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2 Summary 
The present work addresses two different applications enabled by a specific and 

useful property of calcium phosphate cements (CPCs): injectability. On the one hand 

minimally invasive procedures involving the use of CPCs are based on the 

injectability of such biomaterials, and on the other hand extrusion-based additive 

manufacturing processes such as robocasting rely on this property to correctly 

manufacture personalized 3D-printed scaffolds for the treatment of large bone 

defects.  

The present thesis is divided in three different sections.  

The first one consists in a study of the differences of injectability of aqueous pastes 

of the two allotropic forms of tricalcium phosphate, namely α- and β-TCP. The 

reactivity of the powder was shown to play a significant role in the injectability of 

TCP pastes. Significant differences were observed between the injection behavior of 

non-hardening β-TCP pastes and that of self-hardening α-TCP pastes. The 

differences were more marked at low liquid-to-powder ratios, using fine powders 

and injecting through thin needles. α-TCP was, in general, less injectable than β-TCP 

and required higher injection loads. Moreover, clogging was identified as a 

mechanism hindering or even preventing injectability, different and clearly 

distinguishable from the filter-pressing phenomenon. α-TCP pastes presented 

transient clogging episodes, which were not observed in β-TCP pastes with 

equivalent particle size distribution. Different parameters affecting powder 

reactivity were also shown to affect paste injectability. Thus, whereas powder 

calcination resulted in an increased injectability due to lower particle reactivity, the 

addition of setting accelerants, such as hydroxyapatite nanoparticles, tended to 

reduce the injectability of the TCP pastes, especially if adjoined simultaneously with 

a Na2HPO4 solution. Although, as a general trend, faster-setting pastes were less 

injectable, some exceptions to this rule were found. For example, whereas in the 

absence of setting accelerants fine TCP powders were more injectable than the 

coarse ones, in spite of their shorter setting times, this trend was inverted when 

setting accelerants were added, and coarse powders were more injectable than the 

fine ones. 

In the second section thermoresponsive pastes are developed through the 

combination of CPCs with an inverse-thermoresponsive hydrogel. Although calcium 

phosphate cements (CPCs) are used for bone regeneration in a wide range of clinical 

applications, various physicochemical phenomena are known to hinder their 

potential use in minimally invasive surgery or in highly vascularized surgical sites, 

mainly because of their lack of injectability or their low washout resistance. The 
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proposed strategy allowed to finely tune the cohesive and rheological properties of 

CPCs to achieve clinical acceptable injectability. It avoided phase separation during 

implantation and improved cohesion, avoiding washout of the paste. The 

thermoresponsive CPC developed combined alpha-tricalcium phosphate with an 

aqueous solution of pluronic F127, which exhibits an inverse thermoresponsive 

behaviour, with a gelling transformation at around body temperature. These novel 

CPCs exhibited temperature-dependent properties. The addition of the polymer 

enhanced the injectability of the paste, even at a low liquid-to-powder ratio, and 

allowed the rheological properties of the cement to be tuned, with the injection 

force decreasing with the temperature of the paste. Moreover, the cohesion of the 

paste was also temperature-dependent and increased as the temperature of the 

host medium increased due to gelling induced in the paste. The thermoresponsive 

cement exhibited excellent cohesion and clinically acceptable setting times at 37°C, 

irrespective of the initial temperature of the paste. The addition of pluronic F127 

slightly delayed the setting reaction in the early stages but did not hinder the full 

transformation to calcium-deficient hydroxyapatite. Moreover, the frozen storage of 

premixed thermoresponsive cement pastes was explored, the main physicochemical 

properties of the cements being maintained upon thawing, even after 18 months of 

frozen storage. This avoids the need to mix the cement in the operating theatre and 

allows its use off-the-shelf. The reverse thermoresponsive cements studied herein 

open up new perspectives in the surgical field, where the sequential 

gelling/hardening of these novel cements could allow for a better and safer clinical 

application. 

Using the knowledge acquired about the injectability behavior of TCP pastes, the 

additive manufacturing of 3D printed scaffolds is studied in the last section. More 

precisely, this study dealt with the robocasting of alpha-tricalcium 

phosphate/gelatine reactive slurries as a bioinspired self-setting ink for the 

production of biomimetic hydroxyapatite/gelatine scaffolds. A controlled and totally 

interconnected pore network of approximately 300 μm was obtained after ink 

printing and setting, with the struts consisting of a micro/nanoporous matrix of 

needle-shaped calcium deficient hydroxyapatite crystals, with a high specific surface 

area. Gelatine was effectively retained by chemical crosslinking. The setting reaction 

of the ink resulted in a significant increase of both the elastic modulus and the 

compressive strength of the scaffolds, which were within the range of the human 

trabecular bone. In addition to delaying the onset of the setting reaction, thus 

providing enough time for printing, gelatine provided the viscoelastic properties to 

the strands to support their own weight, and additionally enhanced mesenchymal 

stem cell adhesion and proliferation on the surface of the scaffold. Altogether this 
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new processing approach opens good perspectives for the design of hydroxyapatite 

scaffolds for bone tissue engineering with enhanced reactivity and resorption rate.  

Altogether, these three studies demonstrate that injectability is a property of 

paramount importance for the development of safe and efficacious CPCs and 

propose options to tackle the issues encountered both in minimally invasive 

procedures and in solid free form fabrication of calcium phosphate scaffolds.   

