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Abstract 

Calcium phosphate cements (CPCs) have been increasingly used as synthetic bone substitutes for repair and 

regeneration of bone defects given their biocompatibility, resemblance to bone and malleability. Moreover, their use 

as local antibiotic delivery systems is of main interest against bone infections, avoiding the toxic effects of high 

dosages of conventional therapy.  

This work intended to develop a novel injectable CPC-based drug delivery system with improved properties and 

sustained release of an antibiotic (gentamicin), starting from the original composition of a commercialized CPC 

(Neocement®). For this, the influence of the liquid phase amount (LP%), polymer content, type of polymer (chitosan 

or hydroxypropyl methylcellulose, HPMC) and granulometry of calcium phosphate powders on the basic properties 

of the starting material was evaluated.  After loading the most promising formulations with gentamicin sulphate (GS), 

their drug release profiles showed that all CPCs allowed sustained release for at least 14 days and with a superior 

profile when comparing with a commercial polymethylmethacrylate cement (Genta1®) containing GS. The release 

profiles were fitted by the Higuchi and Hixson-Crowell models, suggesting a diffusion-controlled mechanism and 

presence of matrix erosion. The antibiotic released from all materials remained active against S. aureus and S. 

epidermidis. Biocompatibility studies with MG63 cells showed that only one of the materials (42%LP, HPMC+GS) 

was non-cytotoxic. Characterization of this optimal drug-loaded CPC showed suitable setting and mechanical 

properties and injectability around 87% but further analysis is required regarding the cement final product. Moreover, 

it demonstrated good flowability and connectivity with human cadaveric trabecular bone.  

 
Keywords: Calcium phosphate cements, properties optimization, injectability, gentamicin sulphate, drug release,   
trabecular bone  
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Resumo 
 

Cimentos de fosfato de cálcio (CFCs) são frequentemente utilizados para reparação e regeneração de defeitos 

ósseos devido à sua biocompatibilidade, semelhança com o osso e maleabilidade. Além disso, o seu uso para 

administração local de antibióticos é de grande interesse contra infecções ósseas, evitando efeitos tóxicos das doses 

da terapia convencional. 

Este trabalho teve como objectivo desenvolver um CFC injectável com propriedades melhoradas e libertação 

sustentada de um antibiótico (gentamicina), a partir da composição de um CFC comercializado (Neocement®). Para 

isso, avaliou-se a influência da quantidade de fase líquida, teor de polímero, tipo de polímero (quitosano ou 

hidroxipropilmetilcelulose, HPMC) e granulometria dos fosfatos de cálcio nas propriedades básicas do material de 

partida. Após carregamento das formulações mais promissoras com sulfato de gentamicina (GS), os seus perfis de 

libertação demonstraram que todos os CFCs permitiram libertação sustentada por 14 dias e com um perfil superior 

a um cimento comercial de polimetilmetacrilato (Genta1®) contendo GS. Os perfis de libertação foram ajustados 

pelos modelos de Higuchi e Hixson-Crowell, sugerindo libertação controlada por difusão e presença de erosão da 

matriz. O antibiótico libertado reteve actividade contra S. aureus e S. epidermidis. Estudos de biocompatibilidade 

com células MG63 indicaram que apenas um dos materiais (42% LP, HPMC + GS) é não citotóxico. Este CFC ideal 

com GS reteve propriedades mecânicas e tempo de presa adequados e injectabilidade de 87%, no entanto estudos 

adicionais são necessários quanto ao produto final do cimento. Além disso, demonstrou boa fluidez e conectividade 

com osso trabecular de cadáver humano. 

 
Palavras-chave: Cimentos de fosfato de cálcio, optimização de propriedades, injectabilidade, sulfato de 
gentamicina, libertação de fármaco, osso trabecular 
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1. Introduction 

1.1. Context and motivation 

Bone is a dynamic tissue and even though it presents an extremely well-organized architecture and 

functioning, bone damage might occur due to a multitude of causes1. Given the higher incidence of bone 

diseases like osteoporosis, osteomalacia, tumours and also traumatic accidents due to a gradual 

increment in life-expectancy of the world population, bone injuries have been widely increasing in the 

last years2. 

In this context, severe bone mass loss might occur and create defects that exceed the capabilities 

of biological repair processes. Therefore, over two million bone grafting procedures are performed 

worldwide every year3. Although bone autografts are considered the “gold standard” method, they 

constitute a limited supply of bone source and increase the number of surgical procedures for the 

patient. Other alternatives are allografts and xenografts, nevertheless the risk of immunogenic 

responses and infective agents’ transmission is still a major concern3. 

The need for the replacement of natural bone grafts by synthetic materials has led to the 

development of several alternatives. Among these, calcium phosphate cements (CPCs) have emerged 

as excellent candidates for bone regeneration purposes and have been widely commercialized. In fact, 

they mimic the mineral phase of bone and present excellent biological behaviour, such as good 

biocompatibility, bioactivity, osteoconductivity and biodegradability, as well as good handling 

properties4. Moreover, contrarily to polymethyl methacrylate (PMMA)-based cements that are also quite 

common in clinical practice, CPCs can self-set and harden at body temperature in situ within the bone 

defect site after their placement, being then gradually resorbed and replaced by new bone material. 

CPCs have also opened the possibility of performing bone defect repair within intricate bone cavities or 

narrow defect sites while resorting to minimally invasive surgical procedures, in which the cement is 

delivered by injection. Nonetheless, for several CPCs formulations this is not possible, since liquid-solid 

phase separation phenomena during extrusion leads to blockage of the syringe/needle, which has been 

partially solved by adjusting processing parameters of CPCs. Also, CPCs are inherently brittle and some 

mechanical properties still need improvement5. 

Another major concern in orthopaedics is the high incidence of bone infections like osteomyelitis, 

that leads to necrosis and destruction of bone, and that deeply increases after surgeries involving 

biomaterial implantation. The standard treatment for osteomyelitis involves surgical debridement and 

systemic and oral administration of antibiotics in high dosages for at least 6 weeks. The risk of secondary 

effects and toxicity are a major concern, so local delivery of antibiotics to the site of infection for long 

periods of time is strongly desired6. CPCs have been successfully studied as antibiotic delivery systems 

and are among the most promising degradable carriers given their intrinsic porosity and low temperature 

of setting7. Still, their clinical use for antibiotic delivery has only been performed on an off-label basis 

since further and more complete studies are required to fully establish their potential and safeness.  
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Thus, to satisfy clinical requirements and needs of surgeons, current research on CPCs for bone 

application is conducted intending to achieve three main goals: (1) improve the intrinsic handling and 

mechanical properties; (2) provide additional biological properties; (3) confer controlled drug release 

ability.  

Neocement® is a CPC currently commercialized in the European market and manually placed within 

the trabecular bone of small bone defects in craniofacial and trauma surgeries. The main goal of this 

work is to develop a new CPC-based drug delivery system, starting from the original composition of 

Neocement®, with improved properties and sustained release of an antibiotic. After a brief overview and 

literature review on bone architecture and physiology, CPCs relevance as bone substitutes and ways to 

improve their properties and their potential as a solution against bone infection, the work carried out to 

optimize and characterize the new material is described. 

Specifically, it is intended to improve the material properties of the commercial CPC, namely its 

injectability, to eventually widen its range of applications into minimally invasive surgical procedures, 

while maintaining suitable handling and mechanical performance for clinical application. For this, the 

effect of four processing parameters on the main properties of the cement was analysed, being these: 

liquid phase content, chitosan amounts, use of another polymer rather than chitosan (hydroxypropyl 

methylcellulose) and use of calcium phosphate powders with different particle size. The most promising 

materials were loaded with one of the most used antibiotics in orthopaedics, gentamicin sulphate, and 

their drug release profiles and antimicrobial activity were studied aiming to find the ones that combined 

the best material properties and a sustained drug release. The optimal formulation was selected after 

performing biocompatibility studies and further characterized regarding its main properties and 

composition. Finally, its ability to be injected into cadaveric human bone and fill voids was evaluated ex 

vivo.  
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1.2. Bone: function, structure, properties and injuries 

1.2.1. Composition and biology of human bone tissue 

The human skeleton of an adult comprises 213 bones. The skeletal system is responsible for several 

functions within the body, namely structural support, movement by providing levers for the muscles, 

protection of vital internal organs/structures, maintenance of mineral homeostasis, reservoir of growth 

factors and cytokines and provides the environment for blood cells production within the marrow 

spaces1. These different functions arise from a highly dynamic and hierarchically structured tissue, the 

bone tissue, composed by a bone matrix and living cells8.  

The bone matrix, responsible for the main mechanical properties of bones, is approximately 35% 

organic and 65% inorganic material. The organic part essentially includes protein fibres, like type I 

collagen, and organic molecules, like proteoglycans, lipids, growth factors and cytokines and other 

macromolecules that confer elasticity to the matrix. The inorganic/mineral part is mainly composed by 

calcium phosphate crystals in the form of  hydroxyapatite (HA), Ca10(PO4)6(OH)2, that can be ion-

substituted1,8 but also contains small amounts of carbonate, magnesium and acid phosphate. The 

inorganic portion confers rigidity to the matrix8. 

Regarding bone living cells, these are categorized as osteoblasts, osteocytes, and osteoclasts. 

Osteoblasts are responsible for the production of bone matrix, or osteogenesis. For this, they synthetize 

and release type I collagen and proteoglycans through exocytosis, producing the organic section of the 

matrix and regulating its mineralization by releasing small vesicles containing calcium and phosphate 

ions and several enzymes, allowing the production of HA crystals. One of the enzymes that regulates 

this process is alkaline phosphatase (ALP), and even though its role in mineralization is not completely 

understood yet, its expression is increased during the process1, so it has been recognized as an early 

marker for the activity of osteoblasts9. Once osteoblasts become encased within the produced bone 

matrix, they constitute mature osteocytes, the second type of bone cells, less active but also able to 

produce essential components for the matrix. They present mechanosensation properties, transducing 

mechanical stress signals on bones into a biological response1. The third type of bone cells are 

osteoclasts, large multi-nucleated cells coming from the monocyte/macrophage lineage, responsible for 

bone resorption, or bone breakdown. This process allows for the degradation of bone matrix by an acidic 

environment and release of enzymes by osteoclasts and osteoblasts1,8. The occurrence of independent 

processes of bone formation or resorption makes up the bone modelling process. It is vigorous during 

growth, altering the shape/size of bone and continues in adulthood, by increasing the ability to resist 

bending and adapt to functional challenges10,11. 

Besides this, during its lifetime bone is also maintained by the process of bone remodelling, being 

renewed to maintain bone functioning. It is a lifelong process that begins in fetal life and continuously 

replaces damaged bone by new one, preventing the accumulation of bone microdamage and preserving 

calcium/phosphate homeostasis1,10. Though this phenomenon has different frequencies throughout life 

and for different bones, it is reported that 25% of trabecular bone and 3% of cortical bone are removed 

and replaced every year10. These types of bone will be further described in section 1.2.2.  
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1.2.2. Anatomy of human bones 

According to their overall size and shape, bones can be classified as long (e.g. humerus, femur, 

tibiae), short (e.g. carpus, tarsus), flat (e.g. sternum, shoulder blade) or irregular bones (e.g. vertebrae). 

Long bones are most of the bones from the upper and lower limbs and their structure comprises a central 

cylindric portion, the diaphysis, with heads at both extremities, the proximal and distal epiphysis12. A 

schematic representation of a long bone is presented in Figure 1.  

Figure 1: Representation of the structure of a long bone. (A) Anterior view of a long bone, containing the diaphysis and proximal 
and distal epiphysis. (B) Enlarged view of the epiphysis structure. (C) Enlarged cross-sectional view of the diaphysis structure. 
(Adapted from [12]) 

Structurally, there are two types of bone with different architecture and porosity: spongy/trabecular 

bone and compact/cortical bone. The diaphysis (Figures 1 A and C) is mainly composed by cortical 

bone, that forms a thick collar protecting the yellow bone marrow, which is mainly adipose tissue. The 

external surface of the entire bone, except the joint surfaces, is covered by a double-layered membrane, 

the periosteum (Figure 1 C), that contains osteoblasts and osteoclasts and is richly supplied with nerve 

fibres and lymphatic and blood vessels. In the core of the extremities, in the epiphysis, trabecular bone 

predominates (Figures 1 A and B)12. 

Trabecular bone (Figure 1 B) has a porous appearance and consists of interconnecting rods and 

plates of bone called trabeculae. Between these, spaces filled with bone marrow and blood vessels 

allow haematopoiesis. The surfaces of trabeculae are covered with a single layer of cells consisting 

mostly of osteoblasts with a few osteoclasts8. This type of bone, with typically 50%-90% porosity, is 

subjected to a complex set of stresses and strains, although compression seems to predominate, and 

trabeculae are oriented along the lines of stress within a bone13. Trabecular bone transfers mechanical 

loads from the articular surface to the cortical bone. This second type of bone tissue (Figure 1 B) has 

four times the mass of trabecular bone, is denser and has fewer spaces, having less than 30% porosity14. 

Architecturally, it contains a series of parallel-oriented collagen fibers around which crystals of minerals 

are deposited. As cortical bone is mostly subjected to bending and torsional forces, as well as 

compressive ones14, this compact organization is critical for its mechanical support ability. Cortical bone 

constitutes roughly 80% of the skeletal mass, while trabecular bone composes about 20%14.  

(A) 

(C) 

(B) 
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1.2.3. Pathologies and traumas: the need for bone substitutes 

Although bone tissue has a well-organized architecture, bone damage may occur due to a multitude 

of causes, mainly categorized as pathology or trauma (physical injury)14. Effectively, bone injuries and 

diseases have been widely increasing in the last years mainly due to a gradual increment in life-

expectancy and ageing of the world population2. 

Osteoporosis is the most common bone disease in humans and constitutes the major cause of 

fractures in the older population15. According to statistics, in 2010 in the United States approximately 

10.2 million adults (≥50 years) had osteoporosis16 and it is expected that 30% of all Caucasian women 

(the most susceptible group) experience a bone fracture due to osteoporosis. This metabolic bone 

disease is characterized by low bone density and deterioration of bone architecture, which results from 

an imbalance in bone metabolism where resorption exceeds the formation of new bone12.  

Another severe metabolic condition affecting bones, although less frequently, is osteomalacia, in 

which an accumulation of poorly mineralized bone matrix is observed. This deficient mineralization is 

usually caused by lack of vitamin D, and, more rarely, by phosphate and calcium depletion. It manifests 

itself as a general weakness of the bone that is accompanied by pain and, as in osteoporosis, frequently 

results in spontaneous bone fractures17. 

Even though their incidence is not as high, bone tumours are also a major concern and 

osteosarcoma, the most common bone malignant tumour and more common in males, shows an 

incidence of 3/1,000,000 population. It affects mainly the distal femur, followed by the proximal tibia and 

the proximal humerus18. Surgery combined with chemotherapy is still the primary treatment for limb 

reconstruction and salvage procedures for most bone cancers, but the resection of tumours often leaves 

large skeletal defects19. 

Concerning trauma, a fracture may arise either from forces of low magnitude that are cyclically 

repeated over a long period of time or from a force having sufficient magnitude to cause failure after a 

single application, exceeding bone resilience. Also, the mentioned diseases can facilitate fracture 

development, as bone structure is fragilized and therefore microtrauma accumulation, especially in bone 

trabeculae, can result in fracture. Generally, it is believed that approximately half of the population 

sustains at least one bone fracture during their lifetime20.  

As mentioned before, bone modelling and remodelling are processes inherent to bone turnover and, 

under normal circumstances, bone cells can promote the self-repair of bone defects and fractures, 

enabling the damaged organ to be fully restored to its pre-injury structure and function10. Nonetheless, 

extreme conditions like high energy traumas, the abovementioned diseases, developmental deformities 

and tumour resections can lead to large bone defects. If the defect exceeds a critical size, the natural 

bone regeneration capabilities will be surpassed and bone reconstruction and cicatrisation will not occur 

fast enough. Indeed, the extensive bone loss in these defects has been shown to directly affect 

revascularization and tissue differentiation, and eventually leads to spontaneous bone fracture, which 

progresses to non-union without interventions21. Defects with length exceeding 2–2.5 times the diameter 

of the affected bone can be considered as critical defects22. 
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In this context, bone grafting is usually performed to fill bone defects and to help promoting the 

repair process of missing or damaged bones10. In fact, over 2 million bone grafting procedures are 

performed worldwide per year, which is the second most frequent tissue transplantation right after blood 

transfusion, with more than 500,000 implanted in the USA alone3.  

Currently, bone autografts are still considered the “gold standard” in bone substitution. This involves 

the utilization of bone obtained from the same individual receiving the graft, with bone usually extracted 

from non-weightbearing bones, and thus reducing immunogenicity or rejection concerns. However, 

there is a limited supply of bone source and increased surgical procedures for the patient. An alternative 

is the use of grafts collected from bone banks, where bone tissue is harvested from one individual and 

transplanted to a genetically different one. Nevertheless, inferior healing was observed for allografts 

compared to the use of autografts and potential transmission of diseases and other infective agents 

were also reported. Xenografts can also be performed, meaning the use of bone from animal species, 

but they present the limitations described for allografts and also ethical concerns3,10. 

To address these limitations, synthetic bone substitutes have emerged during the past decades. In 

fact, bone grafts and substitutes are among the most promising markets in orthopaedic industry, with 

revenues in 2013 reaching over two billion dollars23. Even though in 2016 synthetic biomaterials 

accounted for around 20% of the bone regeneration materials market24 (Figure 2), their use is on the 

rise and its share of the market is growing with the development of new products. Nowadays, several 

synthetic bone substitute materials have been developed and can be divided into different categories, 

such as metals, polymers, ceramics, bioactive glasses, calcium sulphates, calcium carbonates and 

calcium phosphates (ceramics and cements)5. 

 

Figure 2: Global bone graft substitute market share (%) by type, in 2016. (Adapted from [24]) 

 

1.3. Calcium phosphate cements as bone substitutes 

1.3.1. Historical overview of bone cements: from PMMA cements to CPCs 

Bone cements are biomaterials that harden upon mixing of its solid and liquid components and are 

used in medicine, for example, for fixation of surgical prostheses or filling bone defects25. Since the work 

of Dr. Charnley26, that pioneered the use of the first bone cement based on polymethylmethacrylate 

(PMMA) in the 1960s for hip prosthesis, PMMA bone cements have emerged as one of the premier 

synthetic biomaterials in contemporary orthopaedics. They are formed by a polymerization reaction 

between the initiator in the powder containing prepolymerized PMMA and a methylmethacrylate liquid 

35.60%

32.50%

20.10%

8.70%
3.10%

Autograft

Demineralized Bone Matrix
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monomer containing an accelerator. The result is a soft deformable material that rapidly (10-20 minutes) 

becomes a hard cement due to its characteristic exothermic reaction, which can exceed 80oC27. The 

main application of PMMA cements is implant fixation, as interfacial phase between the implant and 

natural bone. Its main functions are amplifying the load–carrying range of the prosthesis–bone cement–

bone system and/or relocating body load from the prosthesis to the bone. They have also been used for 

fracture stabilization and augmentation or filling of defects after tumour resection28.   

Although the properties of these cements were firstly an extreme advantage, long-term studies 

revealed that the lack of chemical bonding between the bone and the cement could result in loosening. 

Moreover, several clinical trials showed other disadvantages, as the release of toxic monomers from 

these cements, high temperature of the cement polymerisation reaction and consequent osteonecrosis 

as well as lack of biodegradability and colonisation by new bone28. Nonetheless, several attempts have 

been made to improve PMMA performance, and these are still widely used for mechanical fixation of 

prosthesis, given its good mechanical properties and relatively inexpensiveness27.  

In the beginning of the 1980s a novel family of biocompatible bone cements emerged, calcium 

phosphate cements (CPCs). The first CPC was inadvertently achieved by Brown and Chow29, via the 

previous observation of calcium phosphates solubility behaviour, and of the fact that mixing of two 

specific calcium phosphates originated HA through a cementitious reaction, after approximately 30 

minutes. The work of LeGeros et al.30 within the same period also contributed to find out the potential 

use of these materials as restorative. In the decade following these first discoveries, CPCs were 

introduced into clinical practice for the treatment of craniofacial defects31 and bone fractures32, being 

firstly approved by the Food and Drugs Administration (FDA) in 199610.  

In common with acrylic bone cements, this new family could self-set inside the body, which allowed 

its implantation in a paste form very easily shaped to adapt to the bone cavity regardless its shape. Also, 

the paste is set and hardened with a just slightly exothermic reaction at room or body temperature, so 

there is no risk of tissue necrosis by hyperthermia like with PMMA cements33. Consequently, direct 

surgical application of CPCs by hand in repairing of bone defects resulting from trauma or disease 

became an important breakthrough and innovative treatment modality by the end of the 20th century34. 

Some CPC formulations have such good viscoelastic properties that they can even be placed by direct 

injection, avoiding invasive surgical procedures35.  

Other of the most relevant features of CPCs are their excellent bioactivity, with the ability to form a 

direct bonding with the bone tissue within the bone defect, and osteoconductivity, favouring new bone 

ingrowth. Indeed, after placed within a bone defect, CPCs are osteointegrated as they become colonized 

by mesenchymal cells and are then progressively degraded, while new bone is produced by 

osteoblasts36. Therefore, they are resorbable materials that can be passively resorbed, with a resorption 

rate that depends on their composition, solubility and microstructure, or actively resorbed through 

phagocytosis by macrophages or via acidification by osteoclasts37. For effective patients’ recovery 

though, the degradation rate of the implanted CPC should be compatible with the ingrowth of the bone 

tissue. These features confer these easily handled bone cements high bone regeneration potential38. 
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1.3.2. Brief chemistry of CPCs 

Generally, CPCs are produced by a chemical reaction between two phases, a solid and a liquid one. 

When the two phases are mixed, a mouldable paste is formed, and it progressively sets and hardens 

into a solid mass (Figure 3). The solid phase comprises one or several calcium orthophosphate 

compounds/powders while the liquid phase is an aqueous solution that might have several additives4,39. 

Chemically, the reaction can be divided into two steps (Figure 3): (i) Dissolution: the starting calcium 

phosphate powders are progressively dissolved in the liquid phase and release calcium and phosphate 

ions; (ii) Precipitation: upon ionic oversaturation, the precipitation of calcium phosphates starts to occur 

in the form of a new phase, creating nuclei that grow and originate crystals, promoting the setting 

reaction. The formed paste starts to lose its viscoelastic properties and, as an entangled network of 

needle-like or plate-like crystals is produced, the hardening of the paste is observed until forming a solid 

mass. The final composition of the formed precipitate depends on the relative stability of the various 

calcium phosphate salts in the system4,40. 

