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Abstract 

Background 
The repair of large bone defects remains a major clinical orthopedic challenge. The engineering 
of bone tissue and use of mesenchymal stem cells (MSCs) offer new therapeutic strategies to aid 
musculoskeletal healing.  The delivery of viable stem cells to site of bone defect is an important 
area of biomedical research.  
Objectives 
The aim of this study was to evaluate the regeneration of bone as well as the local tolerance of a 
new scaffold composed by polycaprolactone-tricalcium phosphate loaded or not with 
mesenchymal stem cells. 
Matherials and methods 
In the first experiment we evaluated the in vivo local tolerance and the ectopic bone formation in 
mice (nod/scid) implanting the scaffold loaded or non-loaded with stem cells and using 
hydroxyapatite scaffold as control. Histological evaluation was performed at 8 and 12 weeks 
from the implantation. In the second experiment we focused on the osteointegration capability 
of this scaffold enriched or non-enriched autologous stem cells (expanded in bioreactor) in 
rabbit.  The protocol consists of 5 experimental groups of animals (adult New Zealand white 
rabbit), all with a single implant site per animal. Each leg will be x-rayed in the immediate 
postoperative time and then every 4 weeks for a total of 4 radiographs for each animal. 
Histological evaluation was performed at 8 and 12 weeks from the implantation. In the last 
experiment we evaluated osteointegration and local tolerance of this scaffold enriched or not of 
autologous stem cells (expanded in vitro in bioreactor) in sheep. The protocol consist of 2 groups 
of 7 experimental animals each one. Conventional x-ray, micro-CT and histological evaluations 
were done. 
Result 
The scaffold composite by PCL/TCP investigated in this study showed a good behavior in vivo. In 
fact, none of the samples analyzed in this study induced even a minimal inflammatory reaction in 
mice, rabbit, and sheep models. Moreover PCL/TCP scaffold showed good vascularization and 
osteointergration in all specimens when implanted in bone defect. 
Conclusions 
In the present study the bioabsorbable PCL/TCP scaffold enriched of MSC shows to promote new 
bone formation and to be well tolerated by host (no inflammatory reaction was seen).  
More studies are needed to confirm these results. 
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Introduction 

 

With the increasingly active lifestyle, accidents and aging population, oral and maxillo-facial 

treatment, orthopedic solutions encompassing joint and bone repair, fractures and bone 

tumors remain to be in the greatest demand. Bone is the second most transplanted tissue in 

the world. 

The immense need for bone grafts and substitutes have been forecasted to reach $3.3 billion 

of revenues by 2013, with a compound annual growth rate of 13,8% from 2006 to 2013 in the 

USA. [1] 

Despite the innate capacity of bone tissue for regeneration upon damage, mechanical or 

metabolic restrictions often necessitate augmentation of natural fracture repair.  Such 

restrictions can include non-unions, delayed-unions, and bone loss due to trauma or tumor 

resection. [2] Repair and regeneration of critical size bone defects are challenging, and are 

hampered by frequent suboptimal outcomes.  

In facilitating bone repair in large defects, viable autologous bone graft remains the gold 

standard. Its use, however, is severely limited by donor site morbidity and, in diseased 

patients, inadequate volume or quality of graft materials. To date the alternative in orthopedic 

reconstructive surgery has been the use of allograft bone. However, allogenic bone tissue has 

not the osteoinductive capacities of autograft and this, together with the incomplete 

remodeling and the potential risk of pathogen transmission has restricted its indications for 

orthopedic applications.  

Regenerative medicine has emerged as a promising approach for the restoration of function in 

damaged or diseased skeletal tissue. Bone scaffold, compared with autogenous bone grafts, is 

less invasive, has not need of donor site and has potential for creating customized grafts. 
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In the last decade interest on it has grown developing a wide variety of biomaterials with 

different physico-mechanical, chemical and biochemical properties. Despite significant 

advances in this field, the development of biomimetic scaffolds for bone tissue generation and 

osteointegration has remained a challenge for researchers. Depending on the application, 

bioresorbable and non-bioresorbable polymers are used. In applications that require only 

temporary presence of the scaffold, such as bone tissue grafts, is indicated the use of 

bioresorbable polymers. Among bioresorbable polymers are homopolymers and co-polymers 

based on poly lactic acid, poly glycolic acid and poly caprolactone. Up to date, poly-

caprolactone is regarded as a soft and hard tissue compatible bioresorbable material and it 

has been considered as scaffold for fibroblast and osteoblast growth. 
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Bone physiology, fractures healing and bone defects. 

 

A simple general rule serves as a key for understanding the structural varieties in bone 

development, growth and fracture healing: bone is deposited only on a solid core. In fact, the 

elaboration of highly organized bone matrix, and especially its mineralization, requires 

mechanical rest.  

This rest is biologically provided by the formation of a scaffold. In addition, bone formation is 

dependent on an adequate blood supply, and osteoblasts function properly only near by 

capillaries. 

Bone retains an inherent capacity for controlled growth, remodeling in response to 

mechanical stimulations and regeneration upon damage providing. [3] 

It is often noted that bone repair process is, to a large degree, a recapitulation of skeletal 

developmental events. [4] Repair involves both intramembranous ossification, which occurs 

under the periosteum a few days after fracture, and endochondral ossification occurring 

adjacent to fracture site over a period of up to 4 weeks. Remodeling of the woven bone over 

several weeks follows this. New bone tissue is morphologically and physically 

indistinguishable from the intact bone surrounding itself. [2, 5] 

If vascularization is temporarily interrupted or put at risk by mechanical forces and motion, 

osteoblasts are inclined to change their genes expression and become fibroblasts or 

chondroblasts.  The healing pattern of bone defects provides an excellent model for the study 

of the natural course of bone regeneration in mechanically wholesome sites and under good 

blood supply. This way of healing is, for obvious reasons, of clinical interest. Open reduction 

and internal fixation aim to achieve a close adaptation and stable fixation of the fragment 

ends. It results in direct (or primary) fracture healing without any alternative way with 

cartilage formation and endochondral ossification. The pattern of defect repair also 
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characterizes the incorporation of bone grafts as well as the osteointegration of orthopedic 

and dental implants, where primary stability and precise fitting are essential to succeed. 

Healing of small cortical defects was investigated microscopically in bore holes of 0.1 to 1 mm 

diameter in the cortex of tibial bones in rabbits. [6] 

Defect healing, in these holes, starts with bone formation within a couple of days without 

preceding osteoclastic resorption. Woven bone is deposited, upon the wall of the holes. Holes 

with a diameter of 200 μm or less are then concentrically filled, like secondary osteons. 

Instead, a scaffold of woven bone bridges larger holes within the first 2 weeks. Then parallel-

fibered bone and lamellar bone are deposited upon the newly formed trabeculae until the 

inter-trabecular space is almost completely filled. It needs about 4 to 6 weeks to complete the 

final healing process. The outset value for this rapid bridging is around 1 mm in rabbit cortical 

bone. [7] Larger holes cannot be covered instantly or, in other words, by one single jump (‘‘ 

osteogenic jumping distance’’). [8] This does not mean that the holes stay permanently open, 

but it takes longer time to complete the filling process. The compact bone that fills the holes at 

4 to 6 weeks is considerably different from the original cortex. Complete healing in the sense 

of full restoration of the original structure can be achieved only by haversian remodeling, 

which starts in the second and third months and continues for months if not years. 

The outline of the repair of small cortical defects can be divided into three steps that closely 

resemble the stages of formation of compact bone during skeletal development and growth. 

Initially, the defect is bridged with woven bone. The resulting structure is then reinforced by 

parallel-fibered and lamellar bone, and finally haversian remodeling restores the original 

structure. However, healing capacity of bone defects has its limitations. 

Bore hole experiments have shown that exists a critical value for the defect size. If this value is 

surpassed, the defect persists, at least partially. The actual dimension of critical size defects 

varies considerably, depending on species, age and anatomical site. Therefore, the critical size 
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of defects has to be specifically defined in animal studies. Another important aspect is the 

containment of the defect: bony walls and open communications with the bone marrow space 

are more advantageous for a bony filling than contact with connective tissue elements. 

Conditions that block or prevent bone repair include (1) failure of vascular supply, (2) 

mechanical instability, (3) oversized defects, and (4) competing tissues of high proliferative 

potential. Different procedures are established for promotion of bone repair in oversized 

defects and for the prevention of fibrous tissue ingrowth. [9] 
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Regenerative medicine: current strategies 

 

Regenerative medicine is a relatively new, highly promising field of reconstructive biology 

that approaches the recent advances in medicine and surgery, polymeric chemistry and 

physiology. In this field, regenerative medicine may include the use of synthetic polymers to 

facilitate the initial healing processes. In fact, there has been increased interest in scaffold-

based strategies as represented by the exponential rise in number of publications over the 

last years. 

The fundamental concept underlying regenerative medicine is to combine a medical device 

like a scaffold with living cells or growth factors to form a construct, which promotes the 

repair or regeneration of tissues. The scaffold is used for his osteoconductive properties [10] 

[11] and the cells or growth factors are used for their osteoinductive or osteogenic properties. 

[12] [13] 

Various scaffolds, used in combination with stem cells or gene therapy strategies, have shown 

promising results in terms of new bone tissue formation and repair of segmental defects in 

animal studies. [14] Other in vitro and in vivo studies have shown excellent biocompatibility 

and bone regeneration for several different types of bone scaffolds. However some critical 

issues still remain:  biocompatibility and biomechanical properties in polymeric scaffolds, 

limited bioactivity, biodegradation, and metal ion release for metallic scaffolds, toughness as 

well as reliable and production techniques for ceramic scaffolds. [15] 

In addition, the control of degradation rate of any scaffold materials requires better 

understanding to match the regeneration rate of the replacing bone tissue. 

Scaffolds are designed with interconnected porosity in which osteogenic and angiogenic 

agents are added. However, organization of porosity in the scaffold can play a significant role 

in the quality of bone formation. [16] 
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Scaffolds 

 

Right design and material properties require further investigations to design more clinically 

useful scaffolds. The requirements of the scaffolds also need to be suited accordingly to the 

different types of bone defects and fracture sites.  

The polymer choice, characterization, technique of realization of the structure and interaction 

structure/cells is very important topics in this field.  

The general criteria in designing an appropriate scaffold for bone tissue include choice of 

material, architecture and porosity, surface chemistry and osteoconductivity as well as 

mechanical strength. Reproducibility of manufacturing process and clinical handling are also 

essential. First of all, the material needs to be biocompatible, biodegradable and must have 

physical and mechanical properties similar to bone tissue. Moreover, it must not give adverse 

physiological response from the host. Ideally, the scaffold should serve as a temporary 

structure, which subsequently degrades in combination with new bone tissue formation over 

time. 