The results obtained are set out in the following published articles, which constitute 

the core of the present PhD Thesis: 

 

Paper I 

E. B. Montufar1, Y. Maazouz1 and M. P. Ginebra, “Relevance of the setting reaction 

to the injectability of tricalcium phosphate pastes.,” Acta Biomater., vol. 9, no. 4, pp. 

6188–98, Apr. 2013. 
1These authors have contributed equally to this paper.  

Paper II 

Y. Maazouz, E. B. Montufar, J. Malbert, M. Espanol and M. P. Ginebra, “Self-

hardening and thermoresponsive alpha tricalcium phosphate/pluronic pastes,” Acta 

Biomater., vol. 49, pp. 563–574, Feb. 2017. 

Paper III 

Y. Maazouz, E. B. Montufar, J. Guillem-Marti, I. Fleps, C. Öhman, C. Persson and M. 

P. Ginebra, “Robocasting of biomimetic hydroxyapatite scaffolds using self-setting 

inks,” J. Mater. Chem. B, vol. 2, no. 33, p. 5378, Jun. 2014. 

 

Additional document: Patents  

 

Cemento inorgánico, inyectable y termosensible para reconstrucción ósea: 

preparación y uso. 
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3 Objectives and innovation 
The aim of the present Philosophy Doctor (PhD) thesis was to increase the 

knowledge on the mechanisms controlling the injectability of α-TCP based CPCs and 

to develop new strategies to improve the performance of CPCs in minimally invasive 

surgery applications as well as for production of personalized 3D-printed scaffolds 

for bone tissue engineering through robocasting. Specific objectives of the thesis 

were: 

1) To study the relevance of the setting reaction of α-TCP pastes on their 

injection behavior. (Paper I) 

2) To develop a smart CPC with thermoresponsive properties for minimally 

invasive surgery. (Paper II) 

3) To produce biomimetic scaffolds by robocasting that do not require a 

sintering post-treatment for consolidation and study their properties. 

(Paper III) 
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4 State of the art 

4.1 Bone: a hierarchically organized tissue  

 

The skeleton serves as a structural support system. It has mechanisms to grow and 

change in shape and size to suit varying mechanical forces. Moreover, it acts as a 

store of ions, being involved in the calcium/phosphate balance and in the 

detoxification of heavy metals. Bone tissue is continuously formed and remodeled 

throughout life. This is necessary since otherwise it would cross its tolerance limit 

after the repetitive stress and torsion it faces on a nearly daily basis. Initially, bone 

achieves its increase in size and shape through growth (increase in size) and 

subsequent modeling. In late childhood and adulthood there is continuous renewal 

of the skeleton, by a process termed remodeling. Both modeling and remodeling 

require two separate processes namely bone resorption and bone formation to 

occur simultaneously to be effective. This requirement is known as “coupling” or 

“synchronization”. 

4.1.1 Bone morphology 

 

There are five types of bones in the human body, long, flat, short, sesamoid and 

irregular bones. Flat bones are responsible for the internal organs protection, some 

examples are the cranial bones, thoracic ribs or the scapulae. Long bones function 

as the mechanical support and structure to enable movement, most bones situated 

in upper and lower limbs are long bones such as the femur, tibia and fibula or 

humerus, radius and ulna. Short bones are mostly situated in joint areas of the 

upper and lower limbs extremities and function as movement enablers as well as 

mechanical absorbers. Sesamoid bones are calcified tissues embedded in tendons 

and provide mechanical strength to tendons, they also act as wear reinforcement 

elements such as in the case of the patella or kneecap. Finally irregular bones are 

the most complex in shape and their function vary depending on their anatomic site, 

for instance vertebrae protect the spinal chord and support the weight of the upper 

body while the pelvic bones protect the organs contained within it.  

In the case of long bones, different parts can be distinguished, as displayed in Figure 

4-1 and described herein after.  

Epiphysis: This term refers to the end of a tubular bone, lying between the physeal 

plate (in developing bone) and the articular cartilage. In adults, the physeal plate is 
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absent. The portion of the bone that the epiphysis would have occupied in the 

growing skeleton is arbitrarily referred to by the same name. 

Metaphysis: This refers to the widened portion of bone occupying the area between 

the cylindrical diaphysis and the physis/epiphysis. Several tumors have an epicenter 

in the metaphysis. 

Diaphysis (shaft): This refers to the middle, cylindrical portion of a tubular bone. 

There is a thick cortex surrounding a marrow space. The latter contains trabecular 

bone, hematopoietic elements and fat in varying compositions, the proportions of 

which change with age. 

Bone marrow: The medullary cavity is filled with varying proportions of 

hematopoietic marrow, fat and trabecular bone. The marrow is most prevalent in 

younger age groups and in the metaphyseal region of long bones. The diaphysis 

contains mainly fat in adults. In comparison to the appendicular (limb) skeleton, the 

axial skeleton has a greater proportion of bone marrow. 

Periosteum: The periosteum is composed of an outer fibrous layer and an inner 

cambium (cellular) layer. The cambium layer is cellular and contains osteoprogenitor 

cells and fibroblasts. When tendons insert into bone, the collagen fibers (Sharpey’s 

fibers) pass through the periosteum and then into the bone lamellae 

Endosteum: The endosteum is composed of a resting layer of marrow at its interface 

with bone. This is not a morphologically recognizable layer of tissue at the light or 

electron microscopic level. It is, however, a convenient concept that explains the 

functional changes seen in physiologic and pathologic alterations in bone at the 

bone medullary cavity interface. 
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Figure 4-1- Long bone parts 

4.1.2  Bone architecture 

 

Moreover, bone has a complex structure, organised hierarchically at different levels. 