Figure 3: Rationale of calcium phosphate cements: processing and microstructure. (Adapted from [40]) 

 

Calcium orthophosphates, mainly referred as calcium phosphates, are the calcium salts derived 

from orthophosphoric acid. The main reason behind the use of these compounds as bone substitute 

materials is their chemical similarity to the mineral component of bones. Table 1 shows the most 

common calcium phosphates used as biomaterials, as well as some of their properties. 

Table 1: Main calcium phosphates used as biomaterials. Their common abbreviation, chemical formula, ratio calcium/phosphate 
and solubility in water at 25oC are also shown. (Adapted from [40]) 
 

Name Symbol Chemical Formula 
Ca/P 
ratio 

Solubility in 
water, 25oC (g/L) 

Monocalcium phosphate 
monohydrate 

MCPM Ca(H2PO4)2·H2O 0.5 18 

Dicalcium phosphate dihydrate DCPD/brushite CaHPO4·2H2O 1.0 0.088 

Dicalcium phosphate 
anhydrous 

DCPA/monetite CaHPO4 1.0 0.048 

Amorphous calcium phosphate ACP 
(Ca,X)x(PO4,Y)y·nH2O 

X = Mg2+, Zn2+, Sn2+, Al3+; 
Y = (CO3)2-, (P2O7)4- 

1.3-
2.5 

N.A. 

Octacalcium phosphate OCP Ca8H2(PO4)6·5H2O 1.33 0.0081 

Precipitated hydroxyapatite PHA, CDHA* 
Ca10-x(HPO4)x(PO4)6-x(OH)2-x, 

0≤x<1 
1.5-
1.67 

0.0094 

α-Tricalcium phosphate α-TCP α-Ca3(PO4)2 1.5 0.0025 

β-Tricalcium phosphate β-TCP β-Ca3(PO4)2 1.5 0.0005 

Hydroxyapatite HA Ca10(PO4)6(OH)2 1.67 0.0003 

Tetracalcium phosphate TTCP Ca4(PO4)2O 2.0 0.0007 

Calcium 
phosphate particles 

Aqueous solution 

(i) Dissolution 

 

 

(ii) Precipitation of network of crystals 

*When x>0, one talks about calcium-deficient hydroxyapatite (CDHA) 
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As a result of extensive research on new CPC compositions, data in the literature indicates that 

cementation can now occur in mixtures containing a wide variety of calcium phosphate compounds, and 

nearly all of the compounds listed in Table 1 have been used as cement ingredients41. The final product 

of CPCs depends on the solubility data of calcium phosphates and the pH of the paste during setting. It 

is generally accepted that only two main end-products are formed: (i) brushite, also called dicalcium 

phosphate dihydrate (DCPD) or (ii) a precipitated poorly crystalline HA with a composition close to that 

of HA, (calcium-deficient hydroxyapatite, CDHA). As a result, they are termed brushite and apatite 

CPCs34.  Since apatite is the most stable (least soluble) calcium phosphate at pH > 4.2 and brushite the 

most stable one at pH < 4.242, these are the two main products, with possible formation of intermediate 

precursor phases. However, because of kinetic factors, the pH limit of 4.2 can be shifted to higher values, 

so DCPD might be formed at pH up to 6, while CDHA normally is not formed at pH below 6.5. Since the 

chemical composition of bones is similar to ion-substituted CDHA25, apatite cements have been more 

extensively studied, even though great research on brushite cements has been published as well.  

The main difference between the two products is their solubility: brushite is 1-2 orders of magnitude 

more soluble than apatite at physiological pH, so these CPCs resorb much faster than apatite CPCs 

and have greater degradability rates43. However, it has been seen that in vivo, brushite tends to convert 

into HA, reducing its degradation44. Also, brushite CPCs raw materials react generally much faster than 

apatitic ones, which is attributed to both the higher solubility of the cement raw materials and the higher 

rate of brushite crystal growth36. On the other hand, apatitic CPCs are more viscous, presenting lower 

injectability ability than brushite ones, but their mechanical properties are slightly stronger, since the 

high degradation of brushite CPCs makes them lose some mechanical properties soon after in vivo 

implantation45. 

The chemical reactions involved in the setting process, even though depending on the calcium 

phosphate raw materials, can generally be of two main types33: 

(i) Acid-base reaction: a relatively acidic calcium phosphate and a relatively basic calcium phosphate 

react to produce a relatively neutral product. The basic component is normally tetracalcium 

phosphate (TTCP). Therefore, TTCP can theoretically be combined with one or more calcium 

phosphates with lower Ca/P ratio and more acidic to obtain either HA or CDHA. The first cement 

described by Brown and Chow is a typical example of this type of reaction, because TTCP (basic) 

reacts with DCPA (slightly acidic) in an aqueous suspension to form a poorly crystalline precipitated 

HA (slightly basic). The system  proposed by Lemaitre et al.46 is another example of the acid-base 

interaction in which β-TCP (slightly basic) reacts with MCPM (acidic) to form DCPD (slightly acidic). 

All brushite CPCs are produced through this type of reaction. 
 

(ii) Hydrolysis of metastable calcium orthophosphates in aqueous media: simple 

dissolution/precipitation reaction in which both the initial powder and final products have the same 

Ca/P ionic ratio but different solubility. 

Still, it is worth noting that in the presence of additives like organic acids, polymers or other salts 

these might also participate in the setting reaction41, and its mechanism might not be that linear.  
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In 2000, it has been reported that the USA bone substitute market for Norian SRS® accounted for 

~15% of the total sales of this market, followed by BoneSourceTM at ~13%, and α-BSM® at ~8.5%47. 

Since then, many other commercial CPCs have emerged as alternatives and the market share has been 

greatly increasing. The composition of these CPCs and some other currently commercialized examples 

are presented in Table 2. 

Table 2: Examples of commercially available CPCs and with known composition. (Adapted from [33] and [42]) 

 

1.3.3. Clinical requirements: CPCs basic properties and how to tailor them 

Although CPCs have revealed to be highly promising grafting materials, it is widely accepted that 

there are still crucial issues4,34 regarding even commercialized CPCs that need to be solved to satisfy 

clinical and surgeons’ requirements, such as:  

- rather long setting times, especially in apatite CPCs;  

- weak cohesion after implantation;  

- low injectability;  

- reduced mechanical resistance and inherent brittleness;  

- limited bone ingrowth given the lack of macro porosity and pores interconnectivity.  

Indeed, due to lack of theoretical understanding of some mechanisms underlying basic CPCs 

properties, the obtention of the optimal material has proven difficult. For this, several processing 

parameters affecting their basic features have been studied to tailor their handling and mechanical 

performance, and some examples from the wide variety of studies already conducted are given below.  

a) Setting time 

The setting time is usually defined as the time needed for the CPC to become strong enough to 

resist an applied force and can be used as a measure of the hardening kinetics of the CPC since the 

initial mixing of its solid and liquid phases38. In this context, two parameters require mentioning: the initial 

setting time (IST), time point after which the CPC should not be handled to avoid structural damage, 

and the final setting time (FST), after which the CPC is considered to be hardened. These parameters 

are relevant for an early stage in the overall setting reaction (5%–15% of the total reaction33) while the 

end of the hardening process is typically reached only after several days48. Clinically,  the cement paste 

should be implanted before the IST and the wound can only be closed after the FST, as touching the 

Producer Commercial name Composition 

Bioceramed (PT) Neocement® 
Powder: β-TCP, TTCP; Solution: H2O, citric acid, 

glucose and chitosan 

Biomet (USA) 
Interpore (USA) 

Calcibon® 
Powder: α-TCP (61%), DCPA (26%), CaCO3 

(10%), CDHA (3%); Solution: H2O, Na2HPO4 

ETEX (USA) 
α-BSM®; Embarc®; 

Biobon® 

Powder: ACP (50%), DCPD (50%); Solution: un-
buffered aqueous saline solution 

Graftys (FR) Graftys® HBS 
Powder: α-TCP (78%), DCPD (5%), MCPM (5%), 

CDHA (10%), hydroxypropyl methylcellulose (2%); 
Solution: 5% Na2HPO4 aqueous solution 

Merck (GER) 
Biomet (USA) 

Biocement D® 
Powder: 58% α-TCP, 24% DCPA, 8.5% CaCO3, 

8.5% CDHA; Solution: 4 wt% Na2HPO4 in water 

Stryker (USA) 
Leibinger (GER) 

BoneSource™ 
Powder: TTCP (73%), DCPD (27%); Solution: 
H2O, mixture of Na2HPO4 and NaH2PO4 

Synthes (USA) 
Norian® SRS 
Norian® CRS 

Powder: α-TCP (85%), CaCO3 (12%), MCPM 
(3%); Solution: H2O, Na2HPO4 
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cement after this time point will not compromise its structure. Between the IST and the FST the cement 

must not be manipulated because in that stage any deformation could induce cracks33.  

Currently, two standard methods are usually employed to measure setting time: the Gilmore needles 

method49 and the Vicat needles method50, as stated by the American Society for Testing and Materials 

(ASTM). In both approaches two needles with different diameter and weight are used to create 

indentations on the surface of the CPC over time, while it is setting. A visual analysis of the indentations 

at the CPC surface allows the determination of IST and FST.  

Ideally, CPCs must set slowly enough to provide time for the surgeon to perform implantation but 

fast enough to prevent delaying of wound closure51. Indeed, besides not being convenient for surgical 

demands to have a CPC paste with long setting times, these can also cause serious problems after 

implantation, such as the promotion of inflammation, given the cement inability to maintain its shape, 

disintegrating, and inability to support mechanical stresses52. Even though there is not a complete 

consensus between clinicians, recommended values of setting time are established because of handling 

and practical requirements, as schematically shown in Figure 4. The IST must be between 3 and 8 

minutes, allowing the paste to lose its viscoelastic properties and start setting. The paste then starts to 

harden and the FST should not be very far from 15 minutes53.  

Figure 4: Schematic illustration of the setting time parameters relevant for CPCs handling. IST: initial setting time; FST: final 
setting time. (Adapted from [33]) 

 

Many strategies have been used to control the setting time of CPCs, usually through factors which 

promote fast reaction kinetics. The simplest approach is to diminish the liquid/powder (L/P) ratio, as a 

smaller amount of liquid will reduce the setting time through faster saturation of the solution during CPC 

production54. However, the produced paste under this circumstances tends to be more viscous and 

difficult to inject, leading to CPCs probably applicable by hand but more difficultly applied by injection. 

On the other hand, lower powder particle sizes of the raw calcium phosphate materials usually dissolve 

more easily and have shown to produce a substantial decrease of the setting time and acceleration of 

the hardening rate. This has even been shown to translate into a great increase of the final mechanical 

strength of the cement55, which could be another advantage, but other authors discovered a minor effect 

on the cement’s strength56. The setting time has also been reduced using additives like calcium and 

phosphate ions that act as accelerators through an increase in the saturation of the mixing liquid, for 

example phosphate salt, NaH2PO4, used in several commercial formulations42.  

0                 3      IST         8         FST         15 Time 

CPC 
preparation 

Implantation 
interval        Wound closure 
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b) Mechanical behaviour 

As bones are the main supporting units in the human body, the adequate long-term performance of 

CPCs as bone substitutes is strongly dependent on their mechanical performance. Even though the 

strength of apatite CPCs after implantation has been reported to increase with time, as the network of 

formed crystals grows and becomes denser57, it is essential that they present good mechanical 

behaviour immediately after setting. Given that for a great majority of applications CPCs are applied in 

direct contact with human trabecular bones, it may be stated that the strength of the formulations must 

be at least as high as that of trabecular bones (4-12 MPa)58. 

 The most common tests used to evaluate CPCs mechanical properties are compression and tensile 

tests. As these materials are quite fragile and brittle, the most used parameter that has been described 

to assess the quality of CPCs is the compressive strength33. This is the maximum tension that a sample 

of the material, with a given section area, could stand under a compressive load before fracturing14.  

Although several data is available in the literature for this parameter, it is difficult to make direct 

comparisons between CPCs because of the lack of consistency between specimens’ dimensions, 

testing protocols or pre-treatment of the samples, that greatly affect the final compressive strength. 

Compressive strength values of some of the commercial CPCs presented in Table 2, are: (i) Norian 

SRS® (~50% porosity): 33±5 MPa; (ii) Biocement D® (~40% porosity): 83±4 MPa; (iii) α-BSM® (~80% 

porosity): 4±1 MPa59. 

Even though some of the values for compressive strength of CPCs are comparable to the ones from 

human trabecular bones (4-12 MPa, as previously mentioned), because of their characteristic brittleness 

and low strength, some conventional CPCs are usually limited to low- or non-load-bearing applications. 

As so, improving their mechanical properties, not only in terms of strength, but especially in terms of 

toughness, ductility and fatigue resistance is a major focus, and such efforts should broaden the field of 

potential applications, as for instance the repair of multiple fractures of long bones, fixing of cemented 

articulation prostheses or substitution of vertebral bodies60. 

The mechanical properties of a CPC are markedly affected by several factors or combinations of 

factors. Porosity is one of the most important: higher properties can be obtained with a decrease of the 

cement porosity, as studied in detail by Ikishawa et al.61. This can be obtained, for example, via a 

decrease of the L/P ratio within the limits of workability of the paste, as for low L/P ratios the space 

between particles in self-setting pastes decreases. However, a high density and lack of pores decreases 

bioresorbability because a newly forming bone appears to be unable to grow within the CPC material 

under these conditions62. 

The use of additives is also interesting in this context, and several ones have been tested. For 

instance, cement retardants negatively affect the setting, delaying the reaction, but this is usually 

correlated with a higher final strength: citric acid has shown to delay setting but to enhance CPCs 

mechanical strength63. Gelatin, albumin, NaCl particles and glass fibres for reinforcement have been 

used as well, without completely fulfilling clinical needs4, and, more recently, protein-based polypeptides 

have also been added with improved mechanical properties and without hampering biocompatibility64. 
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Other factors may affect the resistance of CPCs, like temperature or crystallinity57. Nevertheless, the 

gain in mechanical properties very frequently leads to losses regarding handling properties of the pastes, 

like injectability or cohesion4.  

c) Injectability  

Injectability is the ability of a CPC to be extruded through a small hole of a syringe/needle into the 

surgical site. From the clinical point of view this is of extreme relevance since it minimises surgical 

invasion, allowing filling of deeper and intricate bone defects with limited accessibility, like the ones 

within trabecular bone. By implanting the CPCs through small incisions, using laparoscopic devices in 

minimally invasive bone surgeries, a great reduce in the morbidity and pain of the patients and shorter 

times of recovery can be obtained65. Nevertheless, even though all CPCs are mouldable a great majority 

is not injectable42, and indeed it has been reported that some commercial CPCs are poorly injectable66.  

Vertebroplasty and kyphoplasty are examples of surgical procedures requiring the addition of CPCs 

via syringe. They are used to manage vertebral compression fractures, aiming to augment the weakened 

vertebral body, stabilize it, and restore it to its normal state. For this, the cement is injected either directly 

into the fractured vertebral body, for vertebroplasty, or into a cavity created in the fractured vertebral 

body by the inflation of a balloon, in the case of kyphoplasty67. The major cause of these fractures is 

osteoporosis, and these medical procedures promote mechanical stabilization of the fracture, drastically 

reducing the pain of the patient. Bone loss caused by tumour resection and osteoporosis can also be 

reverted through procedures that can be turned into minimally invasive using injectable CPCs68.  

Currently, there is no standard procedure to determine the injectability of a CPC and protocols vary 

between workgroups, making it difficult to perform comparisons between studies. The most common 

method for extrusion tests is the compression of the plunger of a syringe filled with the CPC at a constant 

velocity. After this, the maximum force applied during extrusion can be determined and injectability can 

then be calculated as the weight percentage of the paste that can be extruded from the syringe, 

comparing with the initial amount placed inside the syringe33. However, it should be noted that the 

injectability of a paste is not an absolute value; it depends on the test conditions (like orifice size, applied 

force, among others), and when these parameters are changed the paste injectability values may vary 

correspondently.  

While no commercially available CPC products have been approved specifically for vertebroplasty 

and kyphoplasty purposes, there have been many off-label uses of CPCs for vertebral augmentation 

and bone defect filling65. However, these formulations are still not ideal. The main phenomenon that has 

been found to limit injectability is the occurrence of phase separation during injection (Figure 5), also 

called filter pressing effect. This occurs when the liquid phase travels at a faster rate than the powder 

particles, resulting in an extrudate with a significantly higher liquid content than the paste loaded into 

the syringe. This leads to a decrease in the viscosity of the unset CPC so it will present different 

properties than the ones measured for the paste inside the syringe: an increased setting time, reduced 

cohesion and a decreased mechanical strength after setting. Another concern is the non-extrudable 

paste remaining in the syringe, due to its inadequate low liquid content, blocking the extrusion66,69. 
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Figure 5: Poor injectability of CPCs due to liquid phase separation. (Adapted from [69]). 

 

Many efforts have been made to try to overcome these limitations. Khairoun et al.70 found that the 

injectability was significantly enhanced by increasing the L/P ratio, which was also seen in other 

studies71. However, for high L/P ratios mechanical properties can be lost as well as paste cohesion. 

Also, properties like particle morphology or particle size/aggregates distribution of the initial powders 

used to prepare CPCs also impact injectability: round particles of TTCP in a CPC paste made it more 

injectable than others made of irregular particles72, and particle/aggregate size distribution was revealed 

to be the key factor that mostly determined injectability of pastes in studies by Torres et al.73. 

Bohner and Baroud66 conducted a theoretical and experimental study where they have found that 

decreasing particle size, increasing L/P ratio, using round particles, using deagglomerated particles, 

using particles with a broad size distribution, adding ions or polymers to decrease particle interactions 

and increasing the viscosity of the mixing liquid could be used to improve injectability. Indeed, one of 

the most widely studied strategies is to use additives/adjuvants, and examples like lactic acid, glycerol 

and chitosan have proven to be good promoters of injectability74.  

In fact, polymers have been widely used as CPCs additives. Hydroxypropyl methylcellulose (HPMC) 

is a water-soluble derivative of cellulose, the most abundant polymer in nature. It is a gelling agent that 

promotes higher liquid phase viscosity of CPCs and that has been recently used for its ability to greatly 

improve injectability, cohesion and anti-washout properties of CPC pastes and also for controlled drug 

release systems75. Some commercial CPCs already contain this polymer and, moreover, several studies 

proved its good biocompatibility and rheological properties. Also, besides its use as injectability 

promoter, chitosan as also been mentioned as quite useful for improving cohesion and drug elution from 

CPC materials. Therefore, in this work, these two polymers were used: HPMC (Figure 6 A), that comes 

from a vegetal origin, and chitosan (Figure 6 B), which is obtained from marine animals. 

 

Figure 6: Chemical structure of the polymers used in this work as adjuvants in the CPC composition: (A) HPMC, with molecular 
weight around 86 kDa; (B) Chitosan, with molecular weight around 100 kDa. 

(A) (B) 
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A major limitation is the fact that many of the methods to improve injectability are detrimental to 

other crucial properties of CPC, and vice-versa. Also, the exact mechanism of phase separation and its 

effect on the permeability and flow properties of the pastes throughout the extrusion process remain 

unknown69. Given this, injectability is still a major issue that researchers are trying to understand.  

1.4. Bone infections 

1.4.1. Causes and solutions 

Bone tissue infections are one of the most frequently occurring side effects of bone surgeries, and 

the need for grafting biomaterials to treat skeletal deficiencies can increase even more the risk of 

infection. Such a complication is still a major concern in orthopaedics and may lead to severe bone loss, 

implant failure and need for removal, amputation or even death in extreme cases76. 

Infection of bones due to bacteria or fungus is called osteomyelitis and may lead to an inflammatory 

process accompanied by bone destruction. During this process several inflammatory factors promote 

tissue necrosis and destruction of bone trabeculae and matrix. It usually appears as a: (i) local spread 

of infection from a contaminated source inoculated following a trauma, like in open fractures, or in bone 

surgery with biomaterials/prosthesis implantation; (ii) consequence of diabetic foot ulcers; (iii) bone 

infection arising from the bloodstream77. The most common microorganism causing this type of infection 

is by far Staphylococcus aureus. Some of its virulence factors promote attachment to extracellular matrix 

proteins, and its ability to adhere is thought to be crucial for the early colonization of both host tissues 

and implanted biomaterials. A second set of factors allows the escape from primary body defences and 

a third one promotes tissue invasion, allowing host cell attack and extracellular matrix degradation77,78. 

S. epidermidis is another common cause of osteomyelitis; it is present in up to 90% of bone infections 

following intraoperative implantation of a foreign material79. 

Although the resistance to infection of healthy bone is naturally high, implants reduce it by a factor 

of 103 (i.e., the number of pathogens sufficient to cause an infection is reduced from 108 to 105). As a 

result, intraoperative introduction of bacteria accounts for the largest number of osteomyelitis cases. 

Indeed, in 22–66% of patients following orthopaedic operations osteomyelitis might develop and the 

corresponding mortality rate could be as high as 2%79. In this context, patients undergoing bone surgery 

frequently receive antibiotics as a prophylactic measure. If an infection like osteomyelitis is detected, 

the standard treatment mainly involves operative debridement, removal of all foreign bodies and 

antibiotic therapy, with prescription of intravenous antibiotics for at least 3 weeks, followed by 3 weeks 

or more of oral antibiotics80. Nevertheless, even though bone tissue presents vascular supply, the 

antibiotic doses must be high enough to reach prolonged antibacterial concentrations at the infected 

site. Also, in the advanced stages of infection, when bone necrosis has become significant, the blood 

supply to the infected area is inadequate and the lesion can become largely inaccessible to antimicrobial 

agents transported by the blood stream79. The main concerns about prolonged treatment with high 

antibiotics dosage is the potential systemic toxic effect and that the low concentration of the therapeutic 

agent around the site of infection can potentially induce resistance of the pathogen to the antibiotic 

therapy76.  
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Due to the limited accessibility of infected bone tissue to systemically administered drugs, drug 

delivery systems targeting specific sites have been developed and used for controlled local antibiotic 

release for long periods of time, decreasing the adverse effects of prolonged systemic antibiotic 

administration. PMMA cement beads have been widely used in clinical practice in this context81. 

However, these materials are not resorbable and their major drawback is that they require surgical 

removal after antibiotics release. Also, they are only marginally porous and their release of loaded 

antibiotics into the surrounding bone tissue is limited82.  

