists 
as parameters which can be improved for a better 
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osteogenesis. [30]. Therefore, the incorporation of 
different elements such as Manganese (Mn), Zinc 
(Zn), Strontium (Sr), Chlorine (Cl), Titanium (Ti), 
Silicon (Si), Chromium (Cr), Potassium (K), 
Magnesium (Mg) or copper (Cu) into HA structure 
may have a positive impact on the osteogenic and 
angiogenic behavior of the material. 

It is well-known that doping may induce 
various types of crystal defects, it changes the 
degradability, the biological response and it has a 
positive impact on the release of bioactive 
molecules from the biomaterial. For example, 
magnesium is one of the minor elements found in 
the native bone apatite and has a role in the 
metabolic activity of the human body, facts which 
lead to the idea that the Mg-doping could enhance 
the osteogenic character of HA. In terms of 
angiogenic potential, one of the well-known 
methods to induce the vascularization of a tissue is 
to add growth factors. One of the most common 
growth factors used in this regard is VEGF – 
vascular endothelial growth factor but its 
commercial use and clinical applications are limited 
due to its high costs. Recently, Kulanthaivel et al., 
suggested that the angiogenic and osteogenic 
activities of pure HA can be improved by doping 
with Co2+ and Mg2+ [36-38].  

One of the main problems which can 
appear at the implantation site is the bacterial 
colonization and the appearance of infections 
which can lead to pain or other severe 
complications and results in the removal of the 
scaffold from the host. In order to control the 
biofilm formation, which is a five-steps process, it 
is very important to inhibit the bacteria 
attachment, to avoid the colonization and biofilm 
growth. The bacterial attachment is a very complex 
process due to bacterial-surface interactions. 

Therefore, in order to inhibit the biofilm 
development on the scaffold, a solution considered 
by scientist is doping with antibacterial agents, 
such as silver (Ag+) or zinc (Zn2+). However, in 
this regard, silver is the most recommended 
dopant, due to its controlled toxicity – low toxicity 
at low concentrations.  

Polyvinyl alcohol (PVA) is another 
polymer which was studied during the years, 
together with hydroxyapatite, due to its suitable 
properties, such as biocompatibility, solubility, 
both thermal and chemical stability, 
biodegradability and non-toxicity. These properties 
support its use in various industries, such as 
cosmetic and pharmaceutical products, medical 
devices, packaging etc. Considering these aspects, 
Anjaneyulu et al., used Ag doped HA with PVA 
nanofibers (Ag@HA/PVA) obtained by an 
electrospinning process. They used AgNO3 as a 
dopant agent in the site of calcium (Ca), in order to 
evaluate the antimicrobial activity, bioactivity and 
in-vitro hemocompatibility. Two of the most 
common bacteria have been used for testing: S. 
aureus and E. coli. They were added in contact 
with the samples and incubated for 24h. The 
results confirmed the fact that the incorporation of 
Ag+ had a positive impact on the antimicrobial 
behavior against S. aureus and E. coli. However, a 
better result was observed in case of E. coli, and 
this might be attributed to the cell wall, which is 
less dense when compared to S. aureus. Moreover, 
the scaffolds presented a good hemolysis ratio, 
especially for the 5%Ag@HA/PVA samples (the 
highest amount used) and a proper deposition for 
the apatite layer after SBF immersion. Therefore, 
the potential of this material to exhibit 
antimicrobial properties in physiological medium 
should be further exploited [39 – 41].  

6. Strontium (Sr)- Hydroxyapatite based composites for BTE 

Starting from the idea that about 98% of 
the total amount of Strontium (Sr) found in the 
organism is present in the biological apatite, 
especially in places with a high metabolic activity, 
research has been made in drug delivery systems 
area and nowadays, two organic salts - Sr-ranelate 
and Sr-malonate are used as treatments for patients 
who are affected by osteoporosis, due to their 
potential to increase the proliferation rate of the 
bone-forming cells (osteoblasts) and to inhibit 
bone resorption (process conducted by osteoclasts) 
[42]. 

Considering the interest attributed to the 
incorporation of different elements in HA 
structure for various purposes, Sr represents a 

viable option to investigate, therefore Sr-
substituted HA was developed, being able to 
successfully replace calcium (Ca) in the HA 
structure. The potential of this substitution was 
evaluated in DDS field by Lin et al. [43], who 
developed SrHA porous microspheres with 
distinct molar ratios (0.01 – Sr1HA, 0.03 – Sr3HA, 
0.05 – Sr5HA) using the hydrothermal method. 
The aim of this research was to establish if the 3D 
nanostructured architecture of the materials had an 
influence on the drug loading and release profiles 
and to determine the effect on MG63 osteoblast- 
like cell-line and the angiogenic marker expression. 
Thus, it was confirmed that the incorporation did 
not affect the cellular viability, additionally the 
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highest amount of Sr promoting the proliferation. 
For this set of samples, angiogenic expression was 
analyzed using Real-time polymerase chain reaction 
(RT-PCR). Results showed that VEGF angiogenic 
marker expression was higher in cells incubated 
with SrHA samples, compared to cells incubated 
with pure HA. This remarkable behavior can be 
exploited and further investigated, as being a key 
parameter in the treatment of big sized bone 
defects, where vascularization has to be induced by 
the use of growth factors [43]. 