 

Types of scaffold 

There has been a clear increase in the number of new scaffolds that have been developed for 

bone tissue over the last years, using different materials and designs.  

Polymers are the most commonly studied materials, followed by ceramics and often used in 

combination as composites. 

Factors that have to be considered for the choice of the polymer are: 

1) to be biodegradable, or to be removable through the normal metabolic processes; 

2) to be biocompatible; 

3) to be recognized by cellular receptors; 
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4) interaction with other molecules of the extracellular matrix; 

5) its degradation products must be removed by cells (macrophages); 

6) a degradation time sufficiently long, but not excessive; 

7) absence of toxicity; 

8) suitable mechanical properties and mechanical stability for an appropriate time; 

9) reproducible and standard manufacturing process; 

10) to be easily sterilized in order to avoid contaminations and infections; 

11) chemical and physical properties to ensure cellular functions (adhesion, growth). 

Biocompatibility of a scaffold is described as its ability to support normal cellular activity, 

including molecular signaling systems, without any local and systematic toxic effects to the 

host tissue. [17] A bone scaffold must be also osteoconductive. The scaffold has to allow the 

bone cells to adhere, proliferate, and form extracellular matrix on its internal and external 

surface. The scaffold should also have osteoinductive properties that mean to be able to 

induce new bone formation through biomolecular signaling and recruiting progenitor cells. 

Furthermore, an ideal scaffold has to form blood vessels in or around the implant within few 

weeks after implantation to actively support nutrient, oxygen, and waste take off. 

The mechanical properties of an ideal bone scaffold should match host bone properties. A 

proper load transfer is important as well. Mechanical properties of bone vary widely from 

cancellous to cortical bone. Young’s modulus of cortical bone is between 15 and 20 gpa and 

that of cancellous bone is between 0.1 and 2 gpa. Compressive strength varies between 100 

and 200 mpa for cortical bone, and between 2 and 20 mpa for cancellous bone. 

The large variation in mechanical property and geometry makes it difficult to design an ideal 

bone scaffold. 
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Essential property for scaffolds is interconnected porosity, where the pore size should be at 

least 100 μm in diameter for successful diffusion of nutrients and oxygen for the survival of 

the cells. [18] 

However, pore sizes in the range of 200–350 μm are found to be optimum for bone tissue 

ingrowth. [19] 

 Furthermore, more recent studies show that multi-scale porous scaffolds, involving micro 

and macro porosities, can give better results than only macro porous scaffolds. [20] 

Unfortunately, mechanical properties such as compressive strength are reduced by porosity. 

Moreover porosity increases the complexity for easy and reproducible scaffold 

manufacturing. Researchers have investigated porous scaffolds using polymers, ceramics, 

composites, and metals. Nonetheless bio-ceramic materials strength matches close to the 

cortical bone and some polymers to that of cancellous bone, ceramic–polymer composite 

scaffolds are usually weaker than bone. Porous metallic scaffolds meet the mechanical 

requirements of bone, but fail in providing the necessary implant-tissue integration and add 

the issues related to metal ion leaching. [21] 

In bone tissue regeneration another important concern for scaffolds is bioresorbability. [22] 

An ideal scaffold should not only have mechanical properties closed to that of the host tissue, 

but also should have a controlled resorption rate, similar to bone tissue regeneration rate. The 

degradation behavior of the scaffolds should be variable based on applications. In spinal 

fusion it could be 9 months, in cranio-maxillofacial surgery 3–6 months for example.  

In the end, the keys challenge in designing and manufacturing a multi-scale porous scaffolds 

are the ideal composition, targeted biomolecules, mechanical properties and related 

bioresorbability. [23] 



Tesi di dottorato di Paolo Di Benedetto, discussa presso l’Università degli Studi di Udine 

 

 13 

Polymers 

Biodegradable polymers represent the category of materials that are mostly used in bone 

regenerative medicine for manufacturing of scaffolds. They are available in a range of 

compositions, properties, and forms (solid, fibers, fabrics, films and gels) and can be easily 

molded into different shapes and complex structures. The molecule of a polymer is 

constituted by the union of a large number of simple units called monomers through 

polymerization reaction. Their ability to support tissue growth and remodeling over their 

function should be the principal reason of using biodegradable polymers [24] 

Polymers can be classified according to the following criteria: 

- mechanisms of polymerization, which are divided into polyaddition and polycondensation; 

- molecular weight, which is defined as the molecular weight of the monomer multiplied by 

the degree of polymerization; 

- structure of the chains (linear, branched and cross-linked); 

- crystallinity; 

- thermodynamic properties; 

- structures of co-polymers. 

Natural polymers such as chitosan, hyaluronic acid, collagen have a low immunogenic 

potential, with a bioactive potential that has the capability to interact with the host 

surrounding tissue. [25] 

Synthetic polymers have important advantages due to their suitable biodegradation rate, 

higher predictability of properties, better lot-to-lot consistency. They could also be easily 

fabricated and shaped as needed. [24] 

Both natural and synthetic polymers are bioactive and biodegradable [23], consequently they 

are ideal for use as scaffolds in tissue engineering. 
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Natural polymers, commonly used for bone tissue regenerative surgery, are hyaluronic acid, 

collagen, silk, fibrin, chitosan and alginate. [26] Despite some disadvantages, these polymers 

are frequently used in scaffolds production.  Collagen, for example, which is a fibrous protein, 

could present several disadvantages such as: potential pathogenic transmission, poor 

mechanical properties, antigenicity, and poor handle ability. Synthetic polymers used for 

tissue engineering applications include polyethylene glycol (PEG), poly-glycolic acid (PGA), 

poly-lactic acid (PLA), poly-caprolactone (PCL) and copolymers of lactic acid-glycolic acid 

(PLGA) and (PLLA-PDLA). Degradation of these polymers produces monomers, which are 

removed by the physiological pathway. [15]  

Polymers degrade primary by chemical reactions like hydrolysis and only minimally by 

enzymatic and cellular pathways. Therefore, co-polymerization and changes in 

hydrophobicity and crystalline structure can change degradation predictability. The fast 

diffusion of water into the material can cause a degradation reaction that is not only limited to 

the surface but takes place in the whole volume (bulk-degradation). Instead, hydrophobic 

polymers only degrade from the surface (surface-degradation). [27] Some of the products 

caused by degradation, like micro crystallites, may also cause immunological and foreign body 

reactions. 

Erosion particles of biological inert polymers can activate macrophagic response causing 

osteolysis without additional chemical reactions. An in vivo study on rabbits shows that after 

implantation of polymer screws the drill holes were not refilled with trabecular bone after 54 

months, despite their complete degradation. [28]  

Even with high initial strength, polymeric scaffolds show accelerated strength degradation in 

vivo. [29] 

Poly-glycolic acid (PGA) and poly-lactic acid (PLA) have different characteristics. PGA is 

broadly used for scaffold production. As a result of its hydrophilic nature, poly-glycolic acid 
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degrades rapidly in vivo or in aqueous solutions and it loses its mechanical properties in 

about 2 to 4 weeks. On the contrary, poly-lactic acid has a chemical structure (semi 

crystalline), which enables it to have more hydrophobic properties and allows for resistance 

to hydrolysis. Both in vivo and in vitro conditions, poly-lactic acid takes months or years to 

lose mechanical integrity.  

All linear aliphatic polyesters derived by lactic acid and glycolic acid are poly α-hydroxyl 

acids.  There are also linear aliphatic polyesters based on poly ω-hydroxy acids. These are 

polycaprolactone (PCL), poly β-hydroxybutyrate (PHB), poly-β-hydroxyvalerate (PHV) and 

copolymers PHB/PHV. The polycaprolactone is another polymer widely used.  Speed of 

degradation of polycaprolactone is slow; therefore, polycaprolactone is suitable for long-term 

implants. 

Polymers have limited capabilities in achieving strong bonding and integration with bone. 

Moreover, they exhibit elastic moduli between 7mpa (for elastic materials) and 4gpa (for stiff 

polymers), which is lower than cortical (17gpa) and cancellous bone (0,1-2 gpa) elastic 

moduli. [30]Furthermore, because of their low elastic moduli, polymers are predisposed to a 

deformation mechanism called creep, which can be significant even at stresses below their 

individual yield strength and at room temperature. [23] [30] In addition, degradation of some 

polymers such as poly-glicolic acid (PGA) and poly-lactic acid (PLA) results in a local acidic 

environment that can have adverse host tissue response. [15] 
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Metals 

Metals and alloys widely used as biomaterials include gold, titanium, stainless steel, and 

titanium alloys. Porous metallic scaffolds have been examined as bone graft materials. [31] 

[32] metals have outstanding fatigue resistance and high compressive strengths.  

Nevertheless, these scaffolds are not biodegradable and biomolecules cannot be integrated 

into them. Furthermore, there are issues related to metal ion release. 

Metals like titanium and stainless steel are biocompatible, they exhibit high strength, and they 

are easy to shape and relatively inexpensive. The main disadvantages of stainless steel and 

titanium are that they are not bioresorbable and they are rigid. The higher Young’s modulus 

of these metals induces stress shielding which could inhibit the native tissue from mechanical 

stimulation. Mechanical stimulation is an important initiator of osteoblastic differentiation 

and activation. For these reasons metallic materials are solely used for scaffolds in limited 

situations, such as in spine surgery. A new biodegradable scaffold material has been 

developed recently based on magnesium alloy. It stimulates bone formation and has a suitable 

degradation rate as founded in a rabbit model. [33] The osteoinductive properties are 

primarily based on the corrosion product magnesium hydroxide, which can temporarily 

increase osteoblast activity and decrease the number of osteoclasts. [34] 
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Ceramics 

The hydroxyapatite, bioactive glass, carbon, zinc oxide and titanium are examples of 

biocompatible ceramics. Calcium phosphate ceramics were introduced 40 years ago as bone 

substitutes. Actually, calcium phosphate (CaP) ceramics are widely used for scaffold 

production. Calcium phosphate ceramics are available in a variety of products due to different 

forms and chemical composition (Ca/P-ratio).  

Different types of ceramics have been examined including hydroxyapatite (HA), tricalcium 

phosphate (TCP) and composites like biphasic calcium phosphates (BCP). Their physical 

properties including stability, degradation rate and processability can be changed in a 

particular range by using different compositions. The calcium phosphate bioactive ceramic 

scaffolds group is the most commonly used and has been widely investigated.  