It presents different architectures at a macroscopic level, namely cortical bone, and 

cancellous bone 

Cortical bone 

Cortical bone, which is also compact bone, is dense and has a bony matrix leaving 

only tiny spaces (lacunae) that contain the osteocytes, or bone cells. Compact bone 

makes up 80 percent of the human skeleton; the remainder is cancellous bone. Both 

types are found in most bones. Compact bone forms a shell around cancellous bone 

and is the primary component of the long bones of the arm and leg and other 

bones, where its greater strength and rigidity are needed. Mature compact bone is 

lamellar, or layered, in structure. It is permeated by an elaborate system of 
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interconnecting vascular canals, the haversian systems, which contain the blood 

supply for the osteocytes; the bone is arranged in concentric layers around these 

canals, forming structural units called osteons. Immature compact bone does not 

contain osteons and has a woven structure. It forms around a framework of collagen 

fibres and is eventually replaced by mature bone in a remodeling process of bone 

resorption and new bone formation that creates the osteons. 

Cancellous bone 

Cancellous bone, which is also called trabecular (or spongy) bone, is light and porous 

and encloses numerous large spaces, which is what gives it the honeycombed 

appearance discussed previously. The bone matrix, or framework, is organized into 

a three-dimensional latticework of bony processes, the trabeculae, arranged along 

lines of stress. The spaces between are often filled with marrow. Cancellous bone 

makes up about 20 percent of the human skeleton, providing structural support and 

flexibility without the weight of compact bone. It is found in most areas of bone that 

are not subject to great mechanical stress. It makes up much of the enlarged ends 

(epiphyses) of the long bones and is the major component of the ribs, the shoulder 

blades, the flat bones of the skull, and a variety of short, flat bones elsewhere in the 

skeleton. The open structure of cancellous bone enables it to dampen sudden 

stresses, as in load transmission through the joints. Varying proportions of space to 

bone are found in different bones according to the need for strength or flexibility.  

 

4.1.3 Bone Structure  

At a microscopic level bone can be considered as a composite material with a 

complicated arrangement of microscale subunits formed from nanoscale crystals 

embedded in a biopolymer matrix (Figure 4-2 and 3). The basic components are 

calcium phosphate crystals (65wt.%), collagenous proteins, cells and other 

macromolecules (lipids, sugars, etc.) (25wt.%), and water (10%)[1].  



Page 17 of 107 

Injectability of calcium phosphate cements: 
Application to minimally invasive surgical procedure and 3D printing 

 

Figure 4-2 – Bone structure from the macroscopic to the nanoscale. Adapted from [1] 

The unique properties of bone derive from the combination of the  

crystal/biopolymer material and the layered arrangement of these subunits. Not 

surprisingly, the synthesis and maintenance of such a complex living material is 

quite intricate. Bone formation is accomplished by coordinated multicellular activity. 

Populations of cells are recruited to a future bony site and are given biochemical 

signals to produce bone. The mineralization of bone is a cell-mediated process 

involving the specific, highly ordered deposition of a unique form of calcium 

phosphate confined to precise locations within the organic matrix. Precise assembly 

of the highly ordered collagenous matrix having specific mineralization sites, and 

mineral deposition confined to the matrix sites, are essential for bone to meet its 

multifunctional property requirements.  

Bone mineralization is thought to commence heterogeneously within the 

supersaturated hole zones in the collagen fiber bundles. However, the small size of 

the hole zones precludes actual testing of the microchemistry and protein content 

within them. A schematic of what is believed to occur chemically within a hole zone 

at the moment of mineralization was described by Glimcher et al. [2]. Ions of 

calcium and phosphate are shown loose and bound to localized matrix proteins 

arranged with a molecular periodicity that may serve to nucleate the mineral phase 

heterogeneously. It is known that initiation of mineralization requires a combination 

of events, including increases in the local concentration of precipitating ions, 

formation or exposure of mineral nucleators, and removal or modification of 

mineralization inhibitors.  
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Figure 4-3 – Organization and crystalline orientation of apatitic crystals around collagen fibers in 

human bone tissues. Adapted from [3] 

Bone formation involves the coordination of a variety of cellular activities in specific 

locations. Multifunctional property requirements are met by a tailored formation 

process and variation of material architecture among bones and even within a single 

bone. Skeletal cells build a mineralized tissue through the use of an organic scaffold 

and maintain it through remodeling during the lifetime of the organism. The cell 

activities and the mineralization of the organic matrix are governed by organic 

macromolecules found both locally and systemically. The mineralization is confined 

to specific locations within the collagen matrix and the mineral formed has a unique 

chemical composition and physical structure. The fact that a simple mixture of 

collagen fibrils with precipitated apatite prepared in vitro does not produce a 

substance with mechanical properties even close to that of bone, demonstrates that 

the hierarchical arrangement and precise cell-mediated construction of bone is of 

the utmost importance. 
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4.1.4 Bone cells 

The major functions of bone cells include matrix formation (osteogenesis), 

mineralization, and degradation (resorption). Formation and resorption can and 

generally do occur simultaneously. During the first two decades of life when the 

skeleton is growing, bone formation exceeds its degradation. With aging, the rate of 

bone formation declines to a slightly greater extent than the rate of resorption, 

resulting in a progressive bone loss as bone remodeling continues. 