A significant step forward would be the use of degradable bone grafts impregnated with antibiotics, 

like CPCs, and their introduction in clinics for this purpose. These, applied to the described bone defects, 

could be combined with antibiotics as prophylaxis, that act within the site of implantation to prevent 

infections after a surgery, or could be specifically implanted for the treatment of bone infections in a 

previously detected bone area38.  

1.4.2. CPCs as antibiotic delivery systems 

The slightly exothermic setting reaction and the intrinsic porosity of CPCs allow the incorporation of 

several drugs and biologically active molecules within their structure with low risk of thermal denaturation 

or loss of activity during preparation or implantation, making CPCs excellent vehicles for drug delivery 

targeting skeletal sites5. These features widen CPCs’ field of application, not only for bone defects repair 

but also as vehicles for local drug supply for skeletal diseases like osteoporosis, osteomyelitis or even 

bone tumours, avoiding long and painful therapies83,84. 

Several types of drugs have been loaded into CPCs, including anti-inflammatory drugs, antimicrobial 

peptides, hormones or even anticancer drugs33,42. Also, the inclusion of growth factors that are able to 

stimulate bone regeneration, such as bone morphogenetic proteins (BMPs) or transforming growth 

factor β (TGF-β) have been considered as well42. However, given the challenge of bone infection, 

antibiotics have been the most extensively studied drugs for release from CPCs7. 

For drug incorporation into CPCs, the drug can be simply mixed with either the liquid or solid 

components of the cement, being these the most common approaches. In both cases the drug is 

incorporated throughout the whole volume of the material, although a more homogenous distribution will 

be achieved when the drug is incorporated in the liquid phase. More recently, drugs have been 

incorporated into polymeric microspheres or microfibers that are then blended with the CPC paste5,7.  

After setting, most of the drug will remain trapped between the entangled crystals that are formed 

by the CPC matrix, in one of the following ways: i) dissolved in the liquid phase within the existing pores 

between crystals; ii) adsorbed or chemically bound to the surface of the newly formed inorganic crystals; 

iii) in a solid form, if its concentration is higher than the drug solubility in the aqueous phase of the CPC. 

In this case, aggregates/drug crystals co-exist with dissolved drug molecules7.  

Although CPCs are assumed to be resorbable, the degradation of their matrix is usually slower than 

the drug release. For this reason, this kinetics is generally suggested as a diffusion dominated process 

from CPCs83 (Figure 7 A), as the matrix possesses connecting pores that can be permeated by the 
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surrounding physiological fluids, promoting drug diffusion. Several studies have been performed 

suggesting that drug release from CPCs usually follows the Higuchi model, that in a simplistic approach 

describes diffusion dominated release kinetics from a matrix by the square root of time7,83.  

Generally, drug release kinetics fits the Higuchi equation for shorter duration of release. For longer 

periods, release kinetics does not always follow this model because factors other than diffusion start 

influencing the process83. Indeed, degradation can also affect the rate of drug release82 (Figure 7 B): 

an increment in porosity caused by degradation improves the mobility of the solubilized drug and 

increases the area in contact with the release medium, speeding up drug release. Also, in some cases 

an apatitic layer is formed on the surface of the cement, hindering diffusion of the drug to the surrounding 

tissue, through a membrane effect (Figure 7 C). When these mechanisms (cement resorption or 

bioactivity) cannot be neglected, other models for drug release kinetics should be evaluated, as for 

instance zero order, first order, Hixson–Crowell, Weibull, Korsmeyer-Peppas, among others85. 

Therefore, there are several mechanisms by which the drug release can be controlled in a system and 

they may act simultaneously or at different stages of a process of delivery. In the development and 

manufacture of controlled release systems, it is essential to understand these mechanisms.  

 

Figure 7: Schematic drawing of the different mechanisms affecting drug release from hardened CPCs. (Adapted from [7]) 

For prophylaxis, it is important that drug release from the CPC matrix is fast enough to reach 

concentrations above the minimum inhibitory concentration (MIC) and avoid subinhibitory 

concentrations for long times, which may lead to bacterial resistance. Besides, the treatment of 

infectious pathologies such as osteomyelitis requires longer and sustained release of the antibiotic38.  

Importantly, it shall be stressed that the incorporation of drugs usually affects the physicochemical 

properties of the cement, depending on the drug, its amount and CPC formulation. The setting time is 

usually more markedly affected when the molecule is incorporated in the liquid phase of the CPC86. 

Even though a great amount of works registered longer setting times upon antibiotic loading without 

significantly interfering with the phase transformation during setting7,87, others have described delayed 

setting times because of interaction between CPCs and the antibiotic. For instance, tetracyclines are 

known to interact with the mineral phase of CPCs in the dissolution-precipitation process, chelating Ca2+, 

inhibiting mineralization and delaying the setting88.  

Regarding mechanical performance, for low antibiotic concentrations no major changes in 

compressive strength are usually found89. However, mechanical properties of the combined system can 

be decreased in the presence of antibiotics, in an antibiotic concentration dependent manner86,88, 

(A) (B) (C) 
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sometimes because of increased porosity or some inhibition of the setting reaction. CPCs microstructure 

has also been found to be affected, and while some antibiotics can inhibit crystal growth of HA88 others 

can promote larger crystals with larger pores90. The impact of drugs on CPCs properties has also been 

used in beneficial ways, by adapting the textural properties of the biomaterial to adjust release kinetics. 

For example, macroporosity enabled tuning of the local delivery of drugs from injectable calcium 

phosphates, favouring their release kinetics91. 

Therefore, three essential steps must be followed to assure that a CPC is able to act as an efficient 

drug release system: (i) characterization of the cements main properties upon loading with the desired 

drug, to assess if this step interferes with the setting reaction and rheological or mechanical behaviour 

of the paste; (ii) study of the drug release profile in vitro; (iii) evaluation of the drug effectiveness though 

microbiological tests, as interactions with the cement might impair drug activity. The final goal will then 

be the evaluation of the clinical performance of the drug-delivery system in vivo42.  

1.4.3. Gentamicin and antibiotic delivery systems 

For the treatment of bone infections, aminoglycosides are considered the antibiotics of choice, 

thanks to the molecules small size, the broad spectrum of antimicrobial activity, the excellent solubility 

in water, the chemical and thermal stability, biocompatibility and low allergenicity28. These are potent, 

broad-spectrum antibiotics that act through inhibition of protein synthesis92.  

Among these, gentamicin is the most widely studied because of its thermal stability and broad 

spectrum of activity6 (Figure 8 B), therefore quite suitable for prophylactic purposes, and an anti-

bacterial agent presenting rapid activity even at low concentrations against some Gram-positive and 

many Gram-negative bacteria not usually sensitive to more common antibiotics. It is more commonly 

used as treatment for bone and joint infection against Staphylococcus aureus, Citrobacter, Enterobacter, 

Escherichia coli, Klebsiella, Proteus, Serratia, or Pseudomonas aeruginosa.  It works by irreversibly 

binding the 30S subunit of the bacterial ribosome, interrupting protein synthesis93, and it is frequently 

used in the form of gentamicin sulphate (Figure 8 A), as it was in this study. 94 

Figure 8: (A) Chemical structure of gentamicin sulphate. (B) Spectrum of activity of gentamicin. (Adapted from [94]) 

 

Gentamicin has already been incorporated in several commercial bone cements and beads to 

address bone infections. Cemex® Genta, Palacos® R + G, Smartset™ GHV or Surgival® Cemento Genta 

1 are a few examples of commercially available products. However, all these approved systems are 

(A) (B) 
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PMMA-based cements. As previously mentioned, their main drawbacks, besides the need to further 

remove the carrier, are also their inefficient release kinetics, inability to release a great amount of the 

loaded antibiotic and even incompatibility with certain antibiotics.  

These limitations have led to the need for degradable alternatives. These include protein-based 

materials (collagen, fibrin, thrombin, clotted blood), bone graft substitutes (CPCs, calcium sulphates, 

bioglass) and synthetic polymers95.  Because of their excellent biocompatibility and inherent properties, 

CPCs are very appealing systems that have been widely studied experimentally within this context, 

solving some of the previously presented limitations of PMMA-cements. In fact, CPCs loaded with 

gentamicin have showed not only superior release profiles than PMMA cements96 but promising 

biological activity, since both in vitro97,98 and in vivo97 antimicrobial tests proved the ability of several 

CPC-gentamicin systems to treat osteomyelitis without side effects. 

Given this and many other encouraging results, a lot of effort has been made to emphasize the 

clinical potential of CPCs as antibiotic carriers. By using conventional non-drug loaded CPCs clinically 

approved for implantation in bone, Stallmann et al.99 tried to narrow the gap between pre-clinical and 

clinical studies by loading these cements with gentamicin sulphate. They showed the ability of six 

commercially available CPCs to release gentamicin with an initial burst release, with two cements even 

presenting a continuous-release for 17 days. Similarly, and more recently, a clinical study100 reported a 

case series treated by using a commercial CPC (Biopex-R®) impregnated with gentamicin and 

vancomycin as part of a comprehensive treatment plan in 13 patients with established orthopaedic 

infection, with no cases of infection recurrence during follow-up. 

Nevertheless, in the USA biodegradable implants are still awaiting FDA approval for use as antibiotic 

delivery devices, so the use of CPCs or calcium sulphate based carriers for this purpose is usually 

performed on an off-label basis by surgeons, as no commercially preloaded products are available, 

besides PMMA-based materials. As for synthetic polymers, these are not commercialized yet95. In 

Europe, CERAMENT®|G and CERAMENT®|V are the only CE-marked degradable gentamicin or 

vancomycin eluting injectable synthetic bone substitutes currently on the market101, but these products 

belong to calcium sulphate materials and not CPCs. Indeed, for biodegradable materials, and 

specifically CPCs, to gain significance in the market it is consensual among clinicians that a higher 

number and more homogeneous experimental and clinical studies are required102. 
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2. Materials and methods 

2.1. Preparation of CPC specimens 

The original composition of Neocement® includes:  
 

(i) a liquid phase,  containing water, citric acid (Labchem) and glucose (D(H)-glucose 1-

hydrate, AppliChem PanReac): 38%wt of the CPC;  

(ii) a solid phase, containing β-tricalcium phosphate (standard β-TCP, β-Ca3(PO4)2, d(50)<2.98 

µm) and tetracalcium phosphate (standard TTCP, Ca4(PO4)2O, d(50)<24.50 µm) powders: 

62%wt of the CPC; 

(iii) chitosan (Mw=100 kDa) as an adjuvant: <1%wt of the CPC.  

Calcium phosphates were provided by Bioceramed. Because of confidentiality purposes, amounts 

of reagents for CPC preparation are intentionally not mentioned, as well as the suppliers of the used 

calcium phosphate powders and chitosan. All the materials used for CPC production are medical grade 

products.  

New CPC materials were prepared by the modification of the original composition of Neocement®. 

As summarized in Table 3, CPC formulations with varying liquid phase (LP) amount, chitosan content, 

hydroxypropyl methylcellulose (HPMC, viscosity 2.600-5.600 cP, 2% in H2O (20 °C), Sigma) instead of 

chitosan or different calcium phosphate particle size were produced. For all systems preparation, 

manufacturer instructions were followed. Briefly, citric acid and glucose were dissolved in Milli-Q® water 

(Merck) until obtention of a clear solution. Upon dissolution, chitosan or HPMC were added and the 

solution was manually mixed for 2 minutes. Then, standard β-TCP and TTCP powders or with different 

particle sizes were added and the obtained paste was mixed for 1 minute. The fine TTCP particles were 

obtained by milling the original TTCP powder in a steel miller for 8 minutes, while β-TCP coarse particles 

with d(50)<19.40 µm were kindly provided by Plasma Biotal and used as received. 

Table 3: Summary of the prepared CPC formulations (without antibiotic). The colour code refers to the colour used for each group 
of formulations in the graphic representations presented in this work. LP amounts are expressed as % of the liquid phase relatively 
to the total mass of the CPC components. Polymer content is expressed relatively to its standard amount, referred as 100% 
polymer. This is the mass of polymer the formulation should contain according to the original Neocement® components’ ratio. 

 

Changed parameter Name Colour code LP %wt Polymer Polymer (%) 

LP amount &  

chitosan content 

30%LP, 100% Chi Grey 30 Chitosan 100 

38%LP, 0% Chi 

Blue 

38 Chitosan 0 

38%LP, 50% Chi 38 Chitosan 50 

38%LP, 100% Chi 38 Chitosan 100 

38%LP, 200% Chi 38 Chitosan 200 

42%LP, 50% Chi 
Green 

42 Chitosan 50 

42%LP, 100% Chi 42 Chitosan 100 

50%LP, 0% Chi 
Yellow 

50 Chitosan 0 

50%LP, 100% Chi 50 Chitosan 100 

HPMC 
38%LP, HPMC 

Orange 
38 HPMC 100 

42%LP, HPMC 42 HPMC 100 

Fine TTCP particles 
38%LP, fine TTCP 

Brown 
38 Chitosan 100 

42%LP, fine TTCP 42 Chitosan 100 

Coarse β-TCP particles 
38%LP, coarse β-TCP 

Pink 
38 Chitosan 100 

42%LP, coarse β-TCP 42 Chitosan 100 
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2.2. Characterisation of starting powders 

The particle morphology of standard β-TCP and TTCP particles, coarse β-TCP particles and fine 

TTCP particles was examined by scanning electron microscopy (SEM). For this, particles were mounted 

onto aluminium stubs and their surface was coated with a gold–palladium alloy under vacuum in an 

argon atmosphere (using a Quorum Technologies sputter coater) and observed by SEM employing a 

Hitachi S2400 microscope. For fine TTCP particles the particle size distribution was determined using 

the software ImageJ (National Institute of Health, NIH). 

2.3. Evaluation of handling properties 

2.3.1. Setting time 

Cubic silicone molds (1 cm x 1 cm x 1 cm) were filled with the prepared CPCs pastes (section 2.1.) 

using a spatula and left to harden. The setting time of cement samples was measured at room 

temperature in accordance with an adaptation of the standard test method50 for determination of the 

time of setting of hydraulic cements, using a Vicat apparatus (Tecnilab) (Figure 9 A). For this, specific 

needles were carefully lowered vertically into the cements surface, and indentations were repeated at 

intervals of 30 seconds. The elapsed time between the initial contact of the liquid and solid phases while 

preparing the CPC and the moment at which a 0.45 g needle with a diameter of 1.13 mm is able to 

penetrate only 5 mm deep in the paste was assumed as the initial setting time (IST) (Figure 9 B). The 

final setting time (FST) was considered to be the time elapsed since the mixture of the two phases of 

the CPC till the first penetration measurement of a 0.95 g needle with a diameter of 1.13 mm and a 

circular ring that does not mark the specimen surface with a complete circular impression. 

Figure 9: (A) Vicat apparatus used for measuring setting times. (B) Process of needle indentation to determine the IST of a CPC. 

 

2.3.2. Injectability  

The injectability of the chosen formulations was assessed through extrusion assays following a 

method described by other authors103, by monitoring simultaneously the extrusion force and syringe 

plunger displacement. For this, approximately 1.5 mL of each paste recently prepared were immediately 

packed into a 3 mL syringe with a syringe tip of 2 mm inner diameter. After that, the syringe plunger was 

manually shifted to eliminate the trapped air between the orifice and the plunger. 3 minutes and 45 

seconds after the initial mixing of the CPC powders and liquid phase, the CPC pastes were extruded 

(A) 

(B) 
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from the syringe placed in a homemade fixture device by a texture analyser with a load of 5 kg 

(TA.XTExpress, Stable Micro Systems) that pressed the plunger at a constant speed of 15 mm.min-1 

until reaching the maximum force of the equipment (50 N). Extrusion curves were obtained from the 

software Exponent Lite Express. The injectability (%) was determined following Equation 1: 
 

𝐼𝑛𝑗𝑒𝑐𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =  
(𝑊𝐹 − 𝑊𝐴)

(𝑊𝐹 − 𝑊𝐸)
 × 100 (Equation 1) 

 

where WE is the weight of the empty syringe, WF is the weight of the syringe filled with the CPC and WA 

is the weight of the syringe after injection. 

 At least two extrusion tests were performed per group. As a control, extrusion of water from the 

empty syringe was similarly performed. 

2.4. Assessment of mechanical properties 

2.4.1. Compressive strength 

The CPC pastes of each formulation were packed with a spatula in a cylindrical silicone mold (12 

mm in height, 6 mm in diameter, according to the standard specification104 for acrylic bone cement) and 

left to harden at room temperature. After 20 minutes, the produced specimens were removed from the 

mold and placed in an incubator at 37oC and 95% relative humidity, for 2 or 6 days. The incubation step 

intends to approach the physiological conditions under which the cements harden after placement within 

bone defects. After the two incubation periods, the surface of the tops of the cylinders was smoothed in 

a polishing machine under constant water irrigation, to assure flat and parallel ends. The compressive 

strength of all specimens was then tested using a Universal Testing Machine (Instron Corporation). A 

uniaxial load of 10 kN at a crosshead speed of 2.5 mm/min was exerted on the samples until fracture. 

As force and length are properties depending on the volume of the sample, to eliminate geometric effects 

stress (Equation 2) and strain (Equation 3) were determined instead, referring to the normalized 

measures of force and elongation, respectively.  
 

 

The stress-strain curves were registered using the Bluehill® software and the maximum compressive 

strength for each specimen was calculated. At least four samples were tested per group.  

2.4.2. Microhardness 

Specimens preparation and incubation before testing was performed similarly to what was described 

for compressive strength tests (section 2.4.1). Ten pyramidal indentations were then performed on the 

top surface of each cylindrical specimen with an applied load of 0.2 kg for 20 seconds, using a Vickers 

diamond micro-indenter (Micro hardness tester HMV-2, Shimadzu Scientific Instruments). For 

indentation analysis, and since the samples do not present enough inherent contrast, samples were 

analysed by SEM after performing the same coating and using the same microscope described in 

section 2.2. To determine Vickers microhardness (HV), Equation 4 was applied for each indentation. 

Stress (σ) =  
Force (F)

Area (A)
 (Equation 2) Strain (ε) =  

Deformation (Δl)

Length (l0)
 (Equation 3) 
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𝐻𝑉 = 1.8544
𝐹

𝑑2
 

 

 

(Equation 4) 

 
 

where HV is the Vickers microhardness, F is the test load (in kilograms) and d is the arithmetic mean of 

the two diagonals of the impression made by the indenter (in millimetres).  

For each formulation, measurements were carried out in 2 samples (20 indentations/formulation). 

 

2.5. Crystallography analysis: XRD  

The crystalline composition of set Neocement® and the most promising drug-loaded formulation was 

determined by X-ray diffraction (XRD), using cubic samples (1 cm x 1 cm x 1 cm) for analysis.  This was 

also performed for standard raw powders TTCP and β-TCP, and fine TTCP was analysed as well to 

assure no phase changes occurred upon milling (Figure A1, Supplementary Material). The analysis was 

carried out on an X-ray diffractometer (Philips PW 1830) equipped with a monochromator in the 

diffracted beam. The diffractogram was recorded from 10° to 60° using CuKα1 (0.154056 nm, 30 mA, 

40 kV) radiation with step size 0.015° and step duration 2.5 s.  Indexing of the major peaks of the 

diffractograms was carried out using JCPDS (Joint Committee on Powder Diffraction Standards) 

database. 

 

2.6. Chemical analysis: FTIR 

The chemical composition of set Neocement® and the most promising drug-loaded formulation was 

determined by Fourier Transform Infrared (FTIR), using cubic samples (1 cm x 1 cm x 1 cm) reduced to 

powder prior to analysis This was also performed for standard raw materials TTCP and β-TCP. The 

spectrums were obtained with 128 scans with a resolution of 4 cm-1, using a Nicolet FTIR 5700 (Thermo 

Scientific™) in reflection mode.  

 

2.7. Surface morphology analysis: SEM 

The surface of set Neocement® and the most promising drug-loaded formulation was observed by 

SEM, similarly to the described in section 2.2.  

 

2.8. In vitro drug release studies 

2.8.1. Preparation of CPCs specimens with GS 

The most promising formulations where loaded with gentamicin sulphate (GS, Carbosynth), as 

presented in Table 4. For the drug loading step, the antibiotic was added to the liquid phase of the CPC, 

more specifically after the dissolution of citric acid and glucose. The solution was then mixed until 

complete dissolution of the drug. The following steps of preparation of loaded CPCs were similar to the 

ones described for the free-gentamicin specimens. 
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Table 4: Summary of the prepared CPC formulations loaded with gentamicin sulphate, with respective used polymer and loading 
amount of antibiotic, expressed relatively to the total mass of the CPC components.  

 

Formulation Polymer Gentamicin sulphate %wt 

42%LP, Chi + GS Chitosan 

0.66 

1.87 

2.47 

42%LP, HPMC + GS HPMC 1.87 

42%LP, coarse β-TCP + GS Chitosan 1.87 

 

2.8.2. Preparation of PMMA specimens with GS 

A commercial PMMA cement containing GS (Cemento Genta1®, Surgival) was also prepared to 

compare the drug release behaviour. This material is an acrylic bone cement to be manually applied 

and fixate surgical implants into the bone during orthopaedic surgery. It is composed by: 

(i) Liquid phase: methylmethacrylate, butylmethacrylate, N,N dimethyl-p-toluidine and 

hydroquinone; 

(ii) Solid phase: polymethylmethacrylate, benzoyl peroxide, barium sulphate and gentamicin 

sulphate. 

Following manufacturer instructions, the liquid phase was added to the solid phase and then mixed 

thoroughly for 1 minute. Afterwards, the mixture was allowed to stand for 1 minute and then kneaded 

and rolled with gloved hands for 1 minute and a half.  

2.8.3. Drug release experiments 

The drug release studies were carried out using bone cement cylinders (GS loaded CPCs and 

PMMA samples) with the same dimensions described in section 2.4.1. After setting in the silicone mold 

for 30 minutes, the cylinders were removed and weighed for mass normalization. Three independent 

assays were performed for each tested formulation. Each sample was placed inside individual closed 

vials containing 3 mL of phosphate buffer solution, pH 7.4. To prepare 200 mL of buffer solution, 39.1 

mL of a 0.2 M sodium hydroxide (Merck) solution were mixed with 50 mL of a 0.2 M potassium phosphate 

monohydrate (Sigma) solution and the total volume was completed with Milli-Q® water, as described by 

Frutos et al.105. The containers were kept at 37ºC in an incubator with an orbital platform shaker, at a 

constant shaking rate of 160 rpm. 