Natural bone consists of an organic and an inorganic fraction. The inorganic fraction amounts 

to 2/3 of the dry matter and principally includes calcium phosphate (85–90%), calcium 

carbonate (8–10%), magnesium phosphate (1.5%) and calcium fluoride (0.3%). Several 

minerals are present as apatite crystals, mainly hydroxyapatite. Among different caps, the 

majority of studies have been focused on hydroxyapatite (HA), β-tricalcium phosphate (β-

TCP) or a mixture of ha and β-TCP, also known as biphasic calcium phosphate (BCP). [15] [35] 

Calcium phosphate ceramics have an excellent biocompatibility and are bioactive, since they 

bind to bone and increase tissue formation. These ceramics do not offer osteogenic or 

osteoinductive properties. The structure and the Ca/P-ratio of the different ceramics (HAP 

1,67, TCP 1,5) are similar to the mineral phase of natural bone. Consequently, ceramics induce 

an interface mechanism, which leads to calcium and phosphate ions release. This results in an 

indefinable bonding between the ceramic material and the bone, called bonding osteogenesis. 

Woven bone forms directly on the ceramic surface without a dividing layer of connective 
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tissue and is transformed to lamellar bone. Ceramics have low fracture toughness with a 

comparatively high Young’s modulus between 7 and 234 gpa. [36]  

Moreover, ceramics are prone to undergo creep like polymers and metals, but are less 

probable to creep in physiological conditions.  

Pore size is one of the most important characteristics of ceramic scaffolds. Porosity should be 

similar to cancellous bone. Particular manufacturing techniques are needed to ensure the 

presence of interconnecting pores in ceramic materials. Depletion of ceramics depends on 

two different mechanisms: degradation and resorption. Degradation is a chemical process in a 

moist environment. Resorption is an active cellular process by osteoclasts with successive 

neoformation of bone. The resorption rate differs between the different types of calcium 

phosphate ceramics and can be affected by diverse composites and production techniques. 

Porous tcp-ceramics is reported to be removed with the same velocity of osseous ingrowth, 

while hap-ceramics are more permanent. [37] [38] Therefore hap-ceramics are mostly used 

as composites with other ceramics. The main disadvantage of ceramic scaffolds for their 

clinical use is their brittleness and low mechanical strength. If they are produced in an 

acceptable porous design they are lacking as a weight-bearing component. [23] 

Bioglasses 

Bioglasses are based on acidic oxides like phosphorus pentoxide, silicon dioxide and 

aluminum oxide and basic oxides such as calcium oxide, magnesium oxide and zinc oxide. A 

3d network with connected pores was built after a melting process. [39] [40] They have a 

significantly higher mechanical strength if compared to most calcium phosphate ceramics. 

Composite 

Composite scaffolds are defined as those scaffolds that are made of at least 2 different 

materials such as polymer and ceramic. So composite scaffolds combine properties of 

different materials to achieve a synergic effect in their resultant properties.  For example, 
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development of an interconnected cap-polymer scaffold has the advantages of both caps and 

polymers to meet physiological and mechanical characteristics of host tissue. Polymer in CaP 

scaffold increases toughness and compressive strength that become comparable to bone.  
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Architecture and porosity 

Bone is a composite of collagen and hydroxycarbonate-apatite with 10-30% porous hard 

external layer (cortical bone) and 30-90% porous internal layer (cancellous bone). 

Mechanical properties of bone differ widely from cancellous to cortical bone. Bone tissue 

complex geometry makes difficult to design an ideal bone tissue scaffold. [15] This kind of 

scaffolds possesses a different function from traditional bone substitutes which integration 

with existing bone and equivalent mechanical strength are main design criteria. The aim of 

regenerative bone tissue scaffolds is to completely replace the implanted scaffold with new-

formed bone tissue.  

Mechanical strength of the scaffold must be appropriate to maintain the 3D structure and 

space upon which and within which new bone tissue is formed. For this reason, scaffold 

degradation, which is essential, must be controlled.  Interconnected porosity in designing a 

scaffold play a significant role in the quality of new bone tissue formation. [15] 

Scaffold porosity and pore size are related to the surface area available for implanted cells 

growth and for host tissue potential growth, including vascular invasion.[41, 42]  

Recently, the importance of sufficient scaffold porosity has been emphasized in thick grafts to 

allow tissue ingrowth, vascular infiltration, and efficient mass transport for preserving cell 

survival. [43] 

Utilizing hard scaffold materials such as calcium phosphate or titanium with defined porous 

characteristics several in vivo studies have been conducted to assess importance of porosity. 

The majority of these studies indicate pore structure is important in facilitating bone growth.  

It was described that the large pore size or porosity of the scaffold allows effective nutrient 

supply, gas diffusion and metabolic waste removal but lead to low cell attachment and 

intercellular signaling. On the other hand, the small pore size or porosity could provide 

opposite properties of those described above. [44] [45] [46] 
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The optimal porosity and pore size vary depending on the application, thus considerations on 

a cut-off range that allow for the desired properties in scaffold-based regenerative medicine 

are needed. 

Many studies have reported optimum pore size ranges for different kind of cells and tissues. 

For example, pore size of about 5 μm is the optimum for neovascularization, pore size of 

about 100-400 μm for bone regeneration and 200-350 μm for osteoconduction. Clearly it 

depends on the porosity as well as scaffold materials used.  [47] [48] [49] [50] 

Large pore size also enables cellular migration. [51] In contrast with macro-porosity, micro-

porosity of the walls modifies scaffold surface texture, and provides a higher surface area, 

which is essential for subsequent protein absorption, cellular adhesion and proliferation. [52]  

Architecturally, the interconnectivity of the scaffold filaments and pores is also important in 

sustaining nutrient transport, promoting cellular migration, cellular bridging and ingrowth of 

new bone tissue. [51]  [52] 

The transmission of shear stresses along its filaments throughout the scaffold upon exertion 

of biomechanical forces are dictated by continuity of the filaments. [53] Additionally, scaffold 

stiffness is enhanced by altering its structural architecture changing porosity. In fact, scaffold 

stiffness may also be suited altering polycaprolactone filament orientation in fused deposition 

modeling technique. [54] It was demonstrated that PCL scaffolds fabricated via selective laser 

sintering resulted in varying stiffness values (52 to 67 mpa) depending on the degree of 

porosity[55], while other studies showed that scaffold stiffness may be altered to match 

craniofacial anatomy by changing scaffold architecture. [56] These authors have reported that 

scaffold architecture plays a critical role in determining the stiffness of the scaffold. 
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Angiogenesis in bone tissue scaffolds 

Vascularity of the scaffolds is essential. In fact, if blood vessels are not developed and the 

scaffold remains ischemic, the cells will die and no integration will take place. [57] 

Bone is a highly vascularized tissue, so the performance of a bone tissue scaffold is dictated by 

its skill to induce neovascularization. [18]  

Supply of oxygen and nutrients are indispensable for the survival of growing cells and tissues, 

within the scaffold. [58]  

Although it takes weeks to form a complex network of blood vessels, the inflammatory wound 

healing response, after scaffold implantation, induces spontaneous vascularization. [18] 

Moreover, improper vascularization leads to nutrients and oxygen insufficiency, which results 

in cell death or non-uniform cell differentiation. [59] Various strategies have been 

investigated to solve vascularization problem in bone tissue scaffold, including use of 

angiogenic growth factors, like VEGF, and valsculogenic cell sources in conjunction with 

scaffold. These strategies showed to enhance neovascularization and subsequent new bone 

formation [60] other authors describe the use of growth factors, such as VEGF, PDGF and FGF 

to enhance vascularity and angiogenesis in the grafts. [61] [62] 
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Fabrication techniques 

Exist several technologies for the production of polymeric scaffolds, which can be divided into 

two groups. Conventional techniques, which allow the realization of 3D biodegradable 

structures, but do not allow the realization of a sufficiently interconnected pores network. 

Among these, the textile technologies are designed to exploit the possibility of creating porous 

mesh through various weaves of fibers. The structures obtained by this technique have the 

typical behavior of biological materials. Conventional techniques for the production of 

scaffolds are: extrusion with blowing agents, solvent casting and gas foaming techniques. 

Common practices to fabricate 3D composite scaffold are solvent casting/particle leaching, 

thermally induced phase separation (TIPS), microsphere sintering and scaffold coating. [21] 

[34]. 

The great drawback of traditional manufacturing methods is that these techniques do not 

allow the construction of scaffolds with microscopic and macroscopic structures predefined 

nor controllable. Currently, these objectives seem to be better pursued with the latest 

technologies based on automatic image processing systems (CAD) and computer aided 

manufacturing (CAM). The non-conventional techniques of rapid prototyping, using specific 

software, allows to obtain structures with interconnected pores and easily reproducible. The 

generative manufacturing techniques hold great potential for bone scaffolds. Especially the 

3D-powderbed based printing (3D-p) and the selective laser melting (SLM) techniques are 

apposite to produce scaffolds of individual shape. Among various construction techniques, 

solid freeform fabrication based techniques are probably the most commonly investigated for 

manufacturing 3D interconnected porous scaffolds. [63] Solid freeform fabrication is a 

general method in which 3D parts are printed layer-by-layer based on a computer-aided-

design (CAD) file. Many commercial solid freeform fabrication techniques are available for 
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different materials. A cad file is created according to the architecture and porosity of the 

scaffold. The 3D printing system has a deposition bed, a feed bed, a powder spreader, a print 

head, and a drying unit. Initially, the printer head sprays the binder on the loose powder 

reproducing the specific cad file, followed by lowering the deposition bed and raising the 

feeder bed. Successively, a metallic roller spreads the powder over the binder, which then 

goes to the dryer. This process is repeated, layer-by-layer, until the specific part is built. [64] 

Then, to achieve higher mechanical strength, ceramic parts can be densified at high 

temperature. [65] In this category falls the selective laser sintering (SLS), which is one of 

rapid prototyping techniques more effective among those currently used. A laser beam is 

directed on a thin layer of thermoplastic powder, previously compacted by the sliding of a 

roller. The powder is supported by a mobile base, which, layer after layer, is lowered to favor 

the deposition of new powder with the consequential creation of new layers of the object. The 

process is repeated until the object is not completed in its entirety. The heat emitted by the 

laser beam causes a localized casting of dust particles under the control of a precise scanning 

system, thus obtaining the sintering. This process is very efficient and effective but it is rather 

expensive and leads to a large waste of material. 

Solid freeform fabrication methods can also be applied to metallic or polymeric materials. 