 

Osteoprogenitor Cells  

These are undifferentiated mesenchymal cells, and have the properties of stem 

cells, that is, the potential for proliferation and a capacity to differentiate. These 

cells have the potential to differentiate into osteoblasts, chondroblasts, bone 

marrow stromal cells, or fibroblasts depending on the nature of the stimulus, and 

the local microenvironment. They are present in the inner layer of the periosteum 

and the endosteum lining marrow cavities, osteonal (Haversian) canals and the 

perforating (Volkmann’s) canals. Osteoprogenitor cells persist throughout postnatal 

life as bone-lining cells; they are reactivated in adults during the repair of bone 

fractures and other injuries. 

Osteoblasts 

The cells responsible for the synthesis and mineralization of bone during both initial 

bone formation and later bone remodeling are called osteoblasts. Osteoblasts form 

a closely packed sheet on the surface of the bone, from which cellular processes 

extend through the developing bone. They arise from the differentiation of 

osteogenic cells in the periosteum, the tissue that covers the outer surface of the 

bone, and in the endosteum of the marrow cavity. This cell differentiation requires a 

regular supply of blood, without which cartilage-forming chondroblasts, rather than 

osteoblasts, are formed. The osteoblasts produce many cell products, including the 

enzymes alkaline phosphatase and collagenase, growth factors, hormones and 

collagen, the main constituent of the organic component of bone. Eventually the 

osteoblast is surrounded by the growing bone matrix, and, as the material calcifies, 

the cell is trapped in a space called a lacuna. Thus entrapped, it becomes an 

osteocyte, or bone cell.  

Osteocytes  

The cells that lie within the substance of fully formed bone are known as osteocytes. 

Each cell occupies a small chamber called a lacuna, which is contained in the 



Page 20 of 107 

Injectability of calcium phosphate cements: 
Application to minimally invasive surgical procedure and 3D printing 

calcified matrix of bone. Osteocytes derive from osteoblasts, or bone-forming cells, 

and are essentially osteoblasts surrounded by the products they secreted. 

Osteocytes communicate with each other as well as with free bone surfaces via 

extensive cytoplasmic processes that occupy long, meandering channels (canaliculi) 

through the bone matrix. Cytoplasmic processes of the osteocyte extend away from 

the cell toward other osteocytes through canaliculi. Moreover, through these 

canaliculi, nutrients and waste products are exchanged to maintain the viability of 

the osteocyte. The osteocyte is involved in bone remodeling by transmitting signals 

to other osteocytes in response to even slight deformations of bone caused by 

muscular activity. In this way, bone becomes stronger if additional stress is placed 

on it (for example, by frequent exercise or physical exertion) and weaker if it is 

relieved of stress (for example, by inactivity). The osteocyte may aid in calcium 

removal from bone when the body’s calcium level drops too low. 

Osteoclasts 

Osteoclasts are large multinucleated cells responsible for the dissolution and 

absorption of bone (figure 3-4). Bone is a dynamic tissue that is continuously being 

broken down and restructured in response to such influences as structural stress 

and the body’s requirement for calcium. The osteoclasts are the mediators of the 

continuous destruction of bone. Osteoclasts occupy small depressions on the bone’s 

surface, called Howship lacunae. The lacunae are thought to be caused by erosion of 

the bone by the osteoclasts’ enzymes. Osteoclasts are formed by the fusion of many 

cells derived from circulating monocytes in the blood. These, in turn, are derived 

from the bone marrow. Osteoclasts may have as many as 200 nuclei, although most 

have only 5 to 20. The side of the cell closest to the bone contains many small 

projections (microvilli) that extend into the bone’s surface, forming a ruffled, or 

brush, border that is the cell’s active region. Osteoclasts produce a number of 

enzymes, chief among them acid phosphatase, that dissolve both the organic 

collagen and the inorganic calcium and phosphorus of the bone. Mineralized bone is 

first broken into fragments; the osteoclast then engulfs the fragments and digests 

them within cytoplasmic vacuoles. Calcium and phosphorus liberated by the 

breakdown of the mineralized bone are released into the bloodstream. 

Unmineralized bone (osteoid) is protected against osteoclastic resorption. 

4.1.5 Bone remodeling  

The remodeling of bone is a continuous process of synthesis and destruction that 

gives bone its mature structure and maintains normal calcium levels in the body 

(figure 4-4). Destruction, or resorption, of bone by osteoclasts releases calcium into 

the bloodstream to meet the body’s metabolic needs and simultaneously allows the 
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bone to alter in size and shape as it grows to adult proportions. Osteoclasts act on 

the inner surfaces of bones, in the marrow cavity and the spaces of cancellous bone, 

to widen these cavities. They also act on the outer surfaces to reduce bony 

processes, such as the epiphyseal swellings at the ends of the long bones of the arm 

and leg. Osteoclast activity takes place behind the epiphyseal growth zone to reduce 

former swellings to the width of the lengthening shaft. Within the bone, osteoclastic 

destruction helps to convert immature bone (called woven bone) into mature 

compact bone by clearing long tubular spaces that will serve as centres for the 

development of osteons. While the osteoclasts resorb bone at various sites, 

osteoblasts make new bone to maintain the skeletal structure. During childhood, 

bone formation outpaces destruction as growth proceeds. After skeletal maturity is 

reached, the two processes maintain an approximate balance. 