The drug release experiments were conducted for 15 days. During the first day, withdrawals of 

supernatant (900 µL) were performed after one hour of incubation and then, every two hours until 

completing nine hours of incubation. After that, the same procedure was repeated once a day till 

completing one week and then every two days until reaching the total 15 days of experiment. Whenever 

an aliquot was collected, the removed volume was replaced by the same volume of fresh buffer solution, 

to assure sink conditions during the whole trial. The collected samples were stored at 4ºC to be 

posteriorly analysed. 
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2.8.4. Gentamicin sulphate quantification  

GS concentration was studied using an adaptation of a colorimetric assay proposed by Frutos et 

al.105, as gentamicin does not present inherent optical properties. Briefly, 225 µL of ninhydrin (Fluka) 

solution 1.25% w/v in Milli-Q® water were added to 750 µL of the supernatant samples collected during 

the drug release trial. The mixture was put in a water bath at 95ºC for 15 minutes, to allow ninhydrin to 

react with the primary and secondary amines of gentamicin. After the occurrence of this reaction, a 

chromophore is produced, and its concentration was determined at 400 nm (Figure A2, Supplementary 

Material), employing a Multiskan™ GO Microplate UV-vis spectrophotometer (Thermo Scientific™). 

Prior to the ninhydrin assay, all drug release tested samples were subjected to a centrifugation step at 

10 000 rpm for 6.5 minutes to assure the solutions did not present turbidity. 

A calibration curve (Figure A3, Supplementary Material) was prepared and linearity was obtained 

for concentrations of GS between 30 and 120 µg/mL, at 400 nm, after employing the ninhydrin assay. 

GS solutions were prepared in the drug release buffer. For each concentration, three replicates were 

tested. Whenever the tested samples presented absorbances out of the range of the calibration curve, 

adequate dilutions in phosphate buffer were performed. 

For the tested formulations containing chitosan, blank cylinders without GS were also prepared as 

chitosan presents amine groups that would add to the GS concentration determined for the tested 

samples. The blank samples were processed similarly to the drug loaded ones and subjected to the 

same protocol described above. For each time point, the residual absorbance of the blanks was 

subtracted from the absorbance of the correspondent sample under study. The difference in the 

absorbance between the loaded and the blank samples was then used to calculate the drug 

concentration in the release media, as previously validated106. For the CPCs with HPMC and for Genta1® 

the readings obtained in the spectrophotometer were directly interpreted as a result of gentamicin alone.  

2.9. Antimicrobial susceptibility testing 

(This part of the work was performed at Instituto Universitário Egas Moniz, Almada.) 

With the purpose of assessing the efficacy of the materials under study against S. aureus and S. 

epidermidis, microbiological assays were carried out. For this, two types of tests were performed: (1) 

Evaluation of the activity of solutions of GS released from cement cylinders during the drug release 

trials, and (2) Evaluation of the activity of GS-loaded cements and GS-free cements by direct contact. 

Prior to these studies, S. aureus ATCC 25923 and S. epidermidis CECT 231 were incubated at 37oC 

for 24h. Colonies of both bacteria were suspended in a 0.9% NaCl sterile solution to assure a turbidity 

of 1 in the McFarland scale. Mueller-Hinton (MH) culture medium (Oxoid) was prepared according to 

the producer recommendations and sterilized at 121oC in the autoclave, for 20 minutes. After 

temperature stabilization of the MH medium, 350 µL of bacterial suspensions were added to 50 mL of 

culture medium, carefully homogenized and placed in square Petri dishes (120 mm x 120 mm).  
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2.9.1. Drug release solutions  

After solidification of the MH medium, for the tests using drug solutions from the release, blank filter 

paper disks were placed on the surface of the agar in the Petri dishes. Then, the 3 replicates of the 

solutions collected after 1, 3 and 6 days of the drug release trial were selected for evaluation. 15 µL of 

each solution were put on the paper disks for determination of the antibacterial activity of the GS 

contained in the solutions, through the in vitro diffusion method that produces inhibition halos. For each 

plate, a positive and a negative control were employed as well. The positive control was a disk containing 

15 µL of an antibiotic solution with known concentration, while the negative control was a paper disk 

impregnated with 15 μL of the buffer solution used in the drug release. The plates where kept at 37oC 

for 24 hours and afterwards the diameters of the inhibition halos were measured with a calliper.  

The MIC of GS for both bacterium was determined with solutions of known concentration (between  

0.5 µg/mL and 300 µg/mL) following a similar procedure to that described for the collected solutions. 

For each bacterium, a calibration curve that relates the diameter of the inhibition halos with the logarithm 

of drug concentration in drug solutions previously prepared, was employed (Figure A4, Supplementary 

Material).  Linearity was obtained from 30 to 300 µg/mL. From these curves, the concentration of GS in 

the samples under test could be obtained by using the respective diameter of the inhibition halos 

measured previously. 

2.9.2. Direct contact with CPC specimens 

For the direct contact assays, drug-loaded or blank samples (cylinders with 6 mm diameter, 3 mm 

height) were directly placed in the plates containing the cultured bacteria, after medium solidification. 

The samples were prepared approximately 30 minutes prior to the microbiological assays. After 24 hours 

at 37oC, the plates were qualitatively observed for the presence of inhibition halos around both the drug-

loaded or drug-free specimens. 

2.10. Biocompatibility evaluation  

(This part of the work was performed at Instituto Universitário Egas Moniz, Almada.) 

2.10.1. Cytotoxicity evaluation of bone cement extracts 

The cytotoxicity of the chosen bone cements was evaluated following ISO (International Organization 

for Standardization) 10993-5107 guidelines. The extract test method was used, meaning that the cells 

are grown in contact with a supernatant containing leachouts of the material under study. 

a) Preparation of cell culture medium and cement extracts 

Eagle's Minimum Essential Medium (EMEM, Sigma) was supplemented with heat inactivated fetal 

bovine serum (FBS, Sigma) until a final concentration of 10% and 1% antibiotics (Penicillin-Streptomycin 

solution: 10000 U/mL penicillin, 10 mg/mL streptomycin, Sigma) and used for cell culture. 
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Extract media were obtained according to ISO 10993-5107 guidelines. The chosen CPC formulations 

and PMMA commercial bone cement were prepared as previously described and placed in a silicone 

mould (1 mm in height, 10 mm in diameter) to produce several replicate cement disks. Free-gentamicin 

sulphate samples were also prepared for all formulations except for Genta1®, as the cement is already 

commercialized containing GS. For sterilization purposes, all disks were subjected to gamma irradiation 

with a dose of 25 kGy and dose rate of 5 kGy per hour. The specimens were then immersed in EMEM 

supplemented media, in falcon tubes, at a ratio of 0.2 g cement/mL medium, for 24 hours at 37oC in a 

humidified 5% CO2 incubator. 

b) Cell culture 

MG63 osteoblast-like cells (CRL1427™, ATCC) were used in this study. After thawed from frozen 

stocks, MG63 cells were centrifuged for 7.5 minutes at 125 x g. Then, the cells were cultured in EMEM 

supplemented media at 37oC in a humidified 5% CO2 incubator. When 80-90% confluency was 

achieved, cells were passaged and the culture was maintained.  

For subculturing the cells (or for passing the cells), they were washed with pre-warmed PBS (Sigma) 

(3x volume of culture medium) and enzymatic digestion with pre-warmed trypsin-EDTA 1 x solution 

(Sigma) for 5 min at 37ºC was performed. Detached cells were recovered by centrifugation at 125 x g, 

for 7.5 min, resuspended in their respective culture media and counted using a haemocytometer, to be 

further used. 

c) Cytotoxicity assay 

MG63 cells were seeded in 200 µL of  EMEM supplemented media (1x104 cells/well) in 96-well plates 

and cultured at 37°C, humidified 5% CO2, for 24 hours, to obtain a confluent monolayer (80 - 90% 

confluence). During the cell seeding step, the homogeneity of the cellular suspension was promoted to 

ensure that a same number of cells was plated on the different wells. Cell seeding was performed 

considering 5 replicates for each group and experimental controls. 

After 24 hours, the pH of extracts medium was measured using a LAQUAtwin pH-22 portable pH 

meter (Horiba). Cell culture medium was then replaced with original extract medium (1:1 extract) or 

extract medium diluted 1:4 in supplemented culture medium or just supplemented culture medium for 

negative control purposes. A positive control with 5% DMSO in supplemented culture medium was also 

included. Plates were then incubated for an additional 24 hours under the previous conditions. The 

cultures were evaluated under an inverted optical microscope (Carl Zeiss Axiovert 25 Inverted 

Microscope) and photographs were taken to qualitatively assess cell viability, morphology and eventual 

cell detachment.  

MTT (3-(4,5-Dimethylthiazol-2-Yl)-2,5-Diphenyltetrazolium Bromide) assay was performed 

afterwards to determine cell viability. Briefly, after aspirating extract medium and culture medium from 

the wells, 100 μL of MTT solution (MTT dissolved in serum-free EMEM at a concentration of 0.5 mg/mL, 

prepared from a stock solution of 5 mg/mL MTT (Sigma) in PBS) were added to each well, followed by 

an incubation period of 3 hours at 37oC and 5% humidified CO2. When the incubation period ended, 150 

μL of MTT solvent (4 mM HCl (Sigma), 0.1% IGEPAL (Merck) in isopropanol (Sigma)) were added to 
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each well. Afterwards, the plate was wrapped in foil and agitated on an orbital-shaker for 15 minutes. In 

the middle of this process, up-down pipetting was performed to fully dissolve the MTT formazan crystals 

that were formed. The absorbance of the samples was then read at 595 nm, using a microplate reader 

(Microplate reader AMP Platos R 496 AMEDA, AMP diagnostics). The relative quantification of cell 

viability was normalized to the negative control. 

A calibration curve (Figure A5, Supplementary Material) was also obtained to confirm the linearity 

of the MTT test in the used conditions. For that, increasing number of cells (from 625 to 1x104 cells) 

were seeded and after 24h incubation the MTT test for viability was performed. 

2.10.2. Cellular adhesion to optimal CPC  

a) Ageing of the material 

A sample 1 mm in height, 10 mm in diameter of the optimal drug-loaded CPC was prepared and 

sterilized as previously described. The sample was then immersed in EMEM supplemented media, in a 

falcon tube, at a ratio of 0.2 g cement/mL medium, for 24 hours at 37oC in a humidified 5% CO2 

incubator. EMEM media was completely replaced after 1, 2, 5 and 6 days. 

b) Morphology of adherent cells  

After 7 days of sample ageing, EMEM medium was completely removed and MG63 cells were 

seeded on the optimal drug-loaded CPC surface placed in a 24-well culture plate at a density of 2 x 104 

cells per well, for 24 hours. At the end of incubation, the CPC sample was removed and fixed for 4 hours 

at 4ºC with 3% glutaraldehyde (Merck) in cacodylate buffer 0.1M, pH 7.3. After fixing, the sample was 

washed with cacodylate buffered solution (AppliChem PanReac). Dehydration with sequential alcohol 

washes (50, 75, 95%, and absolute solutions) was performed. Further dehydration was performed with 

the t-butanol freeze-drying method. In brief, the sample was passed from ethanol (Chem-lab) to t-butanol 

(Merck) at 40ºC, stored at 4ºC for 1 hour and dried under vacuum for 2 hours. The disk was then put on 

SEM stubs, rotary coated with a gold layer in a JEE-4X vacuum and observed using a JEOL JSM-5400. 
 

2.11. Interaction between human cadaveric bone and optimal CPC 

2.11.1. Human bone harvesting and manipulation 

(This part of the work was performed at Nova Medical School, Universidade de Lisboa, being approved 

by the Ethical Committee of both Nova Medical School (nº106/2018/CEFCM) and Instituto Superior 

Técnico (Ref nº25/2019.)) 

After thawing at room temperature, according to the guidelines of the pre-existing local program, 

four femurs (two left and two right) were harvested from two frozen cadavers at the Pathologic Anatomy 

Department of Nova Medical School, Universidade Nova de Lisboa, on the 7th December 2018. The 

cadavers (81 and 82 years, both male) were obtained according to the institution body donation program 

and had been frozen for less than one year, free of any abnormality and without any previous lower limb 

fractures or injury, both verified by direct observation.     
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For bone harvesting, an anterior straight longitudinal approach, from the upper third of the tight to 

the anterior ankle joint was used. Further dissection was performed at the lateral intermuscular septum, 

retracting the vastus lateralis anteriorly and reaching the bone, followed by vastus lateralis expansion 

division and patellar tendon detachment. After cutting knee joint capsule and anterior and posterior 

cruciate ligaments, the knee was dislocated. The dissection, starting from anterior proximal tibia, was 

then extended until approximately 2 cm above the ankle joint line (Figure 10 A). All soft tissues around 

the femur were removed to clearly expose the entire bone surface (Figure 10 B) and then stored at         

-80ºC. Later on, after thawing at room temperature, according to the pre-defined guidelines, distal femur 

was then separated from the respective shaft, with femur shaft cuts performed with an oscillating saw 8 

cm above joint line (Figures 10 C, D and E). The distal femur metaphysis was then cut by half with the 

oscillating saw (Figures 10 F and G). With those specimens locked in the antero-posterior anatomical 

reference position, 4 trabecular bone cylinders were obtained from each metaphysis with a 17 mm inner 

diameter trephine, starting from the anterior cortex, until posterior cortex was reached (Figures 10 H, I 

and J). This procedure was repeated for the 4 femurs, until obtention of 32 trabecular bone cylinders. 
 

Figure 10: Followed steps in the manipulation and cutting process of the collected human cadaveric bone, until obtention of 
trabecular bone cylindric samples. 

All samples were washed with a constant water flow for defatting and cleaning for 5 minutes and 

stored at -80oC for later use.  

(C) (D) (E) (F) 

(G) (H) (I) (J) 

(A) (B) 
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2.11.2. Insertion of CPC in human cadaveric bone 

After thawing the trabecular bone cylindric samples in a warm water bath at 38oC, a perforating drill 

with an inner diameter of 5 mm was used to perform small holes with a length of 1 cm on the top of each 

bone sample. Then, the formulation chosen as the most promising one was prepared as previously 

described. The CPC paste was carefully packed inside a 6 mL syringe, with a syringe tip of 4 mm inner 

diameter. Immediately after, the tip of the filled syringe was inserted in the hole previously created 

(Figure 11 A). 0.5 mL of cement were manually extruded from the syringe into each bone sample. This 

procedure was repeated for 11 trabecular bone samples. 

2.11.3. Compressive strength tests 

After CPC hardening for 20 minutes inside the bone samples, the bottom of the cylindric samples 

was removed with an oscillating saw, to obtain samples with 1.5 cm height. The compression tests were 

performed similarly to the described in section 2.4.1. 10 bone cylinders without CPC and 10 bone 

cylinders containing the CPC were tested. Figures 11 B and C illustrate one bone cement sample filled 

with the optimal CPC before testing its compressive strength.  

Figure 11: (A) Schematic representation of the dimensions of the hole created for syringe insertion into the bone samples for 
CPC injection. Top view (B) and lateral view (C) of a trabecular bone cylindric sample filled with the optimal CPC and used for 
compressive strength tests. 

2.11.4. Micro-CT analysis  

Following the procedure described in the previous section, a sample with 1.0 cm height was 

prepared, being the 5 mm inner diameter core collected with a trephine. The sample was analysed by 

micro computed tomography (micro-CT) using a high resolution device, SkyScan 1172 (SkyScan, 

Kontich). The micro-CT procedure involves three main steps: acquisition, reconstruction and image 

analysis. The acquisition was performed under intensity of 100 µA, voltage of 100 kV and cubic voxel 

size of 194.10 µm3. On the reconstruction phase, the projection images were reconstructed, in about 

500 slices along the ZZ axis, with the software NRecon (SkyScan, Bruker MicroCT). The binarization 

was then carried out using the Otsu’s method. On the third step, the reconstructed slice images were 

processed with 3D image analysis software (CTvox, DataViewer and ANT software, SkyScan, Bruker 

MicroCT). For porosity analysis, after selection of a cylindric region of interest (ROI) in the inner part of 

the sample, all calculations were performed on MATLAB and using binary masks. Porosity (%) was 

calculated following Equation 5. 
 

𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦(%) =
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑣𝑜𝑖𝑑𝑠/𝑝𝑜𝑟𝑒𝑠

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑎𝑛 ℎ𝑜𝑚𝑜𝑔𝑒𝑛𝑒𝑜𝑢𝑠 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙
× 100 (Equation 5) 

(B) (C) (A) 
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3. Results and Discussion 

3.1. Optimization of Neocement® properties 

The first step in this work was to characterize the starting material, Neocement®, and to try to 

understand how adjusting its composition could affect the material properties. For this, several 

processing parameters known to influence the main properties of CPCs were changed in Neocement®’s 

original composition, mainly focusing on improving its injectability, while maintaining suitable 

performance for clinical application. Therefore, the effect of each changed parameter (or combination 

of parameters) on the setting time, mechanical behaviour and injectability of the produced CPCs was 

systematically evaluated. 

3.1.1. Effect of the liquid phase content and chitosan amounts on the CPC basic properties 

Different liquid phase ratios108 as well as different chitosan amounts109 have proven useful for 

tailoring some CPCs properties, especially in the case of injectability and handling performance. 

Consequently, formulations with different LP content (30%, 38%, 42% and 50%LP) were produced and, 

for some of these, different amounts of chitosan were also tested (0%, 50%, 100% or 200% standard). 

A total of 9 formulations was studied at this stage (Table 3, section 2.1.).  

a) Setting time 

The setting time is one of the most clinically relevant properties since rather long setting times could 

cause clinical problems due to the cement's inability to maintain shape and to support stresses while 

excessively short setting times difficult the application of the cement by the surgeon. Therefore,  the 

effect of abovementioned factors on the setting reaction of the cement was assessed by measuring the 

initial setting time (IST) and the final setting time (FST). The obtained values are graphically presented 

in Figures 12 A and B, respectively.  

Figure 12: Initial (A) and final (B) setting times, in minutes, of the CPC formulations with varying liquid phase amounts and 
chitosan content. LP amounts are expressed as % of the liquid phase relatively to the total mass of the CPC components. Polymer 
content is expressed relatively to its standard amount, referred as 100% polymer. This is the mass of polymer the formulation 
should contain according to the original Neocement® components’ ratio. The formulation with a * is Neocement®. 
 

From this data it can be seen that for higher LP percentage both IST and FST tended to increase. 

In fact, for the formulations containing the normal amount of chitosan (100% chitosan), 50%LP 

formulation was the one presenting the longest setting reaction, while 30%LP formulation had the 
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shortest one. Upon increasing the LP amounts more water is added to the CPC during its preparation 

and, consequently, the oversaturation of the solution upon mixing with the calcium phosphate powders 

takes longer to be achieved54. Regarding different chitosan content, for formulations with the same %LP, 

no significant differences in setting time were obtained. Only in the case of 50%LP formulations a slight 

reduction in setting time could be seen from the 100% standard amount of chitosan when compared to 

the 0% chitosan formulation. Even though several studies have described an increase in the setting time 

with increasing content in chitosan, as summarised in a recent review by Perez et al.110, the amounts of 

chitosan used by other authors in other CPC systems were considerably higher (around 10% wt) than 

the ones used in this study, in which chitosan makes up less than 1% wt.  

In summary, it can be stated that the liquid phase amount influences much more significantly the 

setting time of the systems studied in this work than the chitosan content, in the considered ranges. As 

for the suitability of these formulations to be used in clinical practice, 30 and 38%LP formulations were 

within or close to the ranges usually assumed as adequate (IST between 3 and 8 minutes and FST not 

much longer than 15 minutes53) while 42%LP formulations presented slightly longer setting times. Still, 

these are not strict clinically required values but a recommendation of surgeons because of practical 

concerns during surgery, meaning these formulations can be considered as still having reasonable times 

of setting. As for 50%LP formulations, they showed rather long IST and FST that would probably not be 

much suitable during a surgical procedure. 

b) Mechanical behaviour 

The therapeutic success of a CPC after implantation is strongly associated with its ability to sustain 

mechanical forces and stresses to assure that bone functions are not compromised, thus fulfilling its 

role as bone substitute. Therefore, afterwards the mechanical behaviour of the 9 formulations was 

studied by evaluation of two relevant mechanical characteristics of the materials: compressive strength 

(Figure 13) and microhardness (Figure 14). As previously mentioned, crystals produced by the 

dissolution-precipitation reaction of a CPC continue to grow with time and the entangled network 

becomes denser, until the cement achieves its maximal mechanical properties, being the end of the 

hardening process typically reached only after several days48. Therefore, the mentioned properties were 

assessed after 2 or 6 days of incubation of the materials under simulated physiological conditions. 

Compressive strength, meaning the maximum load (converted into stress) that is required to fracture 

the material, is one of the indicators of setting and strength, measuring the ability of the material to 

withstand compression. Concerning the obtained results (Figure 13) it can be stated that the overall 

tendency was for this parameter to increase with the incubation period, especially for formulations 

containing 30% and 42%LP, where higher compressive strength values were measured after 6 days of 

incubation. This suggests that after 2 days the hardening reaction of the cement is not complete yet.  
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Figure 13: Compressive strength (in MPa) of the CPC formulations with varying amount of liquid phase and chitosan content, 
after incubation of the materials under simulated physiological conditions for 2 or 6 days. LP amounts are expressed as % of the 
liquid phase relatively to the total mass of the CPC components. Polymer content is expressed relatively to its standard amount, 
referred as 100% polymer. This is the mass of polymer the formulation should contain according to the original Neocement® 
components’ ratio. The formulation with a * is Neocement®. The dashed line represents the minimum compressive strength of 
human trabecular bone. 

Usually, an increase in the LP amount tends to result in decreased mechanical properties. Espanol 

et al.111 attribute this fact to the increase in porosity of the cement’s microstructure, presenting more 

empty spaces between agglomerated crystals. Even though porosity measurements were not 

conducted, this trend was broadly observed in our study, as after 6 days of incubation, for the materials 

with standard amount of chitosan (100%), the increase in LP% tendentially led to losses in their 

mechanical strength. The exception was 30%LP formulation, that did not show the highest compressive 

strength, as predicted. This might mean that powder is in excess in these specimens, which impairs the 

hydration of the CPC, resulting in a decrease in strength. Indeed, the consistency of this material was 

slightly granular instead of a plastic paste, so this formulation was further discarded. Also, 50%LP 

formulations presented rather low mechanical strength comparing with the other ones, and from the 2 

days to 6 days of incubation there was no increase in its compressive strength, perhaps because of an 

excessive amount of water in this system. These observations suggest that the optimal LP amount for 

these formulations should be higher than 30%LP and lower than 50%LP. As for different chitosan ratios, 

no significant differences could be seen between CPCs with the same LP%, probably given its low 

amounts, as previously mentioned. Indeed, no changes in compressive strength have been detected 

for chitosan amounts of 0-2%wt in other CPC systems109. 