Lenstm has been used to produce porous metallic scaffold using titanium (Ti), tantalum (Ta), 

and their alloys. [31] In this process, a high power laser melts metal powder particles that are 

injected on the substrate at the focal point of the laser. The liquid metal is used to build parts 

layer-by-layer. [31, 66] This process is repeated until a 3D porous scaffold is formed. [63] 

Another technique is the electro-spinning of the polymeric scaffold, which showed great 

promise. In this technique, polymer solution is injected through a needle under an electric 

field where a spinning surface gives shape to the scaffold. [34] Although it was initially 

designed for polymeric scaffolds, ceramic–polymer composites were also successfully 
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fabricated using this method. [67] 

The micro molding is another unconventional technique.  This is a technique of casting based 

on thermoplastic polymers deformation. The polymer is "injected" into a mold of the shape of 

the scaffold to be obtained. 
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Stem cells 

Stem cells offer the promise of an unlimited source of cells for therapeutic applications in 

various conditions, including metabolic, degenerative and inflammatory diseases, cancer and 

for the treatment of a tissue loss. Several types of stem cells can be isolated, expanded and/or 

differentiated in vitro, and successively administered to the patient. Stem cells can be defined 

as cells with the capacity for self-renewal and the ability to differentiate into various lineages. 

Stem cells are able to proliferate even as stem cells in an undifferentiated form. Those that are 

of interest for applications in the field of advanced therapies, as reported by the EMA 

guidelines (Reflection paper on stem cell-based medicinal product, march 16, 2010), are: 

- "embryonic stem cells (HESCs) derived from blastocysts, can be maintained in culture in 

vitro as well as other cell lines. HESCs are pluripotent and have the ability to differentiate into 

virtually any cell type present in the human body. Can be characterized by a distinct set of 

markers to cell surface, as well as by genetic markers of pluripotency. HESCs, as implanted in 

a permissive host for teratoma, form benign tumors composed of various cell types derived 

from the three germ layers, endoderm, mesoderm and ectoderm. HESCs can differentiate in 

vitro using or external factors added to the culture medium or through genetic modification. 

However, the in vitro differentiation often generates cell populations with a variable degree of 

heterogeneity. 

- adult stem cells or somatic cells including: 

a) stem cells / hematopoietic progenitors (HSCs). HSCs are cells capable of giving rise to 

differentiated cells belonging to all hematopoietic lineage, myeloid and lymphoid, both in the 

hematopoietic marrow that in the thymus. In the adult, the HSCs are localized in the bone 

marrow and are located at a lower frequency in the form circulating in the peripheral blood. 

At low frequencies can also be found in other tissues (liver, spleen, and muscle) but their 

origin and relevance to normal hematopoiesis have not yet been fully clarified. HSCs are 
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mobilized from the blood compartment after intensive treatment with chemotherapy and / or 

growth factors. These stem cells are also found in the placenta and umbilical cord blood at 

birth, at concentrations similar to those in the bone marrow in the adult. 

b) mesenchymal stem / stromal cells (MSCs). MSCs are cells that are primarily derived from 

the stroma of the bone marrow or adipose tissue. In addition, mscs have been isolated from 

several other tissues such as retina, liver, gastric epithelium, tendons, synovial membrane, 

placenta, and umbilical cord blood. They have the ability to differentiate the various lineages 

and can be induced to differentiate into osteogenic, chondrogenic and adipogenic. MSCs can 

differentiate in neurons, astrocytes, tenocytes and skeletal myocytes. They also have a specific 

immunophenotype, which allows to select them using the technique of facs. 

c) tissue-specific progenitor cells. These are cells that have a more limited ability to 

differentiate and normally produce only one cell type or a few cell types that are specific to 

that tissue. 

- Induced pluripotent stem cells (IPS) are artificially generated from stem cells. Are 

reprogrammed from somatic stem cells such as fibroblasts of the skin. Ips cells share many 

characteristics with hescs, have the capacity for self-renewal, and are pluripotent and form 

teratomas. IPS cells are increasingly generated from different types of mature cells. Their 

ability of differentiation appears to depend on cell type and age of the cells from which ips are 

reprogrammed. There is a gap in knowledge that should be dealt with in relation to the 

alteration of some signaling pathways, differences in gene expression and epigenetic control. 

These features can result in chimerism or malfunction of cells. " 

Bone marrow derived mesenchymal stem cells (MSCs) are a very small portion of pluripotent 

cells situated in the bone marrow. Mesenchymal stem cells can be isolated from a mixture of 

bone marrow cells on the basis of antibody expression selection procedures. The isolated msc 

can differentiate into numerous different cell types including the osteogenic lineage. Different 
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chemicals control differentiation into the osteoblastic phenotype, for example ascorbic acid, 

dexamethasone, and growth factors like BMPs, PDGF and TGF-β. One of the principal 

problems is the relative low MSCs concentration in the bone marrow. To obtain relevant 

amounts of cells, the cells have to be cultured and amplified ex vivo. During an extended ex 

vivo cultivation mesenchymal stem cells lose some of their phenotypic characteristics such as 

bone forming capability. [68, 69] Another drawback is the need of adequate sterilization of 

the cell-seeded scaffold before surgery. It has been be reported that scaffolds seeded with 

mscs have a better osteogenic capacity and show a faster integration with native tissue than 

acellular scaffolds. [70] The osteoinductive and osteogenetic properties of MSCs were 

demonstrated in several preclinical animal models treating critical sized bone defects with 

msc seeded matrices in different animals. [71, 72] Other studies reported the importance of 

the scaffold material on the properties of the inserted MSCs. For example MSCs on 

polycarbonates containing 0% or 3% of PEG up regulate the expression of estrogenic markers 

at different stages. Cells on polycarbonates containing no PEG were characterized as having 

early onset of cell spreading and osteogenic differentiation. Cells on 3% peg surfaces were 

delayed in cell spreading and osteogenic differentiation, but had the highest motility. [73]  
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Bioreactors 

In the overall cell-based bone tissue-engineering strategy of expanding, culturing and 

differentiating stem cells on a three-dimensional scaffold to implant the scaffold in vivo, 

bioreactor can be used to enhance in vitro culture steps.  

Bioreactor is an innovative method for in vitro cell culture that allows reaching a good level of 

production quality, standardizing the process, under controlled conditions as established by 

regulatory requirements. 

Bioreactors utilize cells and materials that have previously been proven effective for bone 

tissue engineering, such as polymeric scaffolds and mesenchymal stem cells (MSCs). [74] [75] 

This population represents only a small percentage of cells found in the bone marrow, thus 

expanding these cells to clinically relevant numbers represents a significant problem to the 

implementation of a tissue engineering strategy. In addition to a readily available cell source, 

the use of bioabsorbable scaffolds is also important because ideally scaffolds degrade in vivo 

and are replaced by new bone tissue.  

The cells expansion process is usually constituted by an open system that uses flasks or 

plates. This method requires frequent manual intervention, resulting in a potential risk of 

contamination. Crops standard "open" are more costly in terms of time needed for the growth 

and amplification of cellular also require expensive facilities. [76] 

Bioreactors are tools created for fermentation and culture of bacteria and, successively, have 

been applied to tissue engineering. [77] Their aim is to recreate in vitro conditions typical of 

the biological environment present within the body, allowing the control of chemical-physical 

and mechanical parameters that influence the state, such as the pH, the concentration of gases 

(oxygen and carbon dioxide), the humidity and the temperature. Furthermore, bioreactors 

allow the physical and mechanical stimulation of the tissue construct during the culture 

phase. [78] A common feature of these devices is the capacity to generate flow pattern in the 
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culture medium, by establishing convective motions. This consent cells perfusion. Contrarily 

from what happens in static cultures in which everything is entrusted to the simple diffusion, 

in bioreactor the cells are better reached by nutrients and there is a more rapid removal of 

waste metabolites. 

It was reported that bioreactors improve cell seeding efficiency, [79] [80] cells proliferation, 

[81] [82] and mesenchymal stem cell osteoblastic differentiation. [83]  

The most significant contribution of bioreactor systems to a bone tissue engineering strategy 

is the possibility of automation.  

In fact, automation is important to minimize the risk of contamination from bacteria and 

other cells, to reduce work amount, and to reduce costs associated with in vitro cell culture. 

Bioreactor systems have the potential to minimize all of these aspects through automated cell 

culture. A cell source could be added to a bioreactor, seeded using the bioreactor, and 

cultured continuously in a closed system. Nutrient and oxygen concentrations could be 

monitored by the system and media changes could be automated. Reducing the potential risk 

of contamination and work amount, bioreactors could improve the feasibility of bone tissue 

engineering strategies.  

In the design of a bioreactor, there are some basic technical specifications that must be 

considered: 

- all components of the device in contact with the culture should be sterilized or disposable 

and sterility absolutely maintained; 

- the number and complexity of the steps for assembly or disassembly should be limited; 

The bioreactors could be computer controlled to minimize or completely remove the need for 

operator intervention. [76] 

Nursery of cell growth, which controls inoculation and cultivation of cells, can be connected to 

a memory device. In addition, there may be sensors of incoming and outgoing from the room, 
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to measure various parameters such as, the pH, the concentration of carbon dioxide, glucose, 

temperature etc.. All obtained data are stored by the memory device going to be part of the 

documentation to meet the requirements for operating accordingly to the standards of good 

manufacturing practice. [76] Again, completely closed systems remove most of the issues 

related to microbial contamination, which represent one of the major risks of using cells. [84] 

In addition to the possibility of automation, bioreactors can improve in vitro cell culture 

especially in three-dimensional scaffolds. In fact, in these scaffolds, nutrient gradients develop 

in static culture where the cells at the surface are consuming oxygen, glucose, and other 

nutrients creating a gradient where cells nearer to the surface of the scaffold receive adequate 

nutrients, but the concentration of these nutrients decrease toward the center of the scaffold. 