 
Figure 4-4 - Bone remodeling cycle adapted from [4] 

The mechanism of bone resorption involves protons (hydrogen ions) secreted by an 

ATP driven proton pump in the ruffled border of osteoclasts. The enzyme carbonic 

anhydrase II is essential in the generation of hydrogen ions. Simultaneously, acid 

hydrolases are released from lysosomes. Osteoclasts can move over the bone 

surface, creating many such resorptive pits. These pits are well visualized by 

scanning electron microscopy, and correspond to the Howships’ lacunae in routine 

sections. A combination of the acid created by the hydrogen ions, and the 
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proteolytic enzymes, provides optimal conditions for the resorption of bone and 

degradation of collagen. Osteoclasts have calcitonin (but not PTH or vitamin D) 

receptors. They are stimulated by IL-6 (in combination with IL-1, IL-3 and IL-11) and 

RANK-ligand[5]. These cytokines are produced locally by cells of the osteoblast 

lineage under the influence of PTH, vitamin D, TGF-β, IL-1 and TNF. The regulation of 

osteoclast differentiation is a subject of intense ongoing study with implications for 

the treatment of a variety of diseases ranging from osteoporosis to skeletal 

dysplasias such as osteopetrosis. It involves numerous cytokines including 

macrophages colony-stimulating factor (M-CSF), RANK-ligand (present on 

osteoblasts)[6], RANK receptor (present on osteoclast precursors) and 

osteoprotergrin (OPG), a decoy protein. 

 

4.2 Bone diseases and defects 

In general osseous injuries are postulated to preclude spontaneous healing [7].The 

non-regenerative threshold of bone was determined in a variety of research animal 

models inducing so-called critical-sized defects. Critical-sized defects can be defined 

as "the smallest size intraosseous wound in a particular bone and species of animal 

that will not heal spontaneously during the lifetime of the animal'' [8] or as a defect 

which shows less than 10% bony regeneration during the lifetime of an animal. 

Although the minimum size that defines a defect as "critical" is not well understood, 

it has been described as a segmental bone deficiency exceeding 2-2.5 times the 

diameter of the affected bone [9]. However, a critical defect in long bones may also 

depend on the species' phylogenetic scale, anatomic defect location, associated soft 

tissue, and biomechanical conditions in the affected limb as well as age, metabolic 

and systemic conditions, and related co-morbidities. In this section some of the 

medical conditions that either increase the risk of fracture or require a tissue 

resection are described. These pathologies may lead eventually to to critical sized 

bone defects requiring appropriately designed bone grafts to boost bone 

regeneration.  

4.2.1 Osteoporosis 

Osteoporosis is a metabolic bone disorder characterized by decreased bone mass, 

enhanced bone fragility, and increased susceptibility to bone fractures[10][11]. It is 

a major health problem affecting more than 25 million individuals in the United 

States and is responsible for well over one million bone fractures each year[10], 

[12], [13]. The annual financial costs of osteoporosis in the U.S. alone – based on 

hospitalization costs and acute and long-term care – are estimated to exceed ten 

billion dollars. And with the rapid aging of the population, these costs are expected 
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to increase dramatically. The bone loss that precedes the osteoporotic fracture is a 

symptomless process, so osteoporosis may go undetected until bones become so 

brittle that even the slightest trauma causes a fracture[10]. The spine is the most 

common region of fracture, with one third of women 65 years and older having 

sustained spinal vertebrae fractures, leading to loss of height, kyphosis (“dowager’s 

hump”), and chronic back pain [10], [13], [14]. By extreme old age, one of every 

three women and one of every six men will have had a hip fracture which, by any 

measure, is the most devastating of all osteoporotic fractures[13], [15]. 

A high number of these fractures require the use of bone grafts in order to heal 

correctly[16], [17].  

4.2.2 Tumors and tumor-like lesions 

Malignant bone tumors are rare [18]. Nonetheless benign lesions like cysts or 

benign tumors are a lot more frequent (figure 4-5), and even though they result in 

being less harmful, they can provoke acute or chronic pains, weakening of the bone 

structure resulting in fracture or neurological disorder condition if affecting the 

spine[18]. 

In many cases the clinicians opt for resection surgery, which implies the lesion´s 

removal leaving a bone defect with complex shapes and sizes. Either, to reduce the 

patient´s healing period or when the defect´s size ranges above the critical-size, it is 

usually filled with a bone graft extracted from the patient´s iliac crest complicating 

tremendously the surgery condition in terms of time, cost and sterility without 

mentioning the chronic pain experienced by 20% of the patients[19]. 

 

Figure 4-5 Benign Lipoma – adapted from [20] 
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4.2.3 Nonunion fractures 

A fracture is a break in the continuity of a bone together with a disruption of the 

blood supply to the bone. The healing process begins as soon as the bone is broken, 

provided that the fundamental principles of fracture treatment (reduction and 

immobilization) are respected. Fracture repair must be considered a regenerative 

process rather than a healing process, because the injured part is replaced by the 

formation of new bone tissue (callus) instead of scar tissue. The callus formed 

outside the bone is termed external callus while the callus in the medullary cavity is 

termed internal callus. lf a fracture is not displaced and is stable, only a cast or a 

brace may be necessary to maintain immobilization (with a small amount of 

interfragmentary motion). In this case bone callus forms “under natural conditions”. 

For unstable or displaced fractures operative treatment with an internal or external 

fixation is required. Operative treatment modifies the process of fracture repair: in 

this case a different kind of process (callus formation “after operative treatment”) is 

observed. When the fracture is caused by a high energy impact the bone might be 

fragmented in several small parts causing an important bone loss. In this case, a 

simple fixation is not sufficient to achieve bone regeneration, since the size of the 

defect is above the critical size and often results in pseudo-arthrosis or nonunion. 