Since Neocement® was designed to be applied in trabecular bone, whose compressive strength 

ranges from 4-12 MPa58, a CPC resistance above 4 MPa can be considerable as suitable for clinical 

application. From the 9 prepared CPCs, all of them except formulations with 50%LP present values of 

compressive strength over this limit, after both 2 or 6 days of incubation. The obtention of compressive 

strengths over this limit at early stages is of extreme importance, as the cements should present suitable 

mechanical performance soon after its in vivo implantation. However, 30% formulation probably would 

not fulfil clinical needs given its inefficient malleability, as referred above. 

The surface microhardness of a material provides a measure of its surface strength. Microhardness 

measurements were performed on the CPCs under test and the obtained results are summarized in 

Figure 14, for both 2 and 6 days of incubation.   
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Figure 14: Microhardness (HV) of the CPC formulations with varying amount of liquid phase and chitosan content, after incubation 
of the materials under simulated physiological conditions for 2 or 6 days. LP amounts are expressed as % of the liquid phase 
relatively to the total mass of the CPC components. Polymer content is expressed relatively to its standard amount, referred as 
100% polymer. This is the mass of polymer the formulation should contain according to the original Neocement® components’ 
ratio. The formulation with a * is Neocement®.  

As seen for compressive strength, there was an increase of microhardness with incubation time that 

was even more evident than for the previous mechanical parameter. Still, 50%LP formulations did not 

tend to improve their microhardness over time. Focusing on the results obtained after 6 days for the 

formulations with 100% chitosan, an overall similar trend to the observed in the compressive strength 

tests can be seen: an increase in LP% promoted lower microhardness. Still, 30%LP formulation did not 

follow this tendency possibly because of its lack of water, as previously discussed. Formulations with 

38% and 42%LP were the ones with higher surface microhardness. Also, the influence of chitosan 

amount on this parameter was not that relevant as well, as within the same LP% similar HV values were 

detected.  

Altogether, the mechanical properties of the materials were significantly affected by the LP% but not 

by chitosan content. Since formulations with 38 and 42%LP were the ones presenting the most suitable 

combined properties (setting time and mechanical behaviour), they were selected for further testing. 

c) Injectability 

For injectability evaluation, extrusion curves were recorded and injectability was calculated as a 

mass percentage of extruded paste (Figure 15). As reported by other authors103, in a typical extrusion 

curve an overshoot at the beginning can be seen due to the critical force that must be applied to make 

the material start to flow. There is a subsequent plateau phase that represents the injection load needed 

to maintain the material flowing. In the final stages of extrusion the force increases steeply, either 

because the paste is not further injectable or because the syringe is already empty and the plunger 

reaches the end of the syringe, and the maximum applied extrusion force is reached (in our case 50 N, 

the equipment limit). 

For 38%LP, three amounts of chitosan were tested (0%, 100%, 200%). From the obtained curves 

(Figure 15 A) and respective value of injectability (Figure 15 B) it can be stated that no major differences 

could be seen between the three formulations, meaning that chitosan content did not affect the 

injectability of these systems. After this observation, for 42%LP only the standard amount of chitosan 

(100%) was tested.  
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Figure 15: (A) Extrusion curves of 38% LP formulations with different amounts of chitosan and 42%LP formulation with 100% 
chitosan. Each extrusion curve is a representative curve obtained among the several replicas. The dotted black line represents 
the extrusion curve of the syringe filled with water (control). (B) Injectability (%) of each of the formulations. 

The absence of a plateau stage in the 38%LP CPCs implies that filter-pressing occurs immediately 

after extrusion starts71, which explains the low injectability of the starting material, Neocement®. Upon 

increasing the LP content from 38 to 42%, the extrusion curve of the CPC greatly shifted to a lower force 

on the plateau phase, approaching the overall trend of the extrusion curve of the control (water). This is 

mainly attributed to a reduction in friction between the grains at a higher LP content103 and, indeed, an 

increase of almost 200% in injectability was seen, as it rose from around 30% to 90%.  

In fact, one of the features known to mainly affect injectability is the liquid/powder ratio, that has 

been adjusted in a wide variety of studies so to improve the ability of CPCs to be injected, by upgrading 

the paste flowability, thus reducing the filter pressing effect69. However, increasing the liquid/powder 

ratio is limited as a CPC improvement method as it usually promotes lower mechanical performance 

and prolonged setting. The main challenge is then to adjust the LP content so to improve injectability 

but without completely sacrificing other essential properties. In our approach increasing the LP greatly 

promoted injectability and, indeed, lower mechanical performance but still suitable for clinical 

application, as well as adequate setting times. Thus, from this first step of the work it can be stated that 

42%LP, 100% Chi formulation was the most promising one, regarding the studied properties.  

3.1.2. Effect of the replacement of chitosan by HPMC on the CPC basic properties 

Bohner and Baroud66 described that with a fixed CPC particle size the most suitable and applicable 

strategy to improve injectability of a CPC paste is to increase the viscosity of the mixing liquid, since this 

does not compromise either the cohesion or the anti-washout performance. Given the increasing interest 

in HPMC as promoter of viscosity and injectability75, formulations with this polymer instead of chitosan 

were tested, using the standard amount of polymer. Since the results in section 3.1.1. proved that, from 

the tested LP amounts, the most suitable ones for this CPC system were 38% and 42%LP, both were 

used for producing new formulations in this section. To facilitate results interpretation, the following 

graphic representations include not only the values of the measured properties for the new formulations 

tested in this stage of the work but also the ones obtained for the formulations with correspondent LP 

amount but containing chitosan instead.  
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a) Setting time 

 It has been described that cellulose ether additives can adversely prolong CPCs setting time75 given 

the increase in liquid phase viscosity, while for other compositions reductions in setting time have been 

obtained upon using low HPMC amounts112. The results obtained for the formulations prepared in this 

study (Figure 16) show that, for 38%LP, there was a significative reduction in both IST and FST when 

chitosan was replaced by HPMC. As for 42%LP, just a slight reduction in this property was observed. 

These can be considered as satisfactory results, as setting times closer to the clinically recommended 

ones (IST between 3 and 8 minutes and FST close to 15 minutes) were obtained when using HPMC 

instead of chitosan.  

Figure 16: Initial (A) and final (B) setting times, in minutes, of the CPC formulations with HPMC instead of chitosan (Chi) as 
polymeric adjuvant, in comparison with the formulations with correspondent LP amounts and with Chi as polymeric adjuvant. LP 
amounts are expressed as % of the liquid phase relatively to the total mass of the CPC components. The formulation with a * is 
Neocement®. 

 

b) Mechanical behaviour 

The mechanical properties of the formulations were assessed as previously described. The obtained 

compressive strengths are depicted in Figure 17. 

Figure 17: Compressive strength (in MPa) of the CPC formulations with HPMC instead of chitosan (Chi) as polymeric adjuvant, 
in comparison with the formulations with correspondent LP amounts and with Chi as polymeric adjuvant, after incubation of the 
materials under simulated physiological conditions for 2 or 6 days. LP amounts are expressed as % of the liquid phase relatively 
to the total mass of the CPC components. The formulation with a * is Neocement®. The dashed line represents the minimum 
compressive strength of human trabecular bone. 

 

It has been observed that cements produced with HPMC have significantly lower compressive 

strength, which has been attributed to an increase in porosity due to air bubbles trapped in the CPC 

during production of the paste when viscous binders are used69,75. No changes in compressive strength 
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were found regardless the added polymer, after both 2 and 6 days of incubation. It is possible that the 

low amount of HPMC used in these systems is not enough to induce major changes in the CPCs 

porosity, therefore not affecting the compressive strength, thus porosity measurements would be useful 

in this context. Since similar values of resistance to compression were obtained as in the previous 

section, the new materials retained suitable strength to be applied in trabecular bone defects, as their 

compressive strength is still above the minimum of 4MPa of trabecular bone. 

Contrarily, microhardness of the CPCs (Figure 18) was affected by the change in polymeric 

adjuvant. As a matter of fact, upon addition of HPMC there was a reduction of about 20% in 

microhardness for 38%LP formulation and around 40% for 42%LP formulation, after 6 days of curing.  

Nevertheless, it is also worth noting that the hardness of the materials greatly increased with the 

incubation time, which was not so evident for the compressive strength (Figure 17). 

Figure 18: Microhardness (HV) of the CPC formulations with HPMC instead of chitosan (Chi) as polymeric adjuvant, in comparison 
with the formulations with correspondent LP amounts and with Chi as polymeric adjuvant, after incubation of the materials under 
simulated physiological conditions for 2 or 6 days. LP amounts are expressed as % of the liquid phase relatively to the total mass 
of the CPC components. The formulation with a * is Neocement®. 

 

c) Injectability 

HPMC materials’ extrusion curves and respective injectability are represented in Figure 19, in 

comparison with the formulations containing chitosan.  

 

Figure 19: (A) Extrusion curves of the CPC formulations with HPMC instead of chitosan (Chi) as polymeric adjuvant, in 
comparison with the formulations with correspondent LP amounts and with Chi as polymeric adjuvant. Each extrusion curve is a 
representative curve obtained among the several replicas. The dotted black line represents the extrusion curve of the syringe 
filled with water (control). (B) Injectability (%) of each of the formulations. 
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The obtained results prove that HPMC seems to be a better injectability promoter than chitosan. In 

fact, when for 38%LP formulation HPMC instead of chitosan is present, an injectability of around 30% 

was raised until almost 70%, which translates into an increase of 123% in injectability. This means that, 

even though 38%LP formulation presented a shorter setting time when HPMC is used in its composition 

(Figure 16), more CPC paste can be extruded and for a longer period of time without setting inside the 

syringe than when chitosan is present. Data found in the literature confirm that HPMC can drastically 

increase the injectability of some CPC formulations (like for TTCP–DCPA, TTCP–DCPD, and α-TCP 

compositions)110, even at low concentrations, and injectability tends to be improved as polymer 

concentration is increased112. 

In the case of formulations with 42%LP, the increase in injectability was not so significative, since 

the material with chitosan already presented a very high injectability. Still, it is important to mention that 

the curve of force vs distance (Figure 19 A) tends to present a lower force of extrusion when HPMC is 

used, tending to approach the overall extrusion curve of the control (water). In practical terms, from the 

repetition of injectability tests performed during this work it appears to exist an upper limit to injectability 

under the tested conditions and with the used syringes, which is due to the small amount of paste 

remaining in the tip of the syringe. Given this, a measured injectability around 94% can be associated 

to a fully injectable paste. Thus, 42%LP formulation with HPMC can be considered as completely 

injectable, for the specified experimental conditions. 

The ability of cellulose ethers to reduce filter-pressing and enhance injectability of CPC pastes is 

thought to come from the promotion of viscosity and increased paste homogeneity75. Specifically for 

HPMC, improvement in paste cohesiveness makes the separation of the solid and liquid phase more 

difficult. Additionally, according to Burguera et al.112 an associated lubrication effect of the polymer 

allows the solid particles in the paste to slide over each other, making the paste easier to move during 

injection.  

3.1.3. Effect of the calcium phosphate particles granulometry on the CPC basic properties 

Besides significantly affecting the setting kinetics of CPCs, the average size of the calcium 

phosphate precursor powders as well as their particle size distribution can also alter the material’s 

rheological properties. Indeed, setting kinetics, injectability and cohesive strength of CPCs can be 

regulated by varying powder particle size66. CPCs optimization only relying on particle size can be 

advantageous as it avoids the need to incorporate other additives, which in some cases can compromise 

biocompatibility.  

Consequently, in this part of the work, materials were prepared using powders with different 

granulometry than the original CPC: (1) fine TTCP formulation, containing the same β-TCP powder used 

in Neocement® but smaller particles of TTCP, obtained by a milling process of the original TTCP powder; 

(2) coarse β-TCP formulation, composed by the same TTCP used in Neocement® but larger particles of 

β-TCP, that were purchased from the supplier already with a higher particle size than originally. Once 

again, both 38% and 42% LP amounts were chosen for the produced formulations.  
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a) Powders characterisation 

Firstly, the morphology of the powder samples was analysed by SEM (scanning electron 

microscopy), as shown in Figure 20. For fine TTCP, since after milling it was intended to confirm the 

obtention of smaller particles, its particle diameter distribution curve was obtained and is also displayed. 

 
 

  

 
   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 20: SEM micrographs of the starting powders used in this study: (A) standard β-TCP, d(50)<2.98 µm; (B) coarse β-TCP, 
d(50)<19.40 µm; (C) standard TTCP, d(50)<24.50 µm; (D) fine TTCP, d(50)<5.28 µm. All SEM images were acquired with 800x 
magnification. (E) Particle diameter distribution of fine TTCP powder. 

 

From the obtained images it is clear that coarse β-TCP particles with d(50)<19.40 µm (Figure 20 

B) present larger sizes than the standard β-TCP powder (Figure 20 A), with d(50)<2.98 µm . It also 

contains more dispersed particles, instead of the great amount of agglomerates seen for the standard 

β-TCP powder. 

Starting from the original TTCP powder (Figure 20 C) with d(50) around 25 µm a fine TTCP was 

obtained by milling. It seems like the milling process allowed the elimination of particle aggregates seen 

in the original material, as for fine TTCP more individual particles were observed (Figure 20 D). The 

(E) 
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particle diameter distribution graph of fine TTCP (Figure 20 E) presented a relatively broad distribution 

of particles from 2-6 µm and allowed the determination of a d(50) around 5.28 µm. It also comprised a 

small population of particles centred at 8 µm and at 11 µm. These particles can either be small 

aggregates of finer particles or, and more likely,  original TTCP particles that did not suffer complete 

milling. Still, the particle distribution curve suggests milling allowed the obtention of a rather 

homogeneous particle diameter and much smaller than the original sample. 

Moreover, to assure fine TTCP had not changed its phase composition upon the milling process, X-

ray diffraction (XRD) analysis was also performed (Figure A1, Supplementary Material). A similar 

crystallographic pattern was observed for both standard size TTCP and fine TTCP, matching the JCPDS 

card nº 25-1137 of TTCP, assuring there were no phase changes in this material after size reduction.  

 

b) Setting time 

The setting times of the formulations containing fine TTCP or coarse β-TCP in comparison with the 

materials containing the standard powders are summarized in Figure 21. 

Figure 21: Initial (A) and final (B) setting times, in minutes, of the CPC formulations with fine TTCP or coarse β-TCP as starting 
powders, in comparison with the formulations with correspondent LP amounts and standard starting powders (std TTCP and β-
TCP). LP amounts are expressed as % of the liquid phase relatively to the total mass of the CPC components. The formulation 
with a * is Neocement®. 

For both 38% and 42%LP, decreasing the particle size of TTCP could shorten the setting time quite 

significantly, comparing with the materials produced with standard TTCP. The particle size of the starting 

materials is one of the most important factors affecting the hydration process of CPCs. It is generally 

accepted that smaller particle sizes of the starting powders promote faster reaction kinetics, due to the 

higher specific surface area that enables a faster reaction of the cement at the solid/liquid interface on the 

dissolution step, during CPC preparation56.  

On the other hand, upon using β-TCP with larger particle size a decrease in setting time was 

observed as well, comparing to the standard formulations, but in the case of 38%LP not as notable as 

when fine TTCP was used. Even though it could be expected that larger particles promoted longer 

setting, it is worth noting that two calcium phosphate powders were used to produce the CPCs, and their 

reactivity might not be the same (as will be discussed in section 3.4.2.). Also, other features besides 

particle size are known to greatly affect the reactivity of β-TCP, like their initial degree of crystallinity, 

crystal phase, shape or even preparation method113.  
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In conclusion, fine TTCP and coarse β-TCP particles promoted shorter setting times, with the 

reduction in TTCP particle size suggesting more influence of this calcium phosphate on the setting 

process. Nevertheless, acceptable setting times were obtained for all tested formulations, and even 

more suitable than the ones of Neocement®. 

 

c) Mechanical behaviour 

Afterwards, the mechanical properties of the materials were assessed, under the conditions 

previously described. For the formulations with different granulometry than originally, containing both 

38%LP or 42%LP, no great changes in resistance to compression were seen with incubation time 

(Figure 22). 

 Figure 22: Compressive strength (in MPa) of the CPC with fine TTCP or coarse β-TCP as starting powders, in comparison with 
the formulations with correspondent LP amounts and standard starting powders (std TTCP and β-TCP), after incubation of the 
materials under simulated physiological conditions for 2 or 6 days. LP amounts are expressed as % of the liquid phase relatively 
to the total mass of the CPC components. The formulation with a * is Neocement®. The dashed line represents the minimum 
compressive strength of human trabecular bone. 

 

Moreover, for CPCs with 38%LP, the compressive strength was similar independently of the 

granulometry of the starting powders, being relatively close to the one of Neocement®. On the other 

hand, the results obtained for 42%LP were quite different: upon TTCP particle reduction a great increase 

in compressive strength could be seen comparing with the formulation containing the standard powders 

(42%LP formulation), already at early stage. After 6 days, an increase from 7.7±0.6 MPa to 11.5±0.5 

MPa was observed. Other authors114 explained similar trends using isothermal conduction calorimetry 

that showed that reducing the particle size of TTCP in a CPC with DCPA and TTCP could increase the 

conversion ratio of starting materials to hydration products, which would lead to an increase in the 

compressive strength of the hardened body of CPC.  

In the case of the materials with coarse β-TCP and 42%LP, even though after 2 days the resistance 

to compression was higher than the one of the material with 42%LP and standard granulometry, after 6 

days both of them assumed similar compressive strength. Furthermore, all the tested formulations with 

changed granulometry presented suitable resistance over 4 MPa. 

The microhardness of all the experimental groups was assessed, and its mean values are shown in 

Figure 23.  
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Figure 23: Microhardness (HV) of the CPC formulations with fine TTCP or coarse β-TCP as starting powders, in comparison with  
the formulations with correspondent LP amounts and standard starting powders (std TTCP and β-TCP), after incubation of the 
materials under simulated physiological conditions for 2 or 6 days. LP amounts are expressed as % of the liquid phase relatively 
to the total mass of the CPC components. The formulation with a * is Neocement®. 

 

After 6 days of incubation, for both 38%LP and 42%LP materials there was a slight decrease in 

microhardness for fine TTCP formulation and for coarse β-TCP as well, but mainly within the 

experimental error, suggesting no great changes with granulometry, as seen for compressive strength. 

Furthermore, the great increase in compressive strength for 42%LP formulation containing fine TTCP 

did not translate into an improvement of the microhardness. Therefore, independently of the LP amount, 

changing the particle size generally led to formulations with similar or slightly reduced microhardness 

as the ones with the standard calcium phosphate powders. Also, and as seen before, the microhardness 

presented a great increase over the evaluated hardening period for all the CPCs.  

 

d) Injectability 

Since the new formulations tested previously presented satisfactory setting and mechanical 

performance, all of them were studied concerning its injectability (Figure 24). 

Figure 24: (A) Extrusion curves of the CPC formulations with fine TTCP or coarse β-TCP as starting powders, in comparison with 
the formulations with correspondent LP amounts and standard starting powders (std TTCP and β-TCP). Each extrusion curve is 
a representative curve obtained among the several replicas. The dotted black line represents the extrusion curve of the syringe 
filled with water (control). (B) Injectability (%) of each of the formulations. 

The first thing that can be noticed from the obtained results is the fact that, from the first time in this 

study, a formulation that can be considered as totally non-injectable was obtained. Indeed, for 38%LP 

with fine TTCP only 5% of the paste was extruded during the extrusion assay. The reason behind this 

result is very likely the rapid setting of this cement paste (4.5 minutes for IST, Figure 21), resulting in a 
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short working time frame that makes this material unsuitable for injection under the tested conditions (all 

injectability tests started almost 4 minutes after mixing the calcium phosphate powders). Naturally, 

injectability and rapid setting can be opposing properties because a rapid setting paste may start setting 

in the syringe, thus increasing the paste thickness and rigidity, and reducing its injectability. Contrarily, 

when coarse β-TCP is introduced in the starting formulation, the injectability of Neocement® is raised 

from 31±2% to 86±3%, showing the great ability of this parameter to promote extrusion. 

As for formulations with 42%LP, a similar pattern was observed: a reduction in injectability was seen 

when using fine TTCP instead of the standard powder and an increase in injectability was observed 

upon using coarse β-TCP instead of the standard particles. Yet, as longer setting times were measured 

for 42%LP, fine TTCP than for 38%LP, fine TTCP (Figure 21), the former formulation is more injectable 

(69±1%). Even though it has been found that, usually, decreasing particle size promotes injectability115, 

other factors regarding calcium phosphate powders morphology are detrimental to injectability, such as 

the particle shape, particle size distribution, the state of agglomeration of the particles, among others66,69.  

The most promising formulation though, seems to be 42%LP, coarse β-TCP. Actually, this material 

showed an injectability around 94%, and its extrusion curve also illustrates its good injectability: the 

curve behaves almost like water but at higher critical and plateau forces. The fact that the plateau stage 

is so extensive suggests the complete lack of filter pressing effect during extrusion of this CPC paste, 

reinforcing the observation of improvement of injectability with larger β-TCP particles.  

It shall be stressed that the proportion of fine to coarse powders could be optimised to produce the 

highest maximum packing solid volume fraction, which plays a significant role in the paste flowability. 

Since in this work two calcium phosphate powders were used it is possible that the packing ability of the 

original CPC is not ideal. A too low a quantity of fine particles would not sufficiently fill the voids, whereas 

a too high a quantity would not allow the large particles to form a network69. Even though this hypothesis 

was not tested, it is possible that the packing of the CPC system upon introduction of larger β-TCP 

particles was improved, changing the rheological properties of the paste. Also, a liquifying effect could 

have been obtained because of changes in particle-particle interactions: upon changing the particle 

sizes/morphology and in the presence of ionic species, like for instance citric ions in the liquid phase, 

the interparticle spacing and forces can be affected73,116. In this context, the measurement of the zeta 

potential to estimate the magnitude of the surface potential would be interesting to detect if repulsive 

forces were increased, eventually promoting particle dispersion and an increased paste flowability.   