If nutrient and oxygen concentrations drop below the minimum necessary to sustain cell 

growth, at the center of the scaffold cell death occurs. [85] This is empathized in bone tissue 

scaffold in which cells are producing matrix and this gradient is magnified as the matrix 

produced by cells on the exterior portion of the scaffold reduces nutrient transmission. To 

mitigate this bioreactor systems have been developed to optimize this process through 

dynamic culture and a controlled environment. Bioreactors that have been widely utilized in 

bone tissue engineering are: spinner flasks [86] [87], rotating wall [86] [88], and perfusion 

systems [89] [90]. These bioreactor types showed to be an effective means to culture cells for 

bone tissue engineering purposes. Spinner flask and rotating wall bioreactor systems are 

efficient to create a homogenous media solution on the exterior of the scaffold but do not 

effectively perfuse media inside. Perfusion systems have been demonstrated to effectively 

perfuse media throughout the scaffold and have been shown to upregulate osteoblastic 

markers and increase calcium deposition. Bioreactor systems, in particular perfusion systems, 

increase nutrient transport and expose cells to fluid shear stresses. An important feature of 

bioreactor systems is their ability to create an in vitro environment that is similar to the in 
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vivo environment of bone. [91] Although bioreactor systems cannot reproduce bone tissue 

environment, mechanical stresses and improved nutrient transport aid in enhancing in vitro 

cell culture. For example, limited transport of nutrients in static culture is in contrast to the in 

vivo conditions of bone that is a well-vascularized tissue. Bioreactor systems overcome these 

barriers via dynamic culture that improves nutrients transport and exposes cells to 

mechanical stress. Mechanical stimulation through fluid shear stresses has been shown to be 

important in bone differentiation and mineralization. [91] [92] Bone tissue constantly 

remodels itself in response to mechanical stresses. Some authors hypothesized that in vivo, 

these stresses are mainly transmitted to bone cells via fluid shear stresses. [93] As load is 

applied to bone, interstitial fluid flows through pores in the bone, and the shear stress is 

sensed by terminally differentiated osteoblasts known as osteocytes. The matrix network 

around these osteocytes may allow for communication with osteoblasts and osteoprogenitor 

cells. It is assessed that in response to loading, bone cells experience in vivo shears from 8 to 

30 dyn/cm2. [94] Osteoblasts and mesenchymal stem cells have also been shown to directly 

respond to shear stress. [90] [95]  

A simple bioreactor system to achieve thorough media mixing is the spinner flask. Spinner 

flasks are composed of a glass media reservoir with side arms that can be opened to remove 

scaffolds and media and often have porous covers to allow for gas exchange. The flask has a 

stir bar or other stirring mechanism that stirs the media in the flask. Scaffolds are typically 

suspended from the top of the flask using needles or thread. [96] [97] 

Spinner flasks bioreactors are often used in bone tissue engineering. They increase the 

expression of early osteoblastic marker alkaline phosphatase (ALP), late osteoblastic marker 

osteocalcin (OC), and calcium deposition as compared to static culture and rotating wall 

bioreactors. [97] This effect is thought to result from the convective transport of nutrients to 

the surface of the scaffold in spinner flask culture in contrast to the purely diffusional 
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transport in static culture. This increases also oxygen concentrations throughout the scaffold. 

In static culture, we observe a nutrient concentration gradient where cells in the center of the 

scaffold receive an insufficient supply of nutrients. [84] A nutrient gradient may still exist in 

spinner flask culture due to matrix deposition on the exterior portions of the scaffold. [97] 

Some studies reported that spinner flask culture does not adequately increase mass transport 

and a sharp nutrient gradient results leading to cell death in the center of the scaffold. 

Penetration depth of transport in spinner flasks appeared to be limited to 1.0 mm or less. 

Despite these data, spinner flasks expose cells at the surface of scaffold to shear stress, which 

could aid in enhancing osteogenic differentiation. [82] 

The differences in proliferation and differentiation observed between spinner flask and static 

culture could be caused by increased nutrient transfer or exposure to shear stresses. Culture 

conditions of spinner flask systems affect stem cell differentiation and proliferation. [98]  

Another system used in bone tissue engineering to increase media mixing is the rotating wall 

bioreactor. The design features two concentric cylinders, an inner cylinder that is stationary 

and provides for gas exchange and an outer cylinder that rotates. [84] The space between the 

two cylinders is completely filled with culture media and cells enriched scaffolds are placed 

freely moving in this space. The free movement of the scaffolds leads to a microgravity 

environment however the flow of the fluid produced by the centrifugal forces of the cylinder 

balances with the force of gravity. [96] [97] 

 A slight variant of the rotating wall bioreactor is used in the rotational oxygen-permeable 

bioreactor system (ROBS) where scaffolds are cultured in a 50-ml polypropylene centrifuge 

tube modified with a silicone elastomer to provide for gas exchange. [99] The tubes 

containing the constructs are then placed on a roller device and housed in an incubator. This 

system provides both for gas exchange and rotational shear forces and was efficaciously used 

to culture BMSCs on polycaprolactone scaffolds. [100, 101]  
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Another slight variation of the traditional rotating wall bioreactor is that in which scaffolds 

are fixed to the vessel wall rather than allowed to move freely. [102] 

Most of these bioreactors are uni-axial in design, which may place a constraint on the 

homogenous flow pattern of media. Some authors developed a biaxial rotating bioretactor, 

which incorporates a biaxial rotating wall vessel design with a media perfusion system in 

order to overcome the limit of uni-axial design. Under in-silico simulation this bioreactor 

demonstrated enhanced flow dynamic over uniaxial rotation.  [103] [88] 

Several studies comparing rotating wall bioreactors to static and spinner flask culture have 

been completed and reported less encouraging results for rotating wall bioreactors. [96] 

[104]  

Perfusion bioreactors use a pump system to perfuse media directly through a scaffold. Many 

different perfusion bioreactor systems have been developed but most systems consist of a 

similar basic design containing of a media reservoir, a tubing circuit, a pump, and a perfusion 

cartridge. [91] The perfusion cartridge houses the scaffold, which is sealed so that media 

cannot flow around it. Consequently perfusion of media takes place directly through the pores 

of the scaffold. This direct perfusion makes these systems difficult to develop, as the perfusion 

cartridge must be custom made to closely fit a scaffold. The scaffold must have also highly 

interconnected pores. Despite these difficulties, many perfusion bioreactor systems have been 

developed and studied for bone tissue engineering purposes. [81] [82] [105] [92]  

Most common in the literature is the flow perfusion culture bioreactor, that utilizes two media 

reservoirs to allow for complete media changes and a cassette that contains a scaffold press fit 

between two o-rings. [92] [106] 
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Aims 

The aims of the present study were to investigate the local tolerance and the osteointegration 

capacity of a new biodegradable composite scaffold consisting of polycaprolactone (PLC) and 

β-tricalcium phosphate (TCP) enriched or not with mesenchymal stem cells. 

 

Experimental procedures 

Animals and operations. In the first experiment we evaluated the in vivo local tolerance in 4 

immunodeficient (NOD/SCID) mice (2 male and 2 female animals) implanting the scaffold 

material enriched or not of human stem cells (abm007f) expanded in vitro in bioreactor and 

using hydroxyapatite scaffold as control. The animals were premedicated and subsequently 

general anesthesia was induced with xylazine hydrochloride and ketamine HCl. In each 

animal 5 subcutaneous implants were done as follow:  

1. Pellet pcl+tcp (dipping) 

2. Pellet pcl+ tcp (dipping)+ human mscs 

3. Pellet pcl (no dipping)  

4. Pellet pcl (no dipping)+ human mscs 

5. Hydroxyapatite 

Animals were sacrificed for histological examination at 4 weeks. 

In the second step we assessed local tolerance and ectopic bone formation in 8 

immunodeficient (NOD/SCID) mice (4 male and 4 female animals) in which we used the 

scaffold enriched or not of sheep stem cells obtained from bone marrow, expanded in vitro in 

bioreactor, and a hydroxyapatite scaffold as control. The animals were pre-medicated and 

subsequently general anesthesia was induced with xylazine hydrochloride and ketamine HCl 

in each animal 5 subcutaneous implants were done as follow:  

1. Scaffold 3D pcl+tcp (dipping) 
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2. Scaffold 3D pcl+ tcp (dipping)+ sheep mscs 

3. Scaffold 3D pcl (no dipping)  

4. Scaffold 3D pcl (no dipping)+ sheep mscs 

5. Hydroxyapatite. 

Animals were sacrificed and histological evaluation was performed at 4 and 8 weeks from the 

implantation.  

In the third experiment a rabbit model was used to evaluate osteointegration capability and 

local tolerance of this scaffold loaded or not of autologous stem cells obtained from bone 

marrow (expanded in vitro in bioreactor). The protocol consists of 5 experimental groups of 

animals (12 adult white New Zealand rabbits).  For this, healthy and skeletally mature male 

New Zealand white rabbits were selected and cared according to guidelines for the care and 

use of laboratory animals. The animals were housed in individual cages.  

Two weeks before surgery, a bone marrow sample was taken under general anesthesia. Bone 

marrow concentrate was successively processed and mesenchymal stem cells were isolated to 

be expanded in vitro in bioreactor. Surgery was performed under general anesthesia. The 

anesthesia was induced by an intramuscular injection of ketamine hydrochloride and 2% 

xylazine hydrochloride. The animals were placed in a ventral position for the insertion of the 

implants. Legs of the animals were shaved, washed, and disinfected with povidone–iodine. A 

midsagittal incision was made through the skin. The skin and subcutaneous tissue were 

separated from the periosteum by using blunt dissection. A second longitudinal incision was 

made through the periosteum, which was the elevated and care fully dissected from the 

underlying bone. After exposure, one full thickness bone defect (4 mm x 11 mm) was made in 

radial diaphysis. This kind of lesion allows implantation of the scaffold without any 

stabilization procedure due to intrinsic stability provided by the ulna. Subsequently, the 
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samples were inserted into the defects randomly. After inserting the scaffold, the skin was 

closed.  

In detail: 

1. In the first group 3 rabbits were treated with cellularised 3D samples (scaffold + dipping).  

2. In the second group 3 rabbits were treated with not cellularised 3D samples (scaffold + 

dipping).  

3. In the third group 3 rabbits were treated with the control material (hydroxyapatite).  

4. The fourth group consisted of 2 animals treated with 3D scaffolds not cellularised and 

without dipping.  

5. The fifth group consisted of a single animal without any implant. 

Conventional x-rays were performed post-surgery and at weeks 4-8-12. Newly formed bone 

and callus formation in the defect area were characterized qualitatively. At 4, 8, and 12 weeks 

post-implantation, euthanasia was performed with tanax ev. after deep sedation, induced by 

combination of ketamine and xylazine. For histological study, the implants with surrounding 

bone tissue were removed, fixed with 4% formaldehyde in pbs, and then decalcified in 10% 

formic acid. After dehydration in a graded series of ethanol, the specimens were embedded in 

paraffin wax and cut into 5 mm transverse sections in the center of the bony defects. These 

sections were stained with hematoxyline and eosin for the observation by light microscopy. 

In the last experiment we evaluated osteointegration and local tolerance of this scaffold 

enriched or not of autologous stems cells (expanded in vitro in bioreactor) in sheep. The 

protocol consist of 2 groups of 6 experimental animals each one. Two weeks before surgery, a 

bone marrow sample from iliac crest was taken, always under general anesthesia. Bone 

marrow concentrate was successively processed and mesenchymal stem cells were isolated to 

be expanded in vitro in bioreactor. In the first group we implanted 6 scaffolds in the tibial 

diaphysis and 2 scaffolds in the distal femoral epiphysis in the right leg and the control 
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material (hydroxyapatite) in the contra-lateral leg. In the second group we implanted with the 

same pattern of positioning the scaffolds and the hydroxyapatite enriched of autologous 

mesenchymal stem cells previously expanded in vitro in bioreactor.   The animals were pre-

medicated and subsequently general anesthesia was induced with xylazine hydrochloride and 

ketamine HCl during surgery, a bone defect of about 12mm x 5 mm was created before 

implantation as follows.  The animals were placed in a lateral decubitus position for the 

insertion of the implants. Legs of the animals were shaved, washed, and disinfected with 

povidone–iodine. A mid-sagittal incision was made through the skin on the medial tibial 

diaphysis and an oblique skin incision was made on the lateral aspect of distal epiphysis of 

femur (knee). The skin and subcutaneous tissue were separated from the periosteum by using 

blunt dissection. A second longitudinal incision was made through the periosteum, which was 

the elevated and care fully dissected from the underlying bone. After exposure, full thickness 

bone defects were made in tibia and femur. This kind of lesion allows implantation of the 

scaffold without any stabilization procedure due to intrinsic stability (see fig. 1).  