Improvements in the biodegradability rate 
were observed and reported by Yatongchai et al., 
who analyzed the ion release profile for samples 
with two distinct substitutions – 5mole% Sr and 
10mole% Sr. The results indicated that the release 
of P, Ca and Sr increased with the Sr content. 
Additionally, after 30 days of incubation in SBF, an 
accelerated deposition of the apatite layer was 
observed, compared to conventional HA and a 
proper viability was detected, being as good as for 
control samples, after the same amount of time in 
contact with MC-3T3-E osteoblasts [42]. 

In vivo studies were conducted by 
Chandran et al., in two different species: 
osteoporotic sheep and rat models. [44-45]. First, 
they fabricated microgranules of 10% SrHA (with 
the chemical formula Ca9Sr1(PO4)6(OH)2) and 
simple HA (used as control), in order to assess the 
osteogenic potential and the osteointegration 
speed. The obtained microgranules were 
characterized using XRD and SEM methods and 
were further implanted in nine osteoporotic rats,  
being evaluated by Micro-CT . After explantation, 
the newly bone formed in presence of 10%SrHA 
microgranules and presented a density comparable 
to the host native tissue [44]. The explants with 
HA microgranules exhibited a slight decrease in 
bone density, fact supporting the idea that such 
composition may be used in the treatment of the 
osteoporotic bones [44].  

Starting from these results, further studies 
were conducted by Chandran et al., on 
osteoporotic sheep models, 10%SrHa and simple 
HA scaffolds being developed using the same 
method. MSCs derived from adipose tissue – 
ADMSCs - from the control sheep were used for 
in vitro tests. ADMSCs were cultured on the 
substrates and, after 7 days, a good 
cytocompatibility was observed. Additionally, the 
ALP (alkaline phosphatase) activity exhibited by 
cells incubated with 10%SrHA was comparable to 
control samples. The in vivo investigations done 
using Micro-CT, revealed that the release of Sr at 

the implantation site accelerated the 
osseointegration and bone formation [45]. 

Therefore, it can be concluded that the 
use of Sr has a positive impact on both 
osteoconduction, bone resorption and 
osteogenesis and further investigations should be 
made to asses its potential in terms of 
vascularization rate and antimicrobial activity. 

Lei et al., suggested that the main 
components of the bone tissue, collagen and HA, 
might be replaced by chitosan and Sr-substituted 
HA. Therefore, the group developed SrHA/CS 
nanohybid scaffolds which were assessed in terms 
of morphology, structure, biocompatibility and the 
impact of Sr content on the osteoinductive 
capacity of HA. The samples were prepared as 
presented in Table 1. The SrHA/CS 
nanocomposite has been developed by using the 
freeze-drying technique, and a macroporous 
interconnected network with pore sizes varying 
from 100 to 400 µm was obtained. 

 
Table 1. Sample preparation and labeling (Adapted 
from Lei et al., [46]). 

Sample Molecular formula 

HA Ca10(PO4)6(OH)2 

Sr1HA Ca9Sr1(PO4)6(OH)2 

Sr5HA Ca5Sr5(PO4)6(OH)2 

Sr10HA Sr10(PO4)6(OH)2 

 
The obtained scaffolds [46] were evaluated 

in terms of cytotoxicity in contact with hBMSCs 
and it was concluded that the viability of the cells 
interacting with all scaffolds was high. The 
proliferation rates increased with the incubation 
time, and a well-spread morphology has been 
detected after 3 days of incubation. The samples 
were subjected to SEM investigations in order to 
asses the adhesion of hBMSCs and the images 
showed that the attachment point was inside the 
scaffold, the pores acting as channels for cells. The 
cellular phenotype was maintained [46]. However, 
different polymers should be studied as second 
phase and further investigation on the 
differentiation pathway of the hBMSCs can be 
investigated. 

Considering the favorable response 
received in terms of cellular activity, further 
research may be conducted in order to establish 
the influence of Sr in CaP-based scaffolds, to avoid 
the complications which may appear after protein 
release, as a result of growth factors use in the 
human body. Moreover, it is well-known that Sr 
presents antibacterial properties, therefore, 
research may be conducted in this regard as well. 
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The impact of Sr ions on the vascularization rate 
may be evaluated by the angiogenic marker 
expression in different composites. More in vivo 

studies are recommended as well, in order to see 
the true impact of the products on the living tissue. 

7. Conclusions 

The great potential of tissue-engineered 
products for bone implants has been demonstrated 
over the last years. However, there are many 
techniques which can improve the efficacity of 
these products, in order to decrease the costs, to 
improve the properties and to make them suitable 
for clinical use.  

Even if there are loads of materials used in 
the field of bone tissue engineering, the most 
promising materials in terms of biocompatibility 
and cytotoxicity remains the CaP-based family. 
Therefore, the improvement of these materials by 

using the proper manufacturing method, in order 
to overcome the drawbacks is a main area of 
interest for scientists. 

The incorporation of different elements in 
the HA structure represents a promising approach. 
Therefore, it was proved that the use of Sr as a 
substituted element in HA lattice may lead to 
promising results in terms of cellular viability, 
attachment, migration, proliferation on even 
differentiation. However, research is still needed in 
order to confirm its potential in terms of 
antibacterial activity or angiogenesis stimulation.  
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