Even though an effort has been made to compare the obtained results in this work with the ones 

from other authors, it is worth noting that most of the time these comparisons are informative but not 

completely linear. Although changes in some general parameters of CPCs usually promote the same 

overall result, as CPCs are reactive systems affected by so many processing variables what is observed 

for a CPC system might not be seen for another one. Consequently, this type of comparisons should be 

made carefully and having in mind that each CPC formulation is unique from the physical and chemical 

point of view. Also, the lack of theoretical understanding on how and to what extent some process 

variables affect the crucial properties of CPC is still a major limitation. 
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In summary, in this part of the work several new CPC systems were obtained starting from the 

composition of Neocement®. The materials that, overall, presented the best injectability and combined 

suitable setting and mechanical performance were chosen for further studies. The selected materials 

are the following: 

- Section 3.1.1.: 42%LP, Chi 

- Section 3.1.2.: 42%LP, HPMC 

- Section 3.1.3.: 42%LP, coarse β-TCP 
 

3.2. Drug loading with gentamicin sulphate 

Given that the possibility of bone infection after surgery is a serious medical concern, the most 

promising materials were loaded with gentamicin sulphate, a very commonly used antibiotic in 

orthopaedics. The drug loading method will determine the drug distribution and its interaction with the 

CPC matrix. In this study, the antibiotic was dissolved in the liquid phase, which allows for a better 

distribution of this molecule, promoting a more homogeneous loading of the cements86. 

3.2.1. Drug release profiles 

a) Load Effect: Choosing the optimal GS loading amount 

Since bone is such a complex and dynamic tissue, blood vessels in bone are highly active, and their 

activity can vary with the type of bone, age, bone disorders, metabolism and many other factors1. Ideally, 

the in vitro drug release conditions should mimic the biological systems that are being targeted, under 

which fast clearance of the released drug is typically observed. However, given the abovementioned, a 

specific value for the normal renovation flow rate of fluids in bone is not well described in the literature, 

which is a limitation when designing drug release experiments.  

Given the lack of information on this, it is difficult to determine the concentration of released drug 

that would be considered as adequate or ideal for clinical application. To get around this limitation, our 

initial approach was to load the CPC system from the three optimal ones that has the closest composition 

to Neocement® with three amounts of GS (Table 4, section 2.8.1). The gentamicin release profiles of 

42%LP, Chi with different loading amounts were then compared with a commercial bone cement 

containing this antibiotic, Genta1®. Although this is a PMMA based cement and not a CPC, it shall 

release and adequate amount of gentamicin sulphate and present an efficient prophylactic action 

against infection, in compliance with the criteria of regulatory agencies, since it is under clinical use. 

Thus, it seemed reasonable to try to optimize the amount of GS to be used in our study having as target 

a release profile similar or even better than Genta1®, tested under the same experimental conditions as 

the drug release from the developed CPCs (Figure 25). 

The value of 0.66wt% GS for CPC loading was chosen as the starting point since preliminary tests 

(data not shown) demonstrated that lower loading amounts promoted GS release in concentrations 

below the detection limit of the used quantification method. Afterwards, an amount about four times 

higher was tested (2.47%wt GS) and then an intermediate amount between the two (1.87%wt GS).  
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Figure 25: Gentamicin sulphate cumulative release profile of Genta1® and of 42%LP, Chi formulation (CPC) loaded with 0.66, 
1.87% or 2.47%wt antibiotic, under sink conditions, for 14 days. On the right, the percentage of total released drug relatively to 
the amount of loaded drug in each case, after the 14 days of trial, is presented.  

 

From the obtained results it can be noticed that the amount of loaded drug into the CPC influences 

its release kinetics: higher loading amounts promote higher cumulative drug release, since the CPC 

containing 2.47%wt of GS was the one showing the highest GS elution over time. This dose effect has 

already been seen in other works97,98. Such tendency was observed since the early stages of the trial, 

as from the first day this formulation already released more gentamicin than the others. The total drug 

released percentage after the 14 days trial also corroborates these observations, since for 0.66%wt 

formulation about 19% of the loaded GS was released, while for the CPC with 2.47%wt more than the 

double amount was released.  

Comparing the CPC profiles with Genta1®, a loading amount of 0.66%wt promoted lower GS release 

than the commercial bone cement almost during the whole trial. Only after 14 days the amount of 

gentamicin released from both materials approached each other, therefore this loading amount was 

discarded, as a commercial material, under the same conditions, is able to release higher quantities of 

the same antibiotic. Also, there is the concern of potentially having antibiotic concentrations at 

subinhibitory levels that might promote bacterial resistance117. As for the material with 2.47%wt GS, it 

showed a much higher GS release than Genta1®, releasing about more 153% of gentamicin after the 

14 days trial. Even though this could have been considered as advantageous, submitting patients to 

higher amounts of antibiotic than the required to fight an infection could be counterproductive, as it could 

promote adverse reactions and also increase medical costs in the clinical setting. Thus, it was assumed 

that a release of higher amounts of antibiotic than the commercial cement, but still comparable, would 

be the quantity of GS release of choice. Therefore, 1.87%wt GS was assumed as the optimal loading 

amount of GS as it assures a sufficiently high release profile.  
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b) Comparison between chosen CPCs formulations and Genta1® 

The three most promising CPC formulations chosen before were loaded with 1.87%wt GS and their 

drug release behaviour was evaluated for 14 days (Figure 26).a

 

Figure 26: Gentamicin sulphate cumulative release profile of Genta1® and of 42%LP, Chi; 42%LP, HPMC and 42%LP, coarse 
β-TCP loaded with 1.87%wt antibiotic, under sink conditions, for 14 days. On the right, the percentage of total released drug 
relatively to the amount of loaded drug in each case, after the 14 days of trial, is presented.  

From the obtained gentamicin release profiles it is worth noting that all CPC formulations were able 

to release higher GS amounts than the PMMA-cement over time. Even though the higher drug dosage 

of the CPCs (1.87%wt) comparing to the commercial material (0.88%wt) probably contributes to these 

observations, it has been reported that the total amount of antibiotic released from PMMA-bone cements 

is usually in the order of magnitude of 10% of the total amount incorporated95,118. Moreover, comparative 

studies96 showed that, for the same loading amounts, cumulative  release  of  gentamicin over  30  days  

is significantly  greater  from  a commercial CPC (BoneSourceTM)  than  PMMA beads. The inherent 

microporous structure of CPCs and degradation in the presence of biological fluids shall be responsible 

for promoting their higher release capacity80. 

Furthermore, the peak release of gentamicin from Genta1® was seen after about 4 days of release, 

and from that day on the additional amount of released drug was quite reduced. This is a pattern 

normally observed for PMMA-based drug delivery systems: a peak release followed by a rather 

insubstantial release period that may be insufficient to maintain a therapeutic concentration for the 

desired 3–4 weeks and may even promote antibiotic resistance79. This occurs since the diffusion of 

drugs occurs mainly from the materials’ surface80.  Differently, for the three CPC formulations no burst-

release was observed in the first days, as usually described for CPCs7,99, as only around 6-8% of the 

loaded GS was released after 24h. Afterwards, a continuous release of gentamicin that gradually 

increased for the whole 14 days of trial was seen, that would presumably keep increasing after this time 

point. One possible explanation for this is the presence of polymeric substances on the prepared CPCs, 

 
a The release profiles of 42%LP, Chi (1.87%wt GS) and Genta1® are the same in both Figures 25 and 26. 

They are showed again for comparison purposes. 
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either chitosan or HPMC, as the incorporation of polymers is a strategy that has been used to delay and 

sustain antibiotic release7, as will be further discussed. 

Within the first day of experiment, even though without showing a burst-release, all CPCs were able 

to release GS levels comparable or higher than Genta1®, which is satisfactory since an initial high local 

antibiotic release is of utmost importance in the prevention or treatment of bone infection99. A discrete 

burst after implantation eradicating the contaminating bacteria in the surgical site could be sufficient for 

prophylactic therapy, which would fit the release profile seen for Genta1®. On the other hand, the 

continuous release profile for 14 days seen for the studied CPCs with a sustained high local 

concentration of antibacterial compounds has been considered by other authors as not only suitable for 

prophylaxis but also for the treatment of already occurring bone infection99. Still, this in vitro study is 

limited by the extrapolation of the results to clinical concentrations in bone and surrounding tissues, and 

further conclusions could only be taken using in vivo trials. 

Also, the different composition of the studied CPC materials may explain differences between their 

release profiles. The incorporation of chitosan has been mentioned as useful for controlled drug release 

systems110. Even though no gentamicin loaded-CPCs containing chitosan have been found on the 

bibliography for this purpose, it has been stated that hydrogen bonds can be formed between the 

polymer and gentamicin, creating a complex under acidic conditions119. It is possible that, as previously 

seen in a study with Neocement® and GS106, this complex was formed and promoted the sustained 

release of the antibiotic seen in our results. In the presence of HPMC a slightly higher release profile 

was obtained, meaning the chemical binding between GS and chitosan was probably more significative. 

However, it has been reported that the presence of HPMC also delays the drug release since some 

chemical binding between GS and the polymer might occur, and a decrease of 5.6% of the maximum 

amount of GS released was found upon incorporation of 1% (w/w) HPMC in a CPC84. In other study this 

delay was attributed to the surrounding sticky and viscous medium similar to a gel that is created upon 

HPMC dissolution, which can make the gentamicin release from the cement matrix more difficult120. 

Unfortunately, there are no data in the literature that allow to directly compare the effect of the two 

polymers in the drug release. 

It is also interesting to note that, maintaining the same chemical composition but increasing β-TCP 

particle size, there was an increase of 85% in the total amount of released GS relatively to the CPC with 

standard β-TCP particle size (42%LP, Chi). In fact, the particle size of the starting powders can affect 

the interconnected porosity, pore dimension and pore size distribution of a CPC. It is thus hypothesised 

that larger pores were produced upon using coarse β-TCP particles, and therefore higher release rates 

of GS were achievable. Other authors also reported higher antibiotic release from macroporous calcium 

phosphate materials91. 

c) Modelling of drug release kinetics from CPCs 

The release mechanism of a drug from CPCs or any solid pharmaceutical dosage form can be more 

comprehensible after applying mathematical models. With that purpose, different mathematical models 

were fitted to the in vitro drug release profiles seen in Figure 26 and their adequacy was inferred from 
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the respective coefficient of determination (r2)85. As a first and simplistic approach, zero order kinetics, 

first order kinetics and Higuchi model were the tested models in this work.  

First-order kinetics121 did not suit well our experimental results, as evidenced in Figure A6, 

Supplementary Material. On the other hand, even though zero order model121 presented relatively 

satisfactory fittings for the three CPCs (Figure A7, Supplementary Material) the Higuchi model revealed 

a better fitting for the 14 days of release. According to this model85, the cumulative amount of drug 

released at time t, Q, is given by Equation 6.  

                       Q = KHt
1

2 
 

(Equation 6) 
 

where KH is the Higuchi constant that relates to structural and geometric characteristics of the system. 

Figure 27 shows the fittings of the experimental data to the Higuchi kinetic equation. The relatively 

high r2 obtained for the three CPC matrixes shows good correlation with this model, which implies that 

gentamicin release shall be diffusion controlled. Indeed, it has already been determined that 

Neocement® has a water absorption capacity of  29.9±0.6%106, so it is likely that the diffusion of the drug 

within the liquid permeating the cement is a mechanism important for its release. 

Figure 27: Higuchi model fitting for the obtained cumulative drug release of gentamicin, for 14 days, from the studied CPCs. (A) 
42%LP, Chi. (B) 42%LP, HPMC. (C) 42%LP, coarse β-TCP. 

It shall be stressed that the Higuchi model is applicable when: i) the initial drug concentration in the 

system is much higher than its solubility, meaning that the drug is in the solid state dispersed within the 

matrix; ii) the size of the drug particles is much smaller than the device; iii) the carrier material does not 

swell or dissolve; iv) the diffusion coefficient of the drug is constant7.  

This means that the mechanistic information obtained using the Higuchi equation should be viewed 

with caution. Indeed, it is known that HPMC swells in solution122. Furthermore, during the drug release 

trial it was also noted that partial surface degradation of the materials was occurring. Both factors may 

induce changes in diffusivity. Since it is common for a system or device to present more than one 

mechanism affecting the release, additional mathematical analysis is needed to make definitive 

mechanistic conclusions. 
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 Given this, the Hixson-Crowell model was applied to the experimental data as well. This model is 

applicable when drug release is limited by dissolution, i.e., when cement matrix degradation occurs. It 

applies to pharmaceutical dosage forms such as particles or tablets, where the dissolution occurs in 

such a manner that the initial geometrical form keeps constant all time, as the volume diminishes 

proportionally85. Equation 7 resumes this mathematical model. 

 

 

where Q0 is the initial amount of drug in the system, Qt is the amount of drug remaining in the system at 

time t and KHC is the constant of incorporation, which relates surface and volume.  

Even though the Higuchi model showed a better fitting for the 14 days of trial, when applying the 

Hixson-Crowell model to the experimental release data it was clear that from day 5 for 42%LP, Chi and 

from day 3 for 42%LP, HPMC formulations good fittings were obtained. As for 42%LP, coarse β-TCP 

this was seen already after 7 hours of trial (Figure 28). This suggests that, even though the Higuchi 

model was applicable to all the drug release trial, at some point it is predictable that change in surface 

area and diameter of the samples with the progressive dissolution of matrix as a function of time occurs, 

at different extension depending on the CPC formulation. Therefore, it is likely that in the beginning of 

the release experiment matrix erosion is very slow, so drug release rate will mainly be governed by drug 

diffusion from the dosage form, but with time this mechanism coexists with some influence of CPC 

degradation. In this context, further measurements of the degradation of the three CPCs over time would 

be interesting to confirm the predictions of this mathematical model.  

Figure 28: Hixson-Crowell model fitting for the obtained cumulative drug release of gentamicin from the studied CPCs, after 5 
days of trial for 42%LP, Chi, 3 days of trial for 42%LP, HPMC and 7 hours of trial for 42%LP, coarse β-TCP. 

 

In conclusion, the pattern of antibiotic release seen from the loaded CPCs may enable clinicians to 

achieve and maintain a sufficiently high therapeutic dose in an infected area, possibly translating into a 

clinical benefit. Even though several mechanisms might control the drug release simultaneously, a 

simple analysis of the drug release data, within the limitations of the used models, is mainly consistent 

with a diffusional mechanism of release. However, with time surface erosion of the loaded specimens 

seems to be present as well.  
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3.2.2. Antimicrobial susceptibility 

Staphylococcus aureus and Staphylococcus epidermidis are the most common causative 

organisms of osteomyelitis, being responsible for more than 50% of the cases6. Even though gentamicin 

is a quite stable antibiotic, interactions with the CPC and partial denaturation due to pH changes during 

the setting reaction might diminish its activity7. To check if the drug released from the tested CPCs was 

still effective against common postoperative osteomyelitis pathogens, antibacterial tests were carried 

out against the abovementioned microorganisms.  

a) Drug release solutions activity 

The minimum inhibitory concentration (MIC) is defined as the lowest concentration of an 

antimicrobial agent that inhibits the visible growth of a microorganism. The first step in these studies 

was to determine the MIC of gentamicin for S. aureus and S. epidermidis through measurement of 

inhibition halos in agar diffusion assays. S. epidermidis presented a lower MIC value (5 µg/mL) than S. 

aureus (10 µg/mL). 

Followingly, for increasing concentrations of gentamicin sulphate, calibration curves were obtained 

(Figure A4, Supplementary Material). Afterwards, solutions collected during the drug release 

experiment after 1, 3 or 6 days of trial were tested against S. aureus and S. epidermidis. After 24 hours, 

bacteria growth inhibition halos where observed for all the mentioned solutions, which indicates 

antimicrobial activity of gentamicin against these microorganisms. Furthermore, the retention of activity 

of the gentamicin present in the release supernatants was evaluated by comparison of the drug 

concentrations estimated through the microbiological assays and those determined by UV-Vis 

spectroscopy. These values are represented in Figure 29.  

Figure 29: Antimicrobial activity of gentamicin sulphate, in %, in the solutions released by the drug-loaded CPCs (42%LP, Chi; 
42%LP, HPMC and 42%LP, coarse β-TCP) and collected after 1, 3 or 6 days of drug release, against (A) Staphylococcus 
epidermidis and (B) Staphylococcus aureus. The % of antimicrobial activity of GS was calculated as the concentration determined 
by the agar diffusion test relatively to the concentration determined by UV-Vis spectroscopy. 

The first observation that can be noticed from the obtained data is the fact that S. epidermidis 

(Figure 29 A) was much more susceptible to the released GS than S. aureus (Figure 29 B), for all the 

tested release supernatants. This is corroborated by the MIC determination step of gentamicin, since S. 

epidermidis presented a lower MIC than S. aureus, which logically means that, for the same gentamicin 

concentration, S. aureus will be more resistant and able to proliferate.  
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Starting with the results seen against S. epidermidis, very satisfactory conclusions can be taken: for 

formulations 42%LP, Chi and 42%LP, HPMC after 1 day of release gentamicin activity was 100%. After 

3 days this activity was partially lost but maintained after 6 days and antibiotic activity above 80% was 

observed for both cases. As for the solutions released from 42%LP, coarse β-TCP the same pattern of 

activity loss after the first day of drug release was seen and an antimicrobial activity around 75% was 

then retained. 

In the case of S. aureus, for 42%LP, Chi a decrease in activity was seen once again after the first 

day, with the obtention of activity around 46%, whereas for 42%LP, coarse β-TCP activity retention of 

about 60% for the three drug release solutions was seen. Gentamicin activity retention was not so 

pleasing in the case in which 42%LP, HPMC CPC was the drug carrier, as its activity was about 36%. 

Since polymeric substances are present in all the CPC composites used in this study it is possible 

that, as mentioned before, interactions between them and gentamicin sulphate occur or pH shifts during 

the setting reaction affect the antibiotics activity. Indeed, it has been found that the activity of another 

antibiotic, vancomycin, was completely impaired after being released from a CPC, presumably because 

of the pH of the setting process, that affected the conformation of the antibiotic, inactivating it123. 

Nevertheless, in our study gentamicin activity in the range of 36%-71% against S. aureus and 75%-

100% against S. epidermidis was obtained until after 6 days of release, depending on the carrier CPC, 

which means that the studied systems retained promising antimicrobial potential. 

b) Direct contact with CPC specimens 

Besides performing these tests for the drug release solutions, the antimicrobial gentamicin activity 

of drug-loaded hardened CPC specimens in direct contact with the abovementioned bacteria growing 

on the agar plates was evaluated as well. Figure 30 displays photographs of the plates of one chosen 

replicate of each tested sample.  

 
 

 42%LP, Chi 42%LP, HPMC 42%LP, coarse β-TCP 

S. aureus 

   

S. epidermidis 

   
 

Figure 30: Inhibition halos for S. aureus and S. epidermidis obtained by direct contact with CPCs samples (42%LP, Chi; 42%LP, 
HPMC; 42%LP, coarse β-TCP). S – gentamicin sulphate-loaded CPC sample; B – blank non-drug-loaded CPC sample; C - 
negative control (paper disk impregnated with buffer from the drug release trial). 
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The inhibition zones around all the tested drug-loaded materials (indicated with S) confirm that the 

CPCs loaded with gentamicin were active against both S. aureus and S. epidermidis. It is also worth 

noting that the diameter of the inhibition halos was larger in the case of S. epidermidis than S. aureus, 

given the previously mentioned higher susceptibility of the first one. The presence of inhibition halos 

proves that, in the case of CPC implantation within a narrow bone defect in which fluids accessibility is 

reduced, the drug-loaded materials themselves are also able to diminish bacterial activity by direct 

contact. The gentamicin concentration was not determined in this case as the calibration curves used 

in the previous test were only applicable to tests using the paper disks method. Instead, these results 

are only intended to be analysed qualitatively. 

Interestingly, the blank CPC samples (indicated with B) were also able to promote microorganisms’ 

growth inhibition, even though they do not have antibiotic in its composition. The first assumption that 

was made was that chitosan could be promoting these observations. This molecule has inherent 

antimicrobial properties already well described in the literature, depending on its degree of deacetylation, 

and it is known to be more active against Gram-positive than Gram-negative bacteria. It is presumable 

that its mechanism of action comes from its cationic nature, interacting with the negatively charged 

surface of cell membranes of bacteria, disrupting it and releasing cellular constitutes124. Thus, the 

inhibition halos could have been caused by the presence of this molecule for both 42%LP, Chi and 

42%LP, coarse β-TCP. This advantageous antimicrobial action of chitosan in CPCs has already been 

seen by other authors125. Oddly, for blank 42%LP, Chi material in the presence of S. aureus no inhibition 

zone was observed.  

In the case of 42%LP, HPMC, inhibition halos were also observed but smaller comparatively to the 

ones from the materials with chitosan. To our knowledge, no antimicrobial properties have been 

associated to this polymer. Thus, a clear explanation for the antimicrobial activity of the plain CPCs seen 

in our study remains to be found. Still, it is worth noting that the inhibition halos of the drug-loaded CPCs 

still remained larger comparing to the plain CPCs.  

However, as it was seen that the non-drug-loaded CPC materials were able to promote antimicrobial 

activity by direct contact, there was the concern that the obtained inhibition halos through the indirect 

test were not only due to the antimicrobial activity of gentamicin but also because of the antimicrobial 

activity of the plain cements. This would also lead to miscalculations on the drug activity shown in Figure 

29. Given this, drug release studies were also conducted for blank CPCs, as similarly performed for the 

drug-loaded ones. Then, indirect antimicrobial assays with the drug release solutions collected after 1, 

3 and 6 days were performed as previously described. The results (data not shown) demonstrated that 

no inhibition halos were produced for any solution and for both bacteria. In the case of the materials with 

chitosan, if this molecule is the cause of their antimicrobial potential, it is likely that the amount of 

chitosan that is released is not enough to promote antibacterial activity as when the materials are in 

direct contact with the bacteria. Consequently, this test assured that the antimicrobial activity of the 

release solutions determined in the previous section of the work is solely due to GS.  
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3.3. Cellular response to the materials 

In vitro cellular studies are of utmost importance in assessing the potential benefit and safety of new 

CPCs for human use. It is important to evaluate the interaction of the matrices with the cells and if some 

biological or even toxic effect is present. In the present study, in vitro biocompatibility assays were 

performed using a human osteoblastic cell line (MG63), as after implantation the CPCs will be mainly in 

contact with bone producing cells.  

3.3.1. Cytotoxicity 

To evaluate the in vitro cytotoxicity of the most promising materials the extract test method was 

performed. This is a type of test described in ISO 10993-5107 for cytotoxicity assessment, and during the 

cellular experiments the guidelines presented in the document were followed. For these tests, not only 

the CPCs loaded with GS were analysed but also the respective non-loaded materials to understand if 

the presence of the antibiotic altered their cytotoxicity. Genta1® was also tested, for comparison 

purposes. 