Subsequently, the samples were inserted into the defects randomly. After inserting the 

scaffold, the skin was closed.   

Each group was divided in 3 subgroups in relation of experimental time of 6 weeks (2 

animals), 12 weeks (2 animals), 24 weeks (2 animals). Bone growth and local tolerance were 

assessed histologically, radiographically and by micro-ct.  Conventional x-rays were 

performed post-surgery and at weeks 6-12-24. Newly formed bone and callus formation in 

the defect area were characterized qualitatively. Micro-CT was employed to evaluate 

volumetric quantitative new bone formation. 
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Fig. 1: implants of scaffolds and ceramic control materials in sheep (tibial diaphysis) 
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Results 

In the first experiment in 4 immunodeficient (nod/scid) mice none of the sample induced 

even a minimal inflammatory reaction (see table 1). 

Only a minimal lympho-monocyte infiltration was found in one of the ceramic samples used 

as control.  Histological images with more detailed information for degradable scaffold 

materials were displayed in fig. 2 without obvious inflammatory reactions. 

 

Figure 2: histological evaluation (photomicrographs): a minimal lympho-monocyte infiltration in one of the 

ceramic samples 

Legend: 

1 example of inflammatory reaction: leukocyte infiltration 

2,3,4,5  (ha)ceramic material  as control 

6,7,8,9  samples of polycaprolactone (pellet) 

10,11,12,13  samples of polycaprolactone (pellet) + hmscs 

14,15,16,17  samples of polycaprolactone (pellet) + dipping 

18, 19, 20  samples of polycaprolactone (pellet) + dipping + hmscs 
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Sample Male mouse 1 Male mouse 2 Female mouse 1 Female mouse 2 

Ha ctrl - - +/- - 

P - - - - 

Pc - - - - 

Pd - - - - 

Pdc - - - - 

Tab. 1  Summary of inflammatory reaction in all samples 

Legend: 
p polycaprolactone pellet,  
pc  polycaprolactone pellet + cells (hmscs),  
pd polycaprolactone pellet + tcp,  
pdc pd + cells (hmscs) 
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In the second experiment, as explained in experimental procedures paragraph, we assessed 

local tollerance and ectopic bone formation in 8 immunodeficient (nod/scid) mice.  At 4 

weeks all samples appear to be well integrated with the surrounding tissues. All the empty 

spaces of scaffolds are colonized by host tissue (fig. 3). All samples shown good 

vascularization (presence of both relatively large caliber vessels and capillaries) as 

summarized in table 2. 

In macroscopic analysis we have not found evidence of infectious processes or inflammatory 

reaction. 

Fig. 3 Macroscopic evaluation of explanted samples showing good integration and vascular 
invasion of the empty space of samples 
 
Legend:  
1  scaffold pcl +tcp  
2  scaffold pcl +tcp + dipping  
3  scaffold pcl +tcp + sheep mscs 
4  HA(ceramic material  as control) 
5,6  scaffold pcl +tcp + dipping + sheep mscs 
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Sample Mouse 1 male Mouse 2 male Mouse 1 female Mouse 2 female 

 Integr/vasc Integr/vasc Integr/vasc Integr/vasc 

Ha ctrl +/+ +/+ +/+ +/+ 

S +/+ +/+ +/+ exp* +/+ 

Sd +/+ exp* +/+ +/+ +/+ 

Sc +/+ +/+ +/+ +/+ exp* 

Sdc +/+ exp* +/+ exp* +/+ +/+ 

*exp  partially exposed sample, healed skin 
 
Tab. 2 Macroscopic evidence of new bone formation and vascular invasion at 4 weeks after subcutaneous 
implantation of 3d scaffolds. 

 
 
Histological evaluation  

8 weeks after implantation the 3D explanted samples appeared to be well integrated with the 

surrounding tissues. All the empty spaces of the 3D samples are colonized by host tissue. All 

samples are well vascularized (presence of both, large vessels and capillaries). The SCD 

samples shown evidence of bone formation as summarized in table 3. At microscopic analysis 

there was no evidence of infectious processes or inflammatory reaction. 

 

Sample Mouse 1 male Mouse 2 male Mouse 1 female Mouse 2 female 

 Neoformation 

bone tissue 
Neoformation 

bone tissue 
Neoformation 

bone tissue 
Neoformation 

bone tissue 

Ha ctrl -/- -/- -/- -/- 

S -/- -/- -/- -/- 

Sd -/- -/- exp* -/- exp* -/- 

Sc -/- -/- -/- -/- 

Sdc +/+ exp* +/+  -/- +/+ 

*exp  partially exposed sample, healed skin 
Tab. 3 Microscopic evidence of new bone formation and vascular invasion at 8 weeks after subcutaneous 
implantation of 3d scaffolds. 
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A rabbit model, as described previously, was used to evaluate local tolerance and 

osteointegration of the scaffold. The scaffolds with and without cells were implanted into 

radial diaphysis defects of rabbits. During the experiment, all rabbits remained in good health 

and did not show any wound complications.  

Radiological evaluation of implants in adult New Zealand white rabbits at 4, 8 and 12 weeks 

shown bone callus formation in all animals at 4 and 8 weeks, while defect healing has been 

obtained in the animals treated with scaffold or ceramic control (HA). In non-treated rabbit at 

12 weeks is still identified a small bone defect. At explantation, no inflammatory signs or 

adverse tissue reaction were seen. All samples appeared well integrated with the surrounding 

tissues. Analysis of the scaffold sections via light microscopy revealed good osteointegration 

with various levels of bone formation at 8, and 12 weeks post-implantation in each group (see 

fig. 4). Moreover, throughout the observation periods, no lympho-monocytes infiltration was 

observed in all specimens and all empty spaces of scaffold have been filled by host tissue. 

Results are summarized in table 4. 
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Fig. 4: x-ray evaluation at 4-8-12 weeks 
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 Rabbit 
number 

Rb1 Rb2 Rb3 Rb4 Rb5 Rb6 Rb7 Rb8 Rb9 Rb10 Rb11 Rb12 

 Sample 
implanted 

Sdc Sdc Sdc Sd Sd Sd Ha Ha Ha Mock/empty Pcl Pcl 

3 
w 

Inflamm. - - - - - - - - - - - - 

Bone histo +   +    +     

Bone x-ray +- +- + + +- +- + + +- +- +- + 

Integr. Histo +   +    +     

Integr. X-ray - - +- +- + +- +- + +- N/a +- +- 

Cont. Bone 
histo 

-   -    +-     

Cont. Bone x-
ray 

- - +- +- +- - +- +- +- - - - 

Central bone +   -    +-     

8 
w 

Inflamm.  - -  - - -  - - - - 

Bone histo  +   +  +    +  

Bone x-ray  + +  + + +  + + + + 

Integr. Histo  +   +-  +    +  

Integr. X-ray  +- +  + + +  + N/a + + 

Cont. Bone 
histo 

 +-   +-  +-    +-  

Cont. Bone x-
ray 

 +- +  + +- +  + - + + 

Central bone  +   -  -    +  

12 
w 

Inflamm.   -   -   - -  - 

Bone histo   ++   ++   ++ ++  ++ 

Bone x-ray   +   +   + +  + 

Integr. Histo   ++   ++   ++ N/a  ++ 

Integr. X-ray   +   +   + N/a  + 

Cont. Bone 
histo 

  +   +   ++ +  +- 

Cont. Bone x-
ray 

  +   +   + +-  + 

Central bone   ++   ++   ++ +-  + 

 

Tab. 4 Summary of the radiological and histological evaluation in rabbit model 
 
Legend: 

Inflamm. 
Macroscopic or microscopic signs of inflammation (redness, 
swelling, lymphocytic infiltrate etc.) 

Bone histo Assessment of bone tissue presence in microscopic fields analyzed 

Bone x-ray Radio-opacity evaluation  

Integr. Histo 
Histological evaluation of bone stumps and implanted materials 
integration  

Integr. X-ray 
Radiographic evaluation of bone stumps and implanted materials 
integration 

Cont. Bone histo 
Histological evaluation of bone tissue continuity along the implant 
area   

Cont. Bone x-ray 
Radiographic evaluation of bone tissue continuity along the implant 
area   

Central bone Presence of bone in the implant central area 
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In the last experiment a sheep model, as described previously, was used to evaluate local 

tolerance and osteointegration of the scaffold.  Conventional x-ray evaluation of the implants, 

with details of tibial diaphysis and femoral condyles, showed at 6 weeks after surgery 

implants clearly visible in tibia, in particular for the hydroxyapatite implants. No signs of 

osteolysis were found. In the femoral lateral condyles samples of hydroxyapatite with or 

without mesenchymal stem cells are not visible due to their small size and their intrinsic 

radiopacity similar to trabecular bone. On the other hand, PCL/TCP samples without 

mesenchymal stem cells are visible in the implant site in 2 specimens and not visible in 

implant site the cells seeded PCL/TCP scaffolds. Otherwise, there was no evidence of 

osteolysis in all specimens. 

The micro-ct results at six weeks are shown in table 5. 

 Mean of ha 
samples 
(n.6) in 
cortical 

bone tissue 

Mean of 
pcl/tcp 
samples 
(n.6) in 
cortical 

bone tissue 

Mean of ha 
samples 
(n.2) in 

trabecular 
bone tissue 

Mean of 
pcl/tcp 
samples 
(n.2) in 

trabecular 
bone tissue 

Mean of ha + 
bmsc 

samples 
(n.6) in 
cortical 

bone tissue 

Mean of 
pcl/tcp + 

bmsc 
samples 
(n.6) in 
cortical 

bone tissue 

Mean of ha 
samples + 
bmsc (n.2) 

in 
trabecular 
bone tissue 

Mean of 
pcl/tcp + 

bmsc 
samples 
(n.2) in 

trabecular 
bone tissue 

Mat.v/tv 22,29 ±5,04  31,05±11,40  22,03±3,46  37,70±6,80  

Mat. Fr.i 5,69±1,25  -1,24±4,59  3,31±1,62  -2,24±2,28  

Bv/tv 27,91±2,06 18,39±2,00 15,33±1,19 4,24±0,70 24,45±2,33 17,78±3,64 14,99±1,92 5,03±2,14 

Tab.5 Micro-ct results at 6 weeks after implantation. 