Thus it is compulsory to provide the bone with a scaffold which can guide and be 

replaced by newly formed bone[21]. The overall risk of nonunion in fractures is 

estimated to be as high as approximately 2%[22], and this risk can increase to up to 

9% for certain types of fractures and patient age range. The cost per case to treat 

such nonunion fractures ranges from 8000€ to 91000€ approximately [23] and 

constitutes a heavy burden on the healthcare systems. 
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4.3 Calcium phosphate cements for minimally invasive surgery and 3D 

printing applications 

CPCs are blends of one or more calcium phosphates (CaP) with a liquid that undergo 

a dissolution-precipitation process which convert them into a solid body. Since CPCs 

are biocompatible, bioconductive and support bone remodeling in vivo[24], their 

application as materials for bone regeneration have increased in fields such as 

orthopedic surgery, dentistry and maxillofacial surgery. The diversity of reactants 

[25] and other parameters, such as liquid to powder ratio or particle size 

distribution [26], [27]provide with a range of CPCs formulations to obtain tailor-

made cements, which in turn justifies wide research interest in these biomaterials. 

Amongst CPCs, calcium deficient hydroxyapatite (CDHA) cements are of paramount 

interest since simultaneous dissolution of the solid reactant(s) is followed by the 

precipitation of micro/nanostructured hydroxyapatite with similar crystallinity and 

composition to those of the minerals that form bones [27]. 

 Two relevant features of the set CPCs are their micro/nanostructure and the 

intrinsic porosity [26]. While the high porosity is detrimental to the mechanical 

properties and constitutes a drawback for load bearing applications, it is a 

remarkable asset regarding the interaction with biological systems and for drug 

delivering [28]. However, CPCs per se do not possess macropores intrinsically, fact 

that precludes bone cells from colonizing the material in its bulk. Thus 

macroporosity has to be introduced through different strategies [29]–[33] in order 

to permit cell diffusion which is of paramount interest in bone regeneration.   

In addition to moldeable CPC pastes, the elaboration of pre-set CPC implantable 

blocks or granules is still relevant –even when injecting them is not a technical issue 

anymore—as the hardening process is completed at physiological temperature. This 

way, the setting reaction of CPCs not only allows obtaining microstructures that 

enhance osteoconduction related phenomena [34] but could also be regarded as a 

major asset from a drug delivery perspective since most drugs are organic 

compounds or proteins that can suffer from heat degradation or denaturation, 

respectively, during the high temperature sintering of conventional CaP ceramics. 

Alpha tricalcium phosphate (α-TCP) is one of the most extended reactants used in 

CPCs. In spite of its sparing solubility in water (-log𝐾𝑠 = 25.5; at 25 °C), α-TCP in 

form of a powder is able to hydrolyze progressively producing calcium deficient 

hydroxyapatite (CDHA; Ca/P ratio = 1.5) according to the following chemical reaction 

(1). This conversion produces an entangled network of CDHA crystals (Figure 4-6) 

that is responsible for the development of the mechanical properties of the cement. 

3Ca3(PO4)2 + H2O  Ca9(HPO4)(PO4)5OH  (1) 
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Figure 4-6  Schematic and SEM micrographs of a) Loose particles of α-TCP before setting; b) 

Entangled network of nanosized calcium deficient hydroxyapatite after setting 7days in water at 

37ᴼC. 

4.3.1 Injectability of calcium phosphate cements 

Nowadays improving the extrusion of CaP slurries can be considered as relevant for 

the development of fully injectable CPCs for minimal invasive bone grafting 

procedures. In fact, the ideal cement should be sufficiently handleable during 

injection and should subsequently harden quickly.  In spite of many contributions to 

the field across the last decade [35], [36], controlling the injectability of CPCs 

remains a key issue to achieve. The complexity to comprehend injectability comes 

from the fact that CPCs pastes are biphasic fluids with high solid content and broad 

particle size distributions, which make them non Newtonian fluids with intricate 

rheological behavior depending on time, setting reaction and shear rate [37]–[40] as 

will be detailed herein below. In order to simplify the study of the injectability, some 

authors have identified the most important parameters that control the injectability 

of non-self-setting CaP pastes instead of self-setting CaP pastes (cements) [41], [42]. 

These works proposed beta tricalcium phosphate (β-TCP) as a non-self-setting 
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model due to its lower solubility in water (-logKs = 28.9; at 25 °C) compared to α-

TCP, which prevents it from setting. Among all paste parameters investigated for 

their effect on injectability the most influencing were the liquid to powder (L/P) 

ratio, particle size distribution, particle morphology, plastic limit (PL), viscosity of the 

liquid phase and the incorporation of additives that either decreased the cement PL 

or improved particle lubrication. 

 

Figure 4-7  Schematic view of the injectability test. 

Ginebra et al.[43] described a simple test consisting in placing a syringe filled with a 

cement in a support between two compression plates of a universal mechanical 

testing machine (as described in Figure 4-7) and recording the load needed for the 

paste to flow at a constant rate of extrusion. At the same time this allowed to 

measure the proportion of the initial paste introduced in the syringe that had been 

extruded if not totally at least partially, calculating the percentage of injectability 

wich is characterizes empirically the injection behavior of a determined formula of 

CPC.  
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Notwithstanding, the ideal injectable calcium phosphate cement should be totally 

injectable and should not present phase separation phenomenon in order not to 

compromise its clinical application[41]. 

A cement paste is composed of two phases, since it is a suspension of particles in a 

fluid. In the case of calcium phosphate cements, since they are hydraulic cements, 

the fluid phase is water or an aquous solution. The first parameter to influence the 

injectability of such a composite fluid is its solid volume fraction (SVF). When the 

SVF is reduced sufficiently, interactions between particles are limited and the fluid 

dominates the flow behavior of the paste making it easier to extrude but 

augmenting the permeability of the paste and in fine reducing the cement 

mechanical properties as demonstrated when increasing the LPR [44].  