Firstly, the specimens under test were placed in cell culture medium to obtain extracts containing 

leachouts of the bone cements. MG63 cells were then cultured in these extracts for 24 hours. 

Morphological evaluation of the cells was performed through optical microscopy and optical microscopy 

images of the cells cultured under these conditions are shown in Figure 31.  

A proper morphology of MG63 viable cells with normal elongated and spindle shape was observed 

for the negative control, which represents culturing of the cells in standard conditions. Contrarily, the 

positive control shows the morphology of non-viable cells, that lose the elongated shape and become 

rounder as they are no longer adhering to the well.  

Comparing the materials under study with these controls, it is clear that some cells grown in the 

presence of extracts from gentamicin loaded 42%LP, Chi and 42%LP, coarse β-TCP retained the typical 

elongated morphology but a great number of detached and therefore non-viable cells was seen as well. 

As for extracts from gentamicin loaded 42%LP, HPMC, cells presented a similar appearance to the ones 

from the negative control, which was also seen for cells grown in Genta1® extract.  Moreover, when 

gentamicin is absent in all three CPCs the number of adherent cells seems to be reduced compared to 

the respective drug-loaded CPC.  
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Figure 31: Optical inverted microscopy images of MG63 cells after culturing for 24 hours in the presence of 1:1 release extracts 
from bone cements: 42%LP, Chi; 42%LP, HPMC; 42%LP, coarse β-TCP (unloaded cements or loaded with gentamicin sulphate, 
+GS) and Genta1®.  The negative control ((-) control) represents the cells cultured in standard EMEM medium and positive control 
((+) control) represents the cells cultured in medium containing DMSO 5%. All imagens were acquired with 40x magnification. 
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The main observations seen under the optical inverted microscope were further confirmed after 

performing an MTT assay to quantify MG63 cell viability after 24 hours in contact with bone cement 

extracts 1:1 or diluted 1:4, and the results of these experiments are summarized in Figure 32.  

Figure 32: MG63 cell viability after grown on cement extracts. Viability (%) was assessed through the MTT assay after cell 
culturing for 24 hours in the presence of 1:1 or 1:4 extracts of the bone cements: 42%LP, Chi; 42%LP, HPMC; 42%LP, coarse β-
TCP (unloaded cements or loaded with gentamicin sulphate (+GS)) and Genta1®. The negative control ((-) control) represents 
the cells cultured in standard EMEM medium and positive control ((+) control) represents the cells cultured in medium containing 
DMSO 5%. Cell viability (%) was calculated relatively to the viability of the negative control. The dashed line represents the 
threshold under which a material presents cytotoxic potential (70% viability).  

 

MTT assay relays on the measurement of cell viability via metabolic activity. It is based on the 

metabolic reduction of yellow water-soluble MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazoliumbromid) to blue-violet insoluble formazan crystals by NAD(P)H-dependent 

mitochondrial dehydrogenases of viable cells. After crystals solubilization, the absorbance of this 

coloured solution can be quantified spectrophotometrically, which gives an indication of the viable cell 

number. If viability is reduced to less than 70% when cells are in contact with a test extract, the evaluated 

material has cytotoxic potential107.  

For all the tested bone cements cell viability in contact with 1:4 diluted extracts was at least equal 

or higher than the respective cell viability determined for the 1:1 extract, as expected. However, from 

the obtained results it can be stated that all the CPCs under evaluation except 42%LP, HPMC + GS can 

potentially be cytotoxic, as values below 70% viability were obtained when the 1:1 extracts were tested. 

In the case of Genta1® no cytotoxic effects were observed, given the high cell viability.  

These observations were intriguing since all the compounds present in the produced CPCs are 

known to be biocompatible. Still, some studies agree that osteoblast proliferation is inhibited for 

gentamicin concentrations greater than 80-100 µg/mL126. As no drug release concentrations have been 

determined for these specific samples (the drug release trial previously described in this work was 

performed under different conditions and with samples with different geometry) it could not be stated 

that no toxic concentrations of gentamicin were released. However, and interestingly, upon loading each 

CPC formulation with gentamicin higher viability was detected compared to the respective unloaded 

materials, which is in accordance to what was seen in cell photographs in Figure 31. Consequently, the 

major factor decreasing cell viability in these materials was probably not the released gentamicin. 
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Yet, during the preparation of the cement extracts it was noticeable that some of the solutions 

changed colour: instead of the typical pink/light red colour of the EMEM culture medium a faded pink or 

slightly yellowish colour was observed for some extracts. EMEM culture medium contains a pH indicator 

(phenol red) that exhibits a gradual transition from yellow to red over a pH range of 6.2 to 8.2. These 

observations then suggest that there was acidification of culture medium in the presence of the cements. 

To confirm this, pH measurements of the extracts were performed before incubation with the cells. The 

obtained values are shown in Table 5. 

Table 5: pH of the extracts media (1:1) 24 hours after the beginning of extraction and EMEM medium, at 37oC and 5% CO2, for 
42%LP, Chi; 42%LP, HPMC; 42%LP, coarse β-TCP (unloaded or loaded with gentamicin sulphate (+GS)) and for Genta1®. 

Extract 1:1 pH 

Chi 6.2 

Chi + GS 7.1 

HPMC 6.8 

HPMC + GS 7.3 

coarse β-TCP 6.2 

coarse β-TCP + GS 6.5 

Genta1® 7.2 

EMEM medium 7.2 
 

For all the CPCs except 42%LP, HPMC + GS the pH decreased comparing to the cell culture 

medium. When analysing the pH data of the extracts (Table 5) and the determined cell viability after 

24h (Figure 32) it is clear that there is a direct relationship between both: the lower the pH, the lower 

the cell viability. Since most mammalian tissues exist at a near neutral pH, the cell culture medium is 

maintained at pH 7.0-7.4 by the presence of buffer systems, which corresponds to the optimal pH range 

for cell culturing. Therefore, the observed acidification is most probably the cause of reduced viability. 

In fact, this is probably due to the release of citric acid from the materials. This has already been 

described for a CPC with a composition very similar to Neocement® and 45%wt citric acid. In that 

study127, the pH variation of CPCs in physiological solution was analysed over 4 weeks with daily solution 

replacement and it was always lower or near pH 7. The authors also performed in vivo implantation of 

CPCs on rats, that demonstrated an inflammatory response in the subcutaneous tissue and around 

bone soon after the implantation. Even not that extensive, a slight inflammatory response was also seen 

after implanting the same CPC but containing 20%wt citric acid. Not only until 4 weeks after surgery the 

inflammation seemed to have disappeared, since new bone formation was delayed upon inflammation. 

The authors attributed these observations to the release of citric acid from the materials. However, the 

site of CPC implantation can also promote different cellular responses, as for cement samples implanted 

between the periosteum and bone, the surplus acid was buffered by blood.  

Citric acid plays a critical role in CPCs. It is usually used to control the setting reaction and the 

setting time of the CPC to reach clinically compliant values and is also important for increasing the 

material’s strength and consistency of the CPC paste, but acidification is a concern42,127. The CPCs 

used in our work contain 9%wt citric acid, and given the similar chemical composition to the system of 

Yokoyama et al.127, it might be argued that a less negative effect would be produced against cells in the 

case of in vivo implantation of our materials. Indeed, culturing the cells in vitro can only partially simulate 
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what would happen in vivo, as a whole body system would probably be more resilient to a decrease in 

pH due to the blood/tissue fluid circulation, that allows the concentration of the released citric acid at 

implant surface to be significantly different from that examined by a static in vitro culture. Eventually, it 

is likely that after implantation a live organism would be able to recover over time127.  

Regarding the alterations we have seen in cell viability for the different CPC materials, probably 

their citric acid release, given their slight differences in composition, explains the different measured 

values of pH and consequent hampering on cell viability. It is also likely that gentamicin increases the 

extracts pH, compensating the solution’s acidity, or that its presence limits citric acid release by the 

CPCs, as seen in Table 5. Nevertheless, it is also worth mentioning that other authors have also 

described an improvement in the viability of U2OS osteoblast-like cells in CPCs containing gentamicin, 

not because of pH differences but due to a growth-stimulatory effect of the antibiotic128. 

Therefore, we hypothesised that the toxicity seen for the cements can be mainly attributed to 

medium acidification in their presence, which hinders cell viability, and not to any CPC component. Still, 

this is a limitation presumably surpassable in vivo. Moreover, the highest cell viability and comparable 

to the control and to Genta1® was seen for extracts from 42%LP, HPMC + GS. This was therefore 

considered the optimal material from the produced CPCs. 

3.3.2. Cellular adhesion  

After determining that 42%LP, HPMC + GS material was the only CPC not presenting cytotoxic 

potential, the ability of MG63 cells to adhere and colonize the material’s surface was evaluated. For this, 

cells were directly cultured on the surface of the CPC for 24 hours and SEM analysis was performed to 

qualitatively analyse cell attachment and morphology.  

Even though extract solutions of this CPC presented suitable pH for cell culturing, as seen in the 

previous section, unfortunately no cells were found adhering to the CPC (data not shown). In this 

context, it is worth noting that the pH of solutions of leachings from a CPC can greatly differ from the 

local pH at the material’s surface38, which means that in direct contact with the material cells can be 

experiencing much more acidification than the measured in solution.  

To understand if the lack of cell adhesion could be reverted upon partial citric acid clearance, the 

optimal CPC material was allowed to age in EMEM supplemented medium for 7 days and solution 

replacement was performed 4 times during this period, intending to simulate the in vivo washing of the 

materials by circulating fluids within bone tissue. Afterwards, direct cell culturing on the sample was 

performed as previously described and SEM analysis was conducted once again. Interestingly, after the 

treatment process it was possible to observe great numbers of MG63 adhering cells on the surface of 

42%LP, HPMC + GS (Figure 33 A). Indeed, the presence of filopodia (Figure 33 B) suggests a high 

degree of adhesion between the cells and the tested material. These results hint, once again, that the 

cytotoxic potential of these materials can only come from their slight acidity, which can be reversed upon 

their washing. Moreover, it can be hypothesised that in vivo fluids circulation around the materials and 

in much greater amounts than the used in vitro would promote citric acid wash out.  
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Figure 33: SEM images of MG63 cells spread on previously treated 42%LP, HPMC + GS, after culturing for 24 hours, at 50x 
magnification (A) and 350x magnification (B). 

 

Still, it shall be mentioned that cell adhesion is dependent on many factors, namely surface 

characteristics like wettability, surface charge, surface free energy and topography129 that remain to be 

assessed in our study. Thus, the treatment process could have promoted cellular affinity to the surface 

of the optimal CPC because of citric acid clearance but also because of surface chemistry modification 

of the material. Moreover, other authors130 have described that cell attachment to the surface of a 

brushite cement could be inhibited by the presence of an intermediate dicalcium phosphate–citrate 

complex, formed in the cement as a result of using citric acid in the production of the CPC. However, 

ageing of the materials in cell culture medium for 1 week greatly enhanced the cell adhesion capacity 

of the material because of phase composition changes, and it was hypothesised that wash out of this 

complex allowed cell adhesion. Therefore, this is also a possibility that was not discarded in our work.  

Combining the results obtained in this section of the work, 42%LP, HPMC + GS formulation holds 

promising potential regarding its biocompatibility. It would also be interesting to assess the viability of 

the adherent cells, however other method besides MTT should be used, since from preliminary 

experiments performed in this study it was clear that our sterilized drug-loaded samples themselves 

promoted MTT reduction, giving misleading results of cell viability.  

 

3.4. Further characterization of the optimal CPC 

In general, addition of antibiotics alters the physicochemical properties of the cements. Depending 

on the antibiotic, setting kinetics, rheological properties and microstructure of CPCs are very often 

affected25. Thus, following the optimization process that led to the selection of the best drug-loaded CPC 

after studying its drug release ability and biocompatibility, it is relevant to assess how the loading step 

affected its main properties, to assure the material is still suitable for clinical application. Besides, other 

relevant properties like the cement crystallinity and chemical composition and morphology were 

evaluated to compare with the starting material, Neocement®. 

(A) (B) 
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3.4.1. Basic properties  

The setting time, mechanical behaviour and injectability of the optimal material were measured once 

again but upon loading with GS and compared with the same unloaded material and with Neocement®. 

a) Setting time 

The measured setting times are summarized in Figure 34. Comparing directly the optimal CPC with 

the same formulation but without gentamicin (42%LP, HPMC) it is clear that no major differences in 

setting time were observed, only an increase of the FST of about one minute was seen. Even though in 

a study found in the literature, with a GS loaded brushite CPC84, it has been found that sulphate ions 

tend to promote longer setting times for some concentrations, the results here obtained suggest that the 

addition of the antibiotic in the concentrations selected in our study had no major impact in the setting 

reaction of the material. 

Figure 34: Initial (A) and final (B) setting times, in minutes, of the optimal drug-loaded CPC formulation in comparison with the 
respective unloaded material and Neocement® (38%LP, Chi*). 

 

Comparison with the starting material, Neocement®, showed that the new formulation presents 

similar setting times to the one’s from the material already in the market, only with a slight ly increased 

FST, but still in the range of setting times adequate for clinical practice.  

b) Mechanical behaviour 

Afterwards, the impact of GS loading on the mechanical properties of the best CPC formulation was 

analysed. After 6 days of incubation, the mean compressive strength (Figure 35 A) of the loaded CPC 

was 7.8±1.7 MPa, comparable to the compressive strength of the material without antibiotic. Other 

authors have also described no significative differences in resistance to compression upon gentamicin 

sulphate loading, even for higher concentrations of the antibiotic82,97. 

Regarding microhardness (Figure 35 B), once again only marginal changes were measured in the 

presence of the antibiotic, both after 2 or 6 days. The usual increase in both mechanical parameters 

with incubation time was observed.  

Comparing with Neocement® only a slight loss in the CPC compressive strength was obtained for 

the optimal material, within the experimental error, and microhardness was more reduced. Nevertheless, 

the best material obtained in the current study retained good mechanical performance for clinical 

application, still comparable to the commercial material. 
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Figure 35: Compressive strength (in MPa) (A) and microhardness (in HV) (B) of 42%LP, HPMC + GS in comparison with the 
respective unloaded material (42%LP, HPMC) and Neocement® (38%LP, Chi*), after incubation of the materials under simulated 
physiological conditions for 2 or 6 days. The dashed line represents the minimum compressive strength of human trabecular bone. 

 

c) Injectability 

Among the main goals of this work was the development of a CPC that besides several other 

requisites could be used in minimally invasive surgical procedures. Although appropriate unloaded 

formulations were obtained in the first section of this work for this purpose, we also wanted to asses if 

the drug-loaded material retained the ability to be injected. Extrusion assays were then performed for 

the optimal CPC as previously described, and the results are shown in Figure 36. Even though in 

absolute terms the injectability of the optimal CPC was quite similar regardless the addition of drug, 

being 94±1% for the unloaded material and 87±3% for the loaded one, the extrusion curves for both 

materials allow for further analysis. It was seen that when GS was added to the material the extrusion 

curve shifted to higher force values: both the critical force needed to make the material start to flow and 

the force of extrusion in the plateau phase increased.  

Regardless the minor loss in injectability that was measured, 42%LP, HPMC + GS paste was still 

mainly extruded from the syringe, in contrast with the ~30% that can be extruded when testing the 

commercial material, meaning the new material retained good injectability upon loading with GS. This 

is in accordance to what is found in the literature, since some studies describe CPC formulations that 

retain the ability to be injected even if loaded with GS82,97. 

 

 

 

 

 

 
Figure 36: (A) Extrusion curves of the optimal drug-loaded CPC formulation (42%LP, HPMC+GS) in comparison with the 
respective unloaded material (42%LP, HPMC) and Neocement® (38%LP, Chi*). Each extrusion curve is a representative curve 
obtained among the several replicas. The dotted black line represents the extrusion curve of syringe filled with water (control). (B) 
Injectability (%) of each of the formulations.  
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3.4.2. Crystalline composition 

As previously stated, when mixing calcium phosphates and an aqueous solution, crystals of the 

initial precursors rapidly dissolve and usually precipitate into crystals of hydroxyapatite or brushite with 

possible formation of intermediate precursor phases33. X-ray diffraction (XRD) is an analytical technique 

primarily used for phase identification of crystalline materials. Therefore, XRD was used to evaluate how 

the reaction proceeded and what kind of final product was formed after hardening of Neocement® and 

of the optimal CPC, as well as to analyse the effect of adding GS. As term of comparison, the standard 

raw powders TTCP and β-TCP were also tested. The obtained diffractograms for all tested samples are 

registered in Figure 37. These were crossed with the entries present in JCPDS database (Joint 

Committee on Powder Diffraction Standards) for identification purposes. 

Figure 37: XRD diffractograms of the calcium phosphate raw powders (TTCP and β-TCP) and the hardened CPCs  (Neocement® 
and 42%LP, HPMC + GS). ▪Standard TTCP, card nº JCPDS 25-1137; *Standard β-TCP, card nº JCPDS 09-0169; Only the main 
peaks have been identified; “a.u.” stands for arbitrary units. 

The powders of calcium phosphates used in this study presented diffractograms with the main peaks 

of TTCP and β-TCP, confirming their identity. Indeed, besides other relevant peaks identified with 

symbols in the diffractogram, the main peak of TTCP at 2θ=29.8o and of β-TCP at 2θ=31.0o were clearly 

detected for both samples.  

Regarding the hardened CPCs, by an overall look at the diffractograms it is clear that the loaded 

cement did not present significant differences when compared to the original cement, which means the 

antibiotic and the presence of HPMC instead of chitosan probably do not affect the phase transformation 

of the CPC.  

Comparison of the diffractograms of the hardened CPCs and raw calcium phosphates showed that 

the major peaks of TTCP tended to disappear, while the peaks of β-TCP seemed to persist almost 

unchanged. This suggests that TTCP is greatly solubilized and undergoes transformation during the 

setting and hardening process, forming a new phase that promotes cement hardening, but a great 
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amount of β-TCP remains unreacted. Since an excess of β-TCP was used in all cement compositions, 

as a stoichiometric ratio of 2:1 regarding β-TCP:TTCP was employed, it was acceptable that the 

hardened samples contained residual β-TCP. Still, the main reason behind this observation probably 

lies on β-TCP solubility and, in fact, at acidic pH TTCP presents higher solubility than β-TCP33. 

At first it was hypothesised that TTCP could be undergoing transformation into HA while β-TCP did 

not participate in the reaction, since other authors found out that a CPC with a liquid phase with the 

same chemical composition of Neocement® and a solid phase containing TTCP but α-TCP instead of 

β-TCP formed HA over time by the individual hydrolysis of each reactant into this compound127. 

According to the card number JCPDS 09-0432, the main peaks of HA correspond to 2θ=31.8o and 

2θ=25.9o, which are quite close to peaks of standard β-TCP (2θ=31.0o and 2θ=25.8o, respectively). 

Consequently, this makes it difficult to distinguish if in the hardened CPCs new peaks in this 2θ are 

being formed. However, other relevant peaks of HA at 2θ= 32.2o, 32.9o or 49.5o were not observed. 

These results suggest that HA is not being formed or forms in residual amounts, being masked by the 

great amount of remaining β-TCP.  

Another possibility that should not be discarded is that β-TCP in the hardened materials can come 

not only from unreacted powder but also possibly from new β-TCP crystals formed by hydrolysis of 

TTCP. Even though in theory it is expected that TTCP precipitates in the most stable form under the pH 

conditions of the paste, being this presumably HA since a pH around 5 was measured, it seems 

reasonable to admit that if the solution is saturated with respect to β-TCP crystals, these can constitute 

seed crystals that facilitate precipitation of more β-TCP by providing sites for nucleation.  

Other techniques can complement this type of analysis and help formulating conclusions, as for 

instance FTIR (Fourier transform infrared) that allows identification of phases that cannot be easily 

distinguished by XRD, being especially useful for confirming or not the “apatite” nature of a given 

sample131, so the next step was to make use of this technique to further interpret the setting reaction. 

3.4.3. Chemical composition 

FTIR analysis was performed for both hardened CPCs (Neocement® and 42%LP, HPMC + GS) and 

for the two calcium phosphate raw powders as well, as shown in Figure 38. For the spectra of TTCP 

and β-TCP, characteristic bands of vibrational modes of the PO4
3- group for each of the compounds 

were identified, by comparison with the literature. For TTCP, the bands at 1055 and 1005 cm -1 

correspond to vibrational mode ν3, 982 cm-1 to ν1, 620 cm-1 to ν4 and 571 cm-1 to ν2
132. Concerning β-

TCP, the bands at 1093 and 1005 cm-1 come from the vibrational mode ν3, the two bands around 970-

940 cm-1 correspond to ν1 and 600 and 549 cm-1 bands correspond to ν4
132

.  
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Figure 38: FTIR spectra of the calcium phosphate raw powders (TTCP and β-TCP) and the hardened CPCs (Neocement® and 
42%LP, HPMC + GS). The wavenumbers of the major bands used for spectrum interpretation are also indicated. “a.u.” stands for 
arbitrary units.  

Comparing the hardened CPCs, no major spectral differences were observed, suggesting the same 

chemical nature for both materials, and therefore the identified bands were only discriminated for 

Neocement® but similar wavenumbers were obtained for 42%LP, HPMC + GS.  

The presence of a broad band at 3000-3700 cm-1 suggests the existence of water molecules 

adsorbed to the materials, which is common to observe in CPCs131,132. The small band around 1545  

cm-1 can probably be matched to carbonate ions, presumably coming from atmospheric carbon dioxide 

incorporated during sample preparation132. There is another peak at 1390 cm-1 that was not possible to 

identify. The main bands around 1100-800 cm-1 appear to be quite similar to the spectra of β-TCP 

powder, only with a few shifts, which supports the observations of XRD analysis that in the final CPCs 

a great amount of this compound is present. However, and intriguingly, it is noticeable that the bands 

present at the lowest wavenumbers of β-TCP spectrum were slightly altered for the hardened CPCs, 

and instead of two clear bands it seems like a third one was formed, showing a pattern with peaks at 

600, 579 and 555 cm-1. Even though the fact that the used equipment only allowed for analysis until 550 

cm-1 is a strong limitation, since it would be important to extend the analysis to further wavenumbers to 

clearly see the peaks of these bands, this could suggest the presence of vibrational mode ν4 of the 

typical apatitic PO4
3- tetrahedra132, usually seen at 601, 575 and 561 cm-1. Nevertheless, the ν3 bands of 

this structure around 1036 and 1094 cm-1 were not detected, as well as stretching and bending bands 

of OH-.  