Legend: 

-mat.v/tv (%): percentage of material in the bone defect expressed as the ratio between the volume of the material present in the defect and 
the total volume of the bone defect. Calculated only in the samples implanted with ha because the implant of pcl/tcp does not appear to have 
sufficient contrast for images segmentation. 
- mat fr.i (in mm-1): index of fragmentation of the implant material. A lower value of this index represents a greater connection of the 
material inside the defect, while a higher value of mat fr.i represents a material structure disconnected and fragmented inside the defect. 
 also this parameter was calculated only in the samples of ha. 
- bv / tv (in%): bone density expressed as the ratio between the volume of new bone inside of the bone defect and the total volume of the 
defect. This ratio was calculated in all samples. 

 



Tesi di dottorato di Paolo Di Benedetto, discussa presso l’Università degli Studi di Udine 

 

 48 

Histological and histomorphometric analysis were performed in 3 samples from tibia (cortical 

bone) and 1 from femur (trabecular bone) for each material and animal in the group without 

stem cells and in one animal of the msc enriched group, while in one sheep of msc group was 

performed histological evaluation in 6 samples implanted in cortical bone and in 2 sample 

implanted in trabecular bone for each material. Results are shown in table 6. 

 
Parameters Samples Tibia Femur Tibia Femur 
Mar (μm/day) PCL/TCP 2,2±0,5 1,7 2,3±0,5 - 

Ha 2,0±0,8 5,1 3,6±1,5 2,8 
PCL/TCP +bmsc 1,7±0,4 2,21/1,87 1,7±0,8 0,93/1,67 
Ha + bmsc 1,5±0,5 1,57/1,57 1,9±0,7 0,83/1,33 

Bfr (μm2/μm/day) PCL/TCP 1,7±0,1 1,6 1,4±0,5 - 
Ha 2,0±0,8 4,0 3,7±1,9 1,3 
PCL/TCP +bmsc 1,6±0,6 1,93/1,21 1,3±0,7 1,71/0,83 
Ha + bmsc 1,5±0,1 1,22/1,17 1,7±0,3 1,71/0,83 

Tab. 6 Histomorphometry of samples expianted at 6 weeks 

 
Legend: 
mar mineral apposition rate. Mineralization rate of newly formed bone calculated as the ratio between the distance between two bands of 
fluorescence of a same trabecula divided by the number of days between the first and second marking. 
Bfr bone formation rate: rate of bone formation expressed as amount of newly formed bone mineralized (area) on the front of growth of 
bone trabeculae (perimeter) per unit time (day) by applying the following formula: mar * (1/2 sl.pm / b.pm + dl.pm / b.pm). 

 
At 12 weeks x-ray evaluation of the second group (with and without msc) of sheeps was done.  

Analyzing tibial diaphysis and femoral condyles, the implants are clearly visible at the level 

tibial (preferably those of hydroxyapatite) and there were no signs of osteolysis. 

In the lateral femoral condyles are not visible nor the implantation sites of the samples of 

hydroxyapatite nor those of PCL/TCP.  

In all cases there was no evidence of osteolysis.  As in the previous step (6 weeks) micro-CT 

evaluation was performed on 3 samples implanted in cortical bone and 1 sample implanted in 

trabecular bone for material and animal. The micro-CT results at 12 weeks are shown in table 

7. 
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 Mean of ha 
samples 
(n.6) in 
cortical 

bone tissue 

Mean of 
pcl/tcp 
samples 
(n.6) in 
cortical 

bone tissue 

Mean of ha 
samples 
(n.1) in 

trabecular 
bone tissue 

Mean of 
pcl/tcp 
samples 
(n.2) in 

trabecular 
bone tissue 

Mean of ha 
+ bmsc 

samples 
(n.6) in 
cortical 

bone tissue 

Mean of 
pcl/tcp + 

bmsc 
samples 
(n.6) in 
cortical 

bone tissue 

Mean of ha 
samples + 
bmsc (n.2) 

in 
trabecular 
bone tissue 

Mean of 
pcl/tcp + 

bmsc samples 
(n.2) in 

trabecular 
bone tissue 

Mat.v/tv 15,33 ±3,90  14,35  20,98±10,32  27,39±7,57  

Mat. Fr.i 9,48±3,96  1,26  8,49±3,08  4,18±4,04  

Bv/tv 47,10±7,47 34,36±2,81 11,06 13,29±1,58 43,93±6,14 47,82±1,94 19,50±0,90 4,74±1,79 

Tab. 7 Micro-ct results at 12 weeks after implantation. Index and ratio are expressed as m value ± standard 
deviation 
 
Legend: 

-mat.v/tv (%): percentage of material in the bone defect expressed as the ratio between the volume of the material present in the defect and 
the total volume of the bone defect. Calculated only in the samples implanted with ha because the implant of pcl/tcp does not appear to have 
sufficient contrast for images segmentation. 
- mat fr.i (in mm-1): index of fragmentation of the implant material. A lower value of this index represents a greater connection of the 
material inside the defect, while a higher value of mat fr.i represents a material structure disconnected and fragmented inside the defect.  
Also this parameter was calculated only in the samples of ha. 
- bv / tv (in%): bone density expressed as the ratio between the volume of new bone inside of the bone defect and the total volume of the 
defect. This ratio was calculated in all samples. 

 

Histological and histomorphometric analysis at 12 weeks from surgery were performed in 6 

samples from tibia (cortical bone) and 2 from femur (trabecular bone) for each material and 

animal. Results are described in table 8. 

Parameters Samples Tibia Femur Tibia Femur 
Mar (μm/day) PCL/TCP 1,2±0,4 0,4/1,3 1,7±0,6 1,3/0,7 

Ha 1,3±0,2 1,3/1,2 1,4±0,2 -/- 
PCL/TCP +bmsc 1,5±0,3 1,4/0,8 1,5±0,5 2,7/1,1 
Ha + bmsc 1,5±0,4 0,7/1,3 1,8±0,4 1,6/1,4 

Bfr (μm2/μm/day) PCL/TCP 1,0±0,1 0,4/0,9 1,4±0,1 1,3/0,8 
Ha 1,4±0,1 1,2/0,9 1,7±0,2 -/- 
PCL/TCP +bmsc 1,3±0,1 1,3/0,7 1,4±0,1 3,2/1,2 
Ha + bmsc 1,2±0,1 0,6/0,9 2,1±0,1 1,3/0,9 

Tab. 8 Histomorphometry of samples expianted at 12 weeks: m.a.r. and b.f.r. expressed as value ±  standard 
deviation 

 
Legend: 

mar mineral apposition rate. Mineralization rate of newly formed bone calculated as the ratio between the distance between two bands of 

fluorescence of a same trabecula divided by the number of days between the first and second marking.  

Bfr bone formation rate: rate of bone formation expressed as amount of newly formed bone mineralized (area) on the front of growth of 

bone trabeculae (perimeter) per unit time (day) by applying the following formula: mar * (1/2 sl.pm / b.pm + dl.pm / b.pm). 
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Third group of specimens was explanted and analyzed at 24 weeks after surgery.  

X-ray evaluation of samples (with and without msc) was done as in previous steps analyzing 

tibial diaphysis and femoral condyles.   

The implants are clearly visible at level tibial (preferably those of hydroxyapatite) and there 

were no signs of osteolysis. 

In the lateral femoral condyles are not visible nor the implantation sites of the samples of 

hydroxyapatite nor those of PCL/TCP. In all cases there was no evidence of osteolysis. Micro-

ct evaluation a 24 weeks, as in previous steps, was performed on 3 samples implanted in 

cortical bone and 1 sample implanted in trabecular bone for each material and animal.  

Results are described in table 9. 

 Mean of ha 
samples 
(n.6) in 
cortical 

bone tissue 

Mean of 
pcl/tcp 
samples 
(n.6) in 
cortical 

bone tissue 

Mean of ha 
samples 
(n.2) in 

trabecular 
bone tissue 

Mean of 
pcl/tcp 
samples 
(n.2) in 

trabecular 
bone tissue 

Mean of ha + 
bmsc 

samples 
(n.6) in 
cortical 

bone tissue 

Mean of 
pcl/tcp + 

bmsc 
samples 
(n.6) in 
cortical 

bone tissue 

Mean of ha 
samples + 
bmsc (n.2) 

in 
trabecular 
bone tissue 

Mean of 
pcl/tcp + 

bmsc 
samples 
(n.2) in 

trabecular 
bone tissue 

Mat.v/tv 16,90 ±4,24  15,24±5,72  21,16±2,94  16,27±4,78  

Mat. Fr.i 17,01±3,20  7,99±2,19  14,02±3,34  7,11±2,63  

Bv/tv 55,33±4,69 41,56±3,23 26,35±0,10 12,13±1,36 46,87±6,26 42,30±3,66 34,38±6,02 24,47±19,54 

Tab. 9 micro ct results at 24 weeks after implantation. Index and ratio are expressed as mean ± standard 
deviation 
 
Legend: 
-mat.v/tv (%): percentage of material in the bone defect expressed as the ratio between the volume of the material present in the defect and 
the total volume of the bone defect. Calculated only in the samples implanted with ha because the implant of pcl/tcp does not appear to have 
sufficient contrast for images segmentation. 
- mat fr.i (in mm-1): index of fragmentation of the implant material. A lower value of this index represents a greater connection of the 
material inside the defect, while a higher value of mat fr.i represents a material structure disconnected and fragmented inside the defect. 
 also this parameter was calculated only in the samples of ha. 
- bv / tv (in%): bone density expressed as the ratio between the volume of new bone inside of the bone defect and the total volume of the 
defect. This ratio was calculated in all samples. 
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Data of histological and histomorphometric analysis at 24 weeks from surgery, performed in 

6 samples from tibia (cortical bone) and 2 from femur (trabecular bone) for each material and 

animal, are shown in table 10. 