In a biphasic paste containing particles in a liquid, the fluid phase is potentially able 

to flow between the particles, leading to the separation of the two phases. In this 

respect, another parameter influencing the injectability of CPCs is the permeability 

of the powder with regards to the fluid as described by O’Neill et al. [45]. 

Permeability should be reduced as much as possible in order to avoid phase 

separation, in a phenomenon known as filter pressing. Bohner and Baroud identified 

this phenomenon that strongly affects its injectability [47] and leads to a gradual 

reduction of the liquid to powder ratio (L/P) inside the barrel of the syringe, first at 

the plunger and results in an increase of the L/P of the extrudate material [45]. 

In order to reduce the permeability the SVF should be increased, although this can 

also reduce the injectability if particle interactions are increased to an excessive 

proportion.  

Increasing the liquid phase viscosity augments the pressure needed to make the 

liquid flow in between the particles of the solid phase, thus reducing also the phase 

separation likelihood. Several polymeric additives can be used in the liquid phase to 

increase the viscosity of the cement paste. However, only biocompatible polymers 

can be selected since CPCs are intended to be directly implanted in the body. 

Among others, polysaccharides [46](Chitosan,hydroxyethyl cellulose, sodium 

alginate etc.), synthetic polyethers (PEO, PPO, and poloxamers)[47] and polypeptidic 

polymers such as collagen or gelatin[48] have been used for this purpose. Polymeric 

additives drastically increase the injection force to extrude the paste which at times 

is detrimental to the overall clinical handling. 

Particle size has also been identified as a parameter influencing the injectability of 

calcium phosphate cements and pastes. Even though reducing particle size is 

described by Jack et al.  [49] as increasing the injectability, probably by reducing the 

permeability of the powder due to a higher specific surface area that generates 
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more contact between both phases, it also can provoke particle agglomeration that 

in turn hinder the injectability. Furthermore reducing particle size also increases the 

paste viscosity and thus increases injection force reducing the control of injection in 

parenteral injection of cements.  

Modifying the particle size distribution by making it bimodal or by broadening it 

especially with fine particles is another method employed to increase the SVF thus 

reducing the permeability of the powder. Some authors have added fine particles to 

the paste improving the injectability [50] of the cement and others have tried to add 

larger particles of standardized beads of other materials without clear improvement 

of the injectability[51] or even reducing it [52].  

Reducing colloidal interactions can also be beneficial to the injectability of CPCs. 

Ions that present several negatively charged functional groups like carboxylates can 

be added to the liquid phase to improve the cement’s injectability. For instance 

citrate[53] or hexametaphosphate [54] ions were already used for rheological 

enhancement of CPCs.  

Another interaction between particles that influences the injection behavior is the 

friction between particles. Most calcium phosphates powders are irregular are 

composed of irregularly shaped particles that are highly rough generating important 

particle to particle friction. This friction is further increased when the SVF is high 

which indicates that increasing the LPR is one of the methods indicated to reduce 

the friction. On another ground, using particles with low aspect ratios and 

roughness can improve substantially the injectability as demonstrated by Ishikawa 

et al. [55], however in the case of spherical particles of α-TCP their obtention 

requires processes that do not allow the same level of reactivity as much as milling, 

such as for instance flame spraying, increasing substantially CPCs’ setting time and 

hindering their clinical application.  

In summary, the different strategies that have been explored to improve CPCs’ 

injectability can be classified as follows: i) tuning the particle size, particle size 

distribution or particle shape [45]; ii) modifying the surface electrostatic charge of 

the initial solid phase reducing flocculation and aggregation phenomena  [36], [56]–

[60], and iii)  stabilizing the powder-liquid mixture by either reducing the 

permeability of the powder or by increasing the viscosity of the liquid phase thus 

making its exudation more difficult by the filter pressing phenomenon  [39], [43], 

[61]–[64]. 

However, it has to be kept in mind that injectability is not the only requirement a 

CPC must fulfill. Other clinical requirements should be kept in mind, and other 

properties such as paste cohesion, setting time, mechanical strength or 
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handeablility (need for complex devices to prepare the cement as opposed to 

premixed cements) should not be disregarded in order to obtain a safe and 

efficacious CPC.   

4.3.2 Robocasting 

Among the several solid freeform fabrication techniques that can be applied to CPCs 

direct write assembly techniques are probably the most interesting for bone 

regeneration applications. Other routes have been explored using CaP low-

temperature reactions, like powder-bed based 3D printing, but the specific 

complexity of the process related to powder characteristics and layer establishment, 

the material waste and accuracy as well as the need to employ a depowdering 

process and the poor versatility in terms of material types limits the reach of this 

technique [65].    

In contrast, direct-write assembly techniques[66] offer the ability to design and 

rapidly fabricate ceramic materials with complex 3D structures required for 

structural [67], [68], electrical [69] and biomaterial [70]–[73] applications. The 

technique involves materials assembly through a layer-by-layer process. 

Furthermore it allows to digitally design (CAD) from medical imaging data (CT-Scan, 

CBCT or NMR) a bone graft that perfectly fits to the patient’s defect. 

Several techniques are currently under investigation including direct ink-jet printing 

[74], hot-melt printing [75] and robotic deposition (or robocasting) [76]. This 

nascent area is part of a growing field known as solid freeform fabrication [77] that 

provides an enabling technology for forming materials without the use of expensive 

tooling, dies or molds.  
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Figure 4-8  Schematic view of the robocasting process.  

Robocasting consist in using a 3D motion controlled dispenser to draw with a 

continuous strand of material a 3D structure with desired dimensions. The 

technique relies on a perfect coordination between the speed of the dispenser 

movement and the dispensing flow of material. Nonetheless the material properties 

must be suitable for such a demanding technique. First the ink should be a 

pseudoplastic fluid with a low injection force. Furthermore, the material should 

maintain its shape after injection and contact with a non-bonding substrate, and be 

able to sustain itself without bending of the strands between two contact points. 

Non-reactive inks 

Non-reactive inks are stable pseudoplastic fluids that can be stored before printing, 

they are composed of non-reactive powders and a binder solution containing water 

or another solvent. Robocasting of non-reactive inks has been employed to produce 

HA and β-TCP scaffolds from a colloidal ink based on polyacrylate (PAA) and 

polyethyleneimine (PEI) [78], [79][80], [81] as well as poloxamer binder[71]. 

However the use of non-reactive inks implies a physical post processing step in 

order to consolidate the scaffold [79]. In most cases this physical consolidation step 

corresponds to a sintering process in which the part is heated first to a temperature 
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at which the binder is degraded and subsequently to a higher temperature at which 

the solid-state diffusion is increased (usually more than half of the melting 

temperature of the material). At such a high temperature the particles bound 

together to give the part its mechanical integrity. Sintering can suppress nano and 

microporosity if not carefully controlled because it is driven by the diffusion mass 

transport to the pores of the green powder compact thus impairing some key 

biological features of the biomaterial such as protein adsorption and wettability. 

Furthermore the same phenomenon has a macroscopic direct consequence 

consisting in a substantial shrinkage (up to 30%), which can be anisotropic leading to 

a bad accuracy and dimension predictability. The former parameters are of 

paramount importance for the design of anatomically fitted scaffolds. Shrinkage can 

also produce residual stresses that hinder mechanical properties of the constructs. 

Overall, sintering is a process that is time and energy consuming and can lead to 

functional impairing of the biomaterials that compose the scaffold.  

 

Reactive inks 

Reactive inks can either be unstable mixture whose solid and liquid phase react 

together in order to produce a solid body (i.e. cement slurry) [82] or a mixture of a 

reactive solid phase together with an inert binder allowing to have a stable ink [83] 

whose reaction can be triggered post printing by introducing the corresponding 

reactant. Binder selection is of utmost importance since it influences the 

rheological, chemical and biological response of the ink and in fine of the scaffold. 

Binders are chosen first for their ability to induce a pseudoplastic behavior of the 

ink, some hydrogels and other complex fluids such as emulsions exhibit these flow 

properties allowing the printed layers to retain their shape and withstand the 

weight of superimposed layer of material. Furthermore the binder must be  

biocompatible, in order not to induce adverse reactions. Gelatine[82], cellulose 

esthers solution [84], sodium alginate[85] and poloxamers[86] [86]have been used 

as hydrogel binders for the production of reactive inks and this approach is included 

within the scope of the present thesis. In the eventuality that the binder does not 

possess a specific biological function it is preferable to eliminate it by a washing step 

in order to avoid hindering interactions between the host’s tissue and the mineral 

part of the scaffold. Finally the main advantage of reactive inks is that they eliminate 

the need for a high temperature sintering step and allow to be consolidated under 

mild conditions. This way the physicochemical characteristics of low temperature 

apatite such as the high specific surface area and the microstructure as well as the 

micro/nano porosity are preserved. Furthermore the energy needed for the 

consolidation of the scaffold is reduced drastically and shrinkage is limited 
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considerably since the setting or curing reaction does not affect the dimensions of 

the part especially in the case of calcium phosphate cements[87] based inks.  

Lode et al. have employed lipid based CPC formula in order to produce scaffolds by 

robocasting [83] under mild conditions using α-TCP as the solid phase, obtaining 

CDHA scaffolds with properties closer to those of bone apatite. However the use of 

lipid based binder, which does not react with α-TCP, delays considerably the 

hardening of the scaffolds because it hinders or at least delays water to enter in 

direct contact with α-TCP, this resulting in poor compressive strength.  

Other researchers have used magnesium phosphate cements [84] in a two step 

process in order to harden the scaffold through a cementitious reaction. Recently 

another approach was proposed [86] that combines 3D printing and electric field 

guiding of the extrudate based on a solution of poly ϵ-caprolactone in which α-TCP 

particles are dispersed. The electrodes were placed on the platter and on the 

syringe this way an electrical potential was applied between the syringe tip and the 

platter on which the strands were deposited, the poly ϵ-caprolactone /α-TCP ink 

then solidified after solvent evaporation and the α-TCP hydrolysed and 

reprecipitated into CDHA after scaffolds were immersed in water. The obtained 

scaffolds exhibit a good potential for tissue engineering especially because of their 

mechanical properties since they are less brittle than purely inorganic materials.   

In summary, reactive inks open new perspectives for the fabrication of scaffolds for 

bone regeneration since they allow to obtain scaffolds with controlled architecture 

and porosity with biomaterials that are closer to the mineral phase of bones than 

those obtained at high temperature. Furthermore they allow combining the inks 

with biologically active substances and cells, which constitute the base of 

multifunctional bioinks.  

In the following sections the three papers constituting the core of this thesis are 

included, followed by a discussion about the relevance of the results obtained. 

Moreover a patent that also resulted from this PhD is included as an Annex.  
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