Parameters Samples Tibia Femur Tibia Femur 
Mar (μm/day) PCL/TCP 1,2±0,36 1,43/2,09 1,95±0,75 1,60/2,07 

Ha 2,24±0,46 1,44/1,86 2,65±0,79 2,62/1,95 
PCL/TCP +bmsc 1,82±0,97 4,33/4,17 2,99±1,38 -/- 
Ha + bmsc 3,09±1,42 3,87/2,96 2,77±0,79 -/- 

Bfr (μm2/μm/day) PCL/TCP 0,91±0,31 1,60/2,07 1,23±0,53 0,73/1,33 
Ha 1,49±0,33 0,91/1,72 2,20±0,59 1,68/1,58 
PCL/TCP +bmsc 1,59±0,87 3,04/2,5 2,64±1,23 -/- 
Ha + bmsc 2,74±1,09 2,71/3,1 2,24±0,45 -/- 

Tab. 10 histomorphometry of samples expianted at 24 weeks 

 
Legend: 
Mar mineral apposition rate. Mineralization rate of newly formed bone calculated as the ratio between the distance between two bands of 
fluorescence of a same trabecula divided by the number of days between the first and second marking.  
Bfr bone formation rate: rate of bone formation expressed as amount of newly formed bone mineralized (area) on the front of growth of 
bone trabeculae (perimeter) per unit time (day) by applying the following formula: mar * (1/2 sl.pm / b.pm + dl.pm / b.pm). 
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Discussion 

 

Over the last decades, research has advanced in many aspects of bone defects treatment, 

understanding the factors involved in bone healing process. So, currently, regenerative 

medicine gives to surgeons a variety of solutions such as scaffolds, powder, pastes and putty 

available in the market and approved as medical device for clinical use. Many studies have 

showed efficacious bone repair, but limited to repair of small bone defects, probably due to 

poor vascularization. Moreover, main issues of these scaffolds remain mechanical integrity 

and bioactivity. Some scaffolds are made with non-biodegradable materials, which are 

exposed to infection risk over long-term implantation. In bone regeneration structural 

properties for a three-dimensional bone scaffold, such as mechanical strength, pore size, 

porosity and interconnectivity between the pores play an essential role. [107] However, 

mechanical properties of a scaffold significantly depend on the architecture of the scaffold. 

Actually regarding bone regeneration, there is no consensus concerning the optimal scaffold 

design. It seems that the optimal pore sizes for bone ingrowth and regeneration is highly 

dependent of pore structures as well as scaffold materials used. In fact, some authors reported 

that the scaffolds with pore sizes larger than 150 μm were suitable for bone ingrowth [108], 

while other authors reported that bone formation and ingrowth occurred in scaffolds within 

350 μm pore size, but the scaffolds with the pore size less than 200 μm had no bone ingrowth 

[47]. It was also reported that excellent bone ingrowth occurred in scaffolds with larger pore 

sizes than 400 μm [109]. 

The scaffold composite by PCL/TCP investigated in this study showed a good behavior in vivo. 

In fact, as already mentioned, none of the samples analyzed in this study induced even a 

minimal inflammatory reaction in mice, rabbit, and sheep models. Only a minimal lympho-

monocyte infiltration in one of the HA samples (in mice) was found. This finding is occasional 
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and can be attributed to various causes not necessarily relater to the material used.  

In mice, a good but uneven presence of newly bone formation has been found only in the 

samples enriched of mesenchymal stem cells.  At 8 weeks after implantation, the presence of 

cuboidal osteoblasts on the newly bone tissue surface indicates a bone deposition process in 

the active phase.  In the other samples presence of new bone tissue was not detected, while in 

many of such samples, a formation of fibrous tissue is shown that appear to coat the polymer. 

This evidence is consistent with the formation of a fibrous capsule. 

On the other hand, in the porous ceramic samples, used ad controls, there was neither in vivo 

bone formation nor any fibrous capsule. In the rabbit model, new bone formation and good 

vascularization within the scaffold were observed in all samples studied. Interestingly, in the 

sample without stem cell histological examination has shown the presence of marrow cells 

within the scaffold. The sheep model, confirm absence of inflammatory reaction, good 

vascularization and improved bone ingrowth within the scaffold.  In fact, micro-tomography 

evaluation showed in the bone defects trends for improved bone formation with the PCL/TCP 

and HA scaffolds either with o without BMSC. Furthermore, quantitative analysis of the 

histological sections taken (histomorphometric assessment) at the midpoint of the defect 

showed a trend for increased new bone formation as described in other studies with PCL 

[110]  

In other studies, the PCL/TCP composite scaffold showed inferior behavior compared to other 

materials in a critical size defect [111] regarding promotion of bone regeneration, scaffold 

degradation and inflammatory reaction. [112] [113] The cause for the inflammation remained 

unclear. Due to the lower level of newly formed bone, PCL/TCP also led to a reduced 

biomechanical strength of the repaired bone.  
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In addition, in the present study, all the empty spaces of the 3d scaffold were colonized by 

host tissue and all samples appeared well vascularized with presence of both, large vessels 

and capillaries. Previous studies confirm these results reporting extensive vasculature 

formation within a PCL/TCP scaffold upon implantation with mesenchymal stem cells and 

platelet-enriched plasma. [114] In addition, the scaffold micro-architecture also plays an 

important role in supporting vascular formation and growth. There has been promising 

evidence showing ability of scaffolds in supporting vasculature formation within macro-

porous scaffolds.  Generally, a pore size of 150-500 μm is used in bone tissue scaffolds for 

supporting vascularization and blood vessels invasion. [52] 
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Conclusions 

In the present study the bio-absorbable PCL/TCP scaffold enriched of autologous 

mesenchymal stem cells shows to promote new bone formation and to be well tolerated by 

host (no inflammatory reaction was observed). The results of this study suggest the PCL/TCP 

scaffold fabricated with peculiar design is safety and useful for recovering and enhancing new 

bone formation in bony defects in animals. More studies have to be done to confirm these 

results. In particular, there is still one more step to take: the human in vivo step.  
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Materials and methods 

 
Scaffold characterization  

The product VBC autologous bone small fragment (ASBF) is composed of a 3D biodegradable 

scaffold in polycaprolactone and β-tricalcium phosphate loaded with autologous 

osteoprogenitor cells, isolated from bone marrow and expanded in vitro with autologous 

serum, integrated in the same. 

The materials used in manufacturing process are therefore two: 

1 - cellular component: consisting of autologous mesenchymal stem cells isolated from 

autologous bone marrow 

2 - scaffold: it consisting of a medical device in accordance with directive 93/42/ec, as 

amended by the recent Dir 2007/47/ec.  

The scaffold consists of polycaprolactone, an aliphatic polyester already FDA-approved, used 

in similar applications, FDA approved. 

The finished product consists of a small fragment consisting of autologous osteoprogenitor 

cells, expanded in vitro on a 3D scaffold, custom-made for each individual patient, for 

applications of orthopedic, oral-dental and maxillofacial surgery. In this way we obtain a 

highly personalized product, eliminating all possible risks from the use of allogeneic or 

xenogeneic cells or by immune reactions, the onset of inflammation and the risk of infections 

that can affect the entire outcome of the therapy.  

Cellular component 

The cells used are autologous mesenchymal stem cells from bone marrow, from the iliac crest 

of the animal. After withdrawal, the mononuclear cells are separated using centrifugation in a 

density gradient (ficoll) and then seeded on the scaffold, place inside a sterile chamber, 
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allocated in a bioreactor. The culture medium utilizes autologous serum, further reducing the 

risk of infection for the animal. 

After 15 days of expansion, the fragment is removed to be implanted. 

The scaffold  

For the production of the scaffold 3 synthetic polymers were tested in order to identify the 

most suitable for the realization of the product: polyamide, polylactic acid and 

polycaprolactone. The final choice was in favor of polycaprolactone. 

This is one of newly developed biomaterials that are most used in the field of tissue 

engineering. Initially used for the realization of degradable films and molds, today is widely 

used in various areas of biotechnology such as organ substitution, the realization of 

absorbable sutures, drug delivery for the controlled release of drugs, as well as, in recent 

years, the tissue engineering applied to the bone tissue. Polycaprolactone is a semi-crystalline 

polymer, aliphatic polyester synthetic, non-toxic, biodegradable and hydrophobic. In vivo is 

degraded by hydrolysis and, as the only metabolite, releases hydroxicapronic acid, product of 

non-enzymatic hydrolysis of ester, followed by fragmentation and release of oligomers. The 

latter are then digested by macrophages. To support these considerations, some studies [115] 

have shown that, following the process of degradation in vivo, this polymer secretes non-toxic 

products readily disposable by the body. The degradation time in a physiological 

environment, in contact with saline solutions of various natures is between three and twelve 

months. 

Polycaprolactone also has the advantage of being able to be derivatized with other materials. 

Specifically, for the device VBC was chosen to produce a scaffold containing 80% of pcl and 

20% of β-tricalcium phosphate (β -TCP), known for its osteoconductive characteristics. 
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Production of the scaffold 

The technique used by VivaBioCell for the production of scaffolds, falls into the category of 

non-conventional techniques, the micro molding. This technique offers several advantages: 

- provides solutions at a lower cost than other techniques, 

- allows you to create structures with complex geometries, 

- provides a process of manufacturing dimensionally stable, 

- eliminates contamination from other particles, 

- allows you to use alternative resins or fillers to improve the mechanical and / or electrical 

- the surface is finished better. 

Moreover, it allows to use as starting material the PCL with the TCP unlike other techniques, 

such as selective laser sintering, which does not allow to derivatize the PCL with the TCP.  The 

scaffold is a lattice-like structure (see figure 5) held fixed inside the main chamber by a 

central, cylindrical hollow pipe, which fits onto a cylindrical support. The scaffold is made of 

square fibers arranged in a 5x5x5 matrix. The fiber interdistance is 1.25 times the fiber 

dimension. A free volume is available around the scaffold (1 mm thick) for fluid flow. 

(Campagnolo et al.) 

The scaffold is obtained. It is an object of the cubic form of side 1 cm, 5 floors. Along the axis is 

housed the hollow cylindrical structure that serves as a site for placement of the screw which 

then, in vivo, in immobilize the site of implantation. 
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Bioreactor 

The bioreactor allows to develop the process of cell expansion under standardized conditions, 

within a closed system and sterile, thus reducing to a minimum the intervention of the 

operator and therefore the risks related to processes of manufacture of this kind. The room in 

which is housed the scaffold with cells is a sterile disposable, as are all the components 

necessary to power the circuit for the expansion (tubes). The flow of the ground is closed, 

regulated by a pump, without parts, but the amount of the circulating medium is sufficient in 

order to allow cell proliferation within the limits set. Sensors for the control of various 

parameters such as pH, carbon dioxide, glucose etc., incoming and outgoing from the bedroom 

of culture, maintain the process control. 

A sketch of the bioreactor and scaffold is shown in figure 5. The flow enters from the bottom 

side through a cylindrical pipe (feeding pipe) and is fed to the main chamber through four 

distributing pipes and a conical join (distributing cone). The bioreactor has been designed to 

feed continuously a water solution of glucose and oxygen to the cells initially seeded on 

scaffold walls. (Campagnolo et al.) 

             
 
Fig. 5: sketch of the scaffold and bioreactor and flow velocity inside the scaffold. The flow 
follows a specific pattern, moving preferentially along main scaffold channels. 
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