These observations indicate, as suspected after XRD analysis, that the hardened CPCs are mainly 

composed by β-TCP, either unreacted or a new phase produced by TTCP hydrolysis. Unfortunately, it 

cannot be completely excluded that some HA is being formed as well.  
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3.4.3. Surface morphology  

Scanning electron microscopy images of representative microstructures of the surface of the optimal 

CPC and Neocement® were collected, as shown in Figure 39. During the precipitation step in the 

reaction of CPCs production the newly formed crystals grow and are expected to form a net of entangling 

microneedles or microplatelets, thus providing mechanical rigidity to the hardened cement25. 

 Neocement® 42%LP, HPMC + GS 

100x 

  

500x 

  

1000x 

  
Figure 39: SEM images of the surface of Neocement® and 42%LP, HPMC + GS at 100x, 500x and 1000x magnification. 

 

For both CPCs, at 100x magnification is possible to see a great number of small granules dispersed 

in the materials surface, that probably correspond to the β-TCP seen in the XRD analysis. At 500x, 

structures with different degree of crystallization, variable size and heterogeneous distribution are 

present, and it is evident that some of the crystals grew on the surface of the abovementioned granules, 

being this particularly observable for 42%LP, HPMC + GS. Their consequent growth probably covered 
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the original particles in the case of Neocement®. Gallinetti et al.133 also described a similar morphology 

for a CPC containing α-TCP and β-TCP in which the second compound did not participate in the setting 

reaction, observing some β-TCP particles partially covered with small crystals while other particles were 

not exposed and instead were widely covered in crystals.  

At 1000x magnification, some plate-like but more needle-like crystals are clearly visible for both 

CPCs. In general, smaller precursor particles result in a higher supersaturation degree achieved in the 

self-setting pastes, which favours crystal nucleation and results in the precipitation of great amounts of 

smaller needle-like crystals, instead of the larger plate-like crystals formed when bigger particles are 

used33. The nature of these crystals in our samples remains unclear given the inconclusive results 

obtained by XRD and FTIR. Still, it is important to note that the observed mixture of needle and plate-

like crystals conform well with the typical morphology of HA, but this morphology should not be 

considered as an absolutely conclusive criterion131.  

Given the different composition of the CPCs, slight differences can be seen in their microstructure. 

The needle crystals seen in the 42%LP, HPMC + GS structure seem thinner when compared with the 

crystals formed in the original material, which can be due to the addition of gentamicin sulphate84,98. 

Also, the presence of clusters of crystals and a higher distance between crystals can be seen for 42%LP, 

HPMC + GS in comparison with Neocement®, in which the crystal structure seems more compact. As 

the first material contains 42%LP and the second 38%LP, it is likely that when using a higher LP amount 

a separation between crystal aggregates resulting from the larger distance between original calcium 

phosphate particles is seen. This also explains the slightly lower mechanical behaviour seen for 

materials with 42%LP compared to materials with 38%LP (section 3.1.1).  

Combining the results from XRD, FTIR and SEM it is consensual that the final CPCs are mainly 

composed by β-TCP. Also, nanocrystals are formed after the setting reaction, presumably using β-TCP 

granules as nucleation points. As shown by the SEM images, and given their morphology and 

appearance, the pH of the paste and the presence of some specific bands in the FTIR of the hardened 

materials they can be hypothesised to be HA. However, this was not detected by XRD. Moreover, the 

addition of GS did not affect the phase or chemical composition of the CPC and marginally affected its 

microstructure. 

The formation of HA is usually a rather slow phenomenon, which can explain the low degree of 

crystallinity of precipitated apatites131. Thus, characterization  of  nanocrystalline  apatites is  a  rather  

arduous  task  due  to  their  poor  crystallinity  and metastability. Given the difficulties found in the 

pursue of the CPCs final product and possibility of presence of nanocrystalline HA, other accurate 

methods should be used in the future to help interpreting the reaction mechanisms and produce more 

conclusive results regarding the nature of the materials. One strong example is 31P MAS-NMR that was 

found to be particularly attractive because it allows further understanding by quantification of both 

amorphous or well crystallized compounds134.  
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3.5. Insertion of the optimal CPC in human cadaveric bone  

The injectability assays performed under specific laboratorial conditions can provide a general idea 

of the materials behaviour on the bench, but more practical information is required to understand if their 

performance would be suitable in the surgical room. For ex vivo experimentation purposes, even though 

trabecular bone synthetic models like polyurethane foams have been developed, the ideal material is 

still human cadaveric or animal bone, as they present the unique viscoelastic properties and internal 

structure of real bone. 

Within the scope of this work, an experiment intending to simulate a percutaneous implantation of 

cement in cadaveric trabecular bone was performed using the optimal formulation obtained in our 

optimization process. This type of procedure is quite common in clinical practice and is intended to 

stabilize and strengthen painful microfractures or fragilized bone trabeculae, as after CPC delivery via 

injection the defects in trabeculae are filled and new bone formation will be promoted. This trabecular 

fragilization is mainly caused by osteoporosis or trauma. For this, human femurs were collected from 

cadavers and cylindrical trabecular bone samples were obtained from them. Initially, a pre-injury was 

performed in all bone samples, then the tip of the syringe was inserted in this cavity and the optimal 

CPC formulation was injected into the bone samples.  

3.5.1. Micro-CT analysis  

In our ex vivo experiment it was observable that the optimal CPC was manually injectable into bone 

and was able to penetrate into the inner section of the sample. This trabecular bone sample was then 

analysed through micro-CT. After capturing a series of 2D planar images and reconstructing the data 

into 2D cross-sectional slices, these were further processed into a 3D image (Figure 40). To facilitate 

interpretation, the inner section of the 3D sample is shown, as well as cross sections of the sagittal and 

axial planes identifying areas of different density.  

Figure 40: Micro-CT analysis of a trabecular bone sample filled with 42%LP, HPMC + GS. (A) Three-dimensional rendered image 
sectioned to allow visualization of the interior of the sample. (B) Axial plane and (C) Sagittal plane of the sample with colour coded 
density areas.  
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Although not containing additives to improve radiopacity, the CPC was rather distinguishable from 

bone under micro-CT, upon image threshold correction. Indeed, in Figure 40 A it is possible to visualise 

a more compact region containing the CPC material on the upper part of the bone sample, near the 

injection site, and another area on the bottom of the sample only composed of trabeculae that can be 

clearly seen. No major signs of destruction were observed even after bone manipulation and injection 

of the CPC, since the trabecular network seemed almost intact.  

Even for rather injectable materials, the lack of bone cement intrusion or filling within trabecular 

bone can be a challenge, while deep and uniform penetration of the material without cement leakage is 

important for the success of the surgical procedure135. Cement leakage occurs due to the presence of 

a path of least resistance caused by irregularities in the trabecular bone or shell structure135. Thus, while 

the cement ability to flow within trabeculae is desirable, it is also recommendable that it does not leak 

away disorderly from the injection point to assure the delivery of an adequate cement volume to the 

injured site, otherwise the procedure can result in inadequate fracture stabilization and diminished pain 

reduction136. Although the small amount of paste that was used in our study probably contributes to 

these observations, it appears that the cement was able to fill the injection channel and spread to the 

near trabecular system of the created defect without leaking, since a compact mass of CPC was 

observed concentrated in this region (Figure 40 A). Even though the CPC was mainly confined to this 

area, a flowing path could be seen into deep regions of bone by highlighting density areas of the sample 

(Figures 40 B and C), where greener, i.e. less dense, areas correspond to the CPC, and blue identifies 

bone, with higher density. The CPC started by filling the bone defect already created, given the lower 

resistance to flowability in this region because of the lack of trabeculae, and then followed a conic path 

towards the core of the sample within trabecular spaces, filling them, instead of flowing out of bone. 

These observations suggest good flowability of the material, but to further confirm if a uniform flow 

deeper in the sample could be achieved, higher amounts of CPC should have been tested.  

Followingly, a preliminary quantitative analysis of these data was performed. As an approximation, 

since a complete visual segmentation between bone and CPC was not possible, a region of interest 

(ROI) with a diameter of 2.63 mm in the core of the cylindric sample under test was chosen, as we were 

interested in analysing the region of the sample undoubtedly containing CPC. Using an image analysis 

approach, the porosity, i.e. the fraction of pores/voids, was calculated for two specific sections of this 

ROI: one mainly filled with cement and another one of trabecular bone alone. These sections 

corresponded to regions of the cylindrical ROI with 0.2 mm length. The porosity and porosity (%) 

distribution along the ROI are registered in Figure 41.   
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Figure 41: Porosity (%) distribution along the ROI (region of interest) of the cylindric bone sample filled with 42%LP, HPMC + 
GS. The binary mask of the ROI is also shown, in which white represents matter and black represents voids/pores. The sections 
of the ROI used for porosity (%) calculation, shown in the table, are highlighted in the graph in grey. B – section mainly composed 
of trabecular bone alone (1.0 – 1.2 mm). C – section mainly composed of trabecular bone filled with the CPC (5.1 – 5.3 mm). 

By analysis of the porosity (%) distribution and binary mask of the ROI, it is clear that in the region 

mainly containing bone the amount of voids, in black, is highly significant given the typical morphology 

of the trabecular system. In the interface region between bone and bone filled with CPC, being this 

region roughly between 2 and 3.5 mm, the porosity reduces as some remnants of CPC start to be 

present and occupy empty spaces. When reaching the region mainly filled with CPC the porosity 

decreases significantly, as the bigger amount of CPC near the injection site fills the majority of the voids. 

Indeed, for the chosen representative sections within the ROI, a total porosity around 3% was 

determined for a region of bone mainly filled by CPC, in comparison to porosity around 76% for the bone 

region not containing any CPC, complying with the typical porosity of 50-90% for trabecular bone14. 

These results confirm and complement what was visually concluded in Figure 40: the CPC was not 

only able to flow within the bone trabecular sample but was also able to fill empty spaces, fulfilling its 

role as bone substitute, as connectivity between both material and bone was observed. 

3.5.2. Compression assays 

To assess the degree of mechanical stabilization and internal support that could be provided to bone 

trabeculae after filling the empty spaces with the developed CPC, the resistance to compression of plain 

trabecular bone or filled with the CPC was tested. The results of the compressive tests are summarized 

in Figure 42.   
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Figure 42: Comparison of the mechanical response to compression of trabecular bone samples (without CPC) or trabecular bone 
samples filled with 42%LP, HPMC + GS (with CPC). (A) Typical stress-strain curve obtained after compression of one 
representative sample of both sample groups. (B) Mean compressive strength (in MPa) of both sample groups.  

The typical stress-strain curve of trabecular bone has three distinct stages, in accordance to its 

material behaviour. In the first stage the material is in the linear region, in which individual trabeculae 

bend and compress as the bulk tissue is compressed. Secondly, failure occurs by fracture of some 

trabeculae and buckling of others. As more trabeculae fail, the strain increases until broken trabeculae 

begin to fill the pores, causing the specimen to stiffen in stage three14. This ability to deform under 

compression over a wide range of strains highlights the unique feature of trabecular bone of absorbing 

considerable energy for large compressive loads while maintaining a minimum mass. 

This type of behaviour is depicted in Figure 42 A: there is an initial increase of the compressive 

strength until failure and then its maintenance or even increase given the accumulation of broken 

trabeculae. Upon incorporation of the CPC into bone it was observed that the peak of the curve was 

shifted to slightly higher strengths and strains, which translates into higher resistance and ductility of the 

samples with CPC, respectively. Indeed, the mean maximum compressive strength determined for the 

tested groups (Figure 42 B) was of 3±1 MPa for bone without CPC and 4±2 MPa for bone with CPC. 

The restoration or even increase in the resistance of trabecular bone after hardening of the implanted 

CPC is of utmost importance for preventing occurrence of trabeculae collapsing and restoring the normal 

bone structure of the patient, which strongly decreases the pain associated to this micro damages. A 

mean increase of 33% in the compressive strength of the cemented samples is quite satisfactory, but 

given the obtained experimental error more reliant results could be obtained upon testing a higher 

number of samples. Also, it is likely that the low amount of injected CPC and the fact that the samples 

were tested the same day of injection did not allow for a higher increase in resistance, which is expected 

to occur along the time. 

Although the results seen during this experiment do not strictly simulate the mechanical stabilization 

or cement spreading that could be obtained in vivo, as the presence of fluids within trabeculae and 

confinement of bone would also affect these, the observation that the cement is able to fill the voids 

caused by damages and simultaneously provide increased structural resistance ex vivo is quite 

promising, hinting this CPC would be applicable to cases of patients with non-sustained trabecular 

structure. The next step would be performing this type of experiment in living organisms to evaluate new 

bone formation, biocompatibility and CPC resorption. 
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4. Conclusions and future work 

In this experimental work an optimization process was performed to develop a new drug-loaded 

CPC system suitable for minimally invasive surgical procedures and able to fight bone infections, starting 

from a CPC already commercialized (Neocement®). For this, several processing parameters were 

changed in the original composition and its effect on the basic properties of the material was assessed. 

The best formulations were loaded with gentamicin sulphate and after evaluating their drug release 

profile, antimicrobial potential and biocompatibility an optimal formulation was obtained. After being 

further characterized regarding its composition and basic properties, this was inserted in human 

cadaveric bone in an ex vivo experiment.  

Regarding the changed parameters aiming to optimize the material properties, it was clear that the 

chitosan amounts used in the current study did not have significative impact on the setting time, 

mechanical behaviour or injectability of the studied CPCs. Contrarily, increased LP amounts promoted 

lower setting times and mechanical behaviour but improved injectability by 200%. The replacement of 

chitosan by HPMC tended to promote lower setting times and microhardness, did not affect compressive 

strength and showed much more potential in promoting injectability than chitosan. As for the calcium 

phosphate powders granulometry, both smaller TTCP particles or larger β-TCP particles reduced the 

setting time, which was much more evident for the fine TTCP particles. Even though these particles 

were able to produce a CPC with higher strength, this was not injectable. On the other hand, the 

presence of coarse β-TCP particles did not impact the mechanical behaviour but strongly improved the 

paste injectability. From this step of the work three CPC formulations were selected given the superior 

combined properties as compared to other compositions (42%LP, Chi; 42%LP, HPMC and 42%LP, 

coarse β-TCP). Since all of the chosen formulations contained 42%LP, this was established as the 

optimal liquid phase amount for this CPC system.  

All three formulations were loaded with gentamicin sulphate and from the drug release trials it was 

clear that 1.87%wt GS was the optimal loading amount to reach drug release profiles superior to those 

obtained with the commercial PMMA-bone cement Genta1® for all the tested CPCs, for 14 days. Indeed, 

it is likely that the presence of polymeric substances allows for the sustained release profile that was 

seen, which would be suitable for the treatment of an established infection like osteomyelitis. Contrarily, 

the profile of Genta1® that peaks after 4 days of release and soon reaches a steady state would only fit 

the requirements of prophylactic therapy, with the risk of promoting bacterial resistance given the low 

amounts of GS being released. The GS release profiles obtained for the studied CPCs were well 

described by the Higuchi model for the whole trial and by the Hixson Crowell model after some time, 

meaning that during the 14 days GS release is presumably controlled by diffusion, but after a few days 

matrix erosion of the CPCs is probably occurring as well, which can affect the drug release rates.   

Antimicrobial studies confirmed that after released from the three CPC materials gentamicin was 

active against two of the most common microorganisms causing osteomyelitis: after 6 days at least 75% 

of activity was retained against S. epidermidis, while for S. aureus activity loss was more obvious but 
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still in the range of 36-71%, depending on the CPC carrier material. The loaded materials in direct 

contact with both bacteria also showed antimicrobial activity and, interestingly, the unloaded-CPCs 

themselves were also able to produce inhibition halos.   

The three drug-loaded CPC systems and respective non-loaded formulations were also tested 

concerning their biocompatibility by in vitro cellular assays recurring to culturing of MG63 osteoblast-like 

cells in contact with cement extracts. Morphological cell analysis and viability tests showed that all CPCs 

presented cytotoxic potential except for the drug-loaded formulation 42%LP, HPMC + GS, that promoted 

comparable viabilities to the negative control and to Genta1®, so this was selected as the optimal CPC 

formulation. By performing pH measurements, it became likely that this cytotoxic potential came from 

the acidification of the media caused by citric acid release from the materials over time, but this has 

been described as surpassable in vivo127. GS promoted higher cell viability compared to the materials 

without antibiotic, probably because of the higher pH of the cement extracts in the presence of the 

antibiotic but also a growth-stimulatory effect of gentamicin that has already been described128. Even 

though the optimal CPC did not allow for cell growth on its surface without further treatment, after ageing 

in cell culture medium for 1 week it promoted adhesion of a great number of MG63 cells to its surface, 

possibly because of citric acid washout and decreased acidification on its surface. 

The basic properties of the optimal drug-loaded CPC were further assessed to understand if it 

retained suitable performance for clinical application. Setting time and mechanical properties remained 

practically unchanged after introduction of GS and, most importantly, even though the force of extrusion 

slightly increased, a good injectability, comparable to the unloaded material, was retained. From XRD 

analysis it was clear that the presence of gentamicin did not affect the overall phase composition of the 

set CPC and the main precursor influencing the setting/hardening reaction is TTCP: while β-TCP 

remains practically unchanged TTCP seems to solubilize almost completely. After performing FTIR 

analysis it was confirmed that β-TCP was the main final product of this material, but doubts regarding 

the simultaneous presence of HA arose, even though this has not been identified by XRD. The surface 

morphology of the hardened CPC was also evaluated by SEM. A high number of β-TCP granules as 

well as some nanocrystals with needle-like and plate-like morphology were observed on the material’s 

surface, where β-TCP granules probably constituted nucleation sites. This morphology is compatible 

with the type of crystals usually seen for HA but the determination of the cement final product revealed 

to be a rather difficult and challenging task in this work, and it still needs further clarification. The use of 

complementary techniques like NMR could probably be helpful in the future. 

The final step of the current study was to assess how the optimal drug-loaded formulation behaved 

in contact with human cadaveric trabecular bone. After being successfully injected into trabecular bone 

samples it was confirmed by micro-CT that the CPC was able to flow through the inner structure of bone 

and fill spaces between trabeculae without leaking. By porosity calculation it was clear that bone regions 

containing CPC presented porosity around 3% while regions of bone without CPC presented much 

higher porosity, around 76%. Also, comparative compressive strengths studies demonstrated that bone 

samples containing the CPC presented a medium increase of 33% in strength when compared with 

plain bone samples. Still, higher amounts of injected CPC would allow for more conclusive results.  
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In summary, this study provides insights on the development of a new CPC material combining: (i) 

good material properties, retaining adequate setting times and mechanical behaviour for clinical 

application and injectability around 87%, while the starting material Neocement® is only partially 

injectable (30%); (ii) good potential to be used as a local antibiotic-delivery system, since it presents a 

pattern of gentamicin release that can maintain a sufficiently high therapeutic dose for a long period and 

retaining antimicrobial activity, being also non-cytotoxic; (iii) good flowability and connectivity with 

trabecular bone, restoring the mechanical resistance of damaged bone. Therefore, it seems likely that 

the developed material could translate into a clinical benefit against bone infection, being a good 

alternative to currently used systems, like non-degradable PMMA beads. 

The obtained results throughout this work give an outlook on the impact of CPCs composition on 

their properties and behaviour. Even though a systematic characterization was performed, other 

relevant properties for the clinical success of these materials remain to be studied, as for instance 

porosity, anti-washout resistance, viscosity, other relevant mechanical properties or rate of degradation. 

Also, the definition of injectability adopted in this study does not consider the quality of the extruded 

paste, and if phase separation happens even at low extents this can cause a deviation of the composition 

of the extruded paste from the initial one. Thus, it becomes unclear whether the setting, mechanical and 

biological behaviours of the extruded cement are still clinically acceptable, so revaluating these 

parameters after extrusion would be interesting. Ultimately, the next step would be the assessment of 

the in vivo performance of the optimal material to better understand its interaction with the biological 

environment, ensure a safe biomedical application and successful activity of the cement against 

osteomyelitis. Consequently, animal or even human clinical trials are needed to further confirm the 

potential of the material developed throughout this work.  

Despite the established clinical advantages of CPCs and great amount of literature on them, CPCs 

as drug-delivery systems have not reached clinical applications yet. Several limitations contribute to this: 

- material properties of CPCs still need optimisation, as highlighted by the large number of studies 

conducted for over two decades attempting to improve them. However, this has proven difficult and time 

consuming, given the wide number of independent and dependent variables to consider69; 

- the mechanism and kinetics of CPCs hardening, both of great importance for cements application, 

is, generally, not completely known33; 

- there is a lack of understanding on the effect of the drug presence on some CPC properties42; 

- there is the need to standardize study protocols to allow a more systematic in vitro study, as well 

as an in-depth analysis of the release mechanisms7. 

Consequently, greater theoretical understanding is still required as well as deeper studies, not only 

experimental but also clinical. Successfully overcoming some of the current challenges would allow the 

design of reproducible and predictable CPCs-antibiotics systems, ultimately reducing antibiotic misuse 

and resistance, patient morbidity and health-care costs.  
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6. Supplementary Material 

 

A) TTCP powder characterisation 

 

 

Figure A1: Diffractogram of standard size TTCP and fine TTCP powders. *Standard TTCP, card nº JCPDS 25-1137 

 

 

B) Gentamicin sulphate quantification 

Ninhydrin method – UV-Vis spectroscopy 

 

Figure A2: UV-Vis absorption spectrum of a solution of gentamicin sulphate 1000 µg/mL in phosphate buffer (pH 7.4), obtained 
after performing the ninhydrin assay. 
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Figure A3: Calibration curve used for gentamicin sulphate quantification of the solutions collected during the drug release trial, 
through the ninhydrin method, at 400 nm.  

 

 

Agar diffusion method – Inhibition halos  

 

 

Figure A4: Calibration curves used for gentamicin sulphate quantification of the solutions collected during the drug release trial, 
through the agar diffusion method, for both S. aureus and S. epidermidis. Stock solutions of gentamicin sulphate from 30-300 
µg/mL were used.  
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C) Cytotoxicity 
 

Figure A5: Calibration curve used for assuring linearity of the MTT assay. 

 

D) Modelling of drug release kinetics 

Figure A6: First order kinetics model fitting for the obtained cumulative drug release of gentamicin, for 14 days, from the studied 
CPCs. (A) 42%LP, Chi. (B) 42%LP, HPMC. (C) 42%LP, coarse β-TCP. 

 

 

 

 

 

 

 

 

 

Figure A7: Zero order kinetics model fitting for the obtained cumulative drug release of gentamicin, for 14 days, from the studied 
CPCs. (A) 42%LP, Chi. (B) 42%LP, HPMC. (C) 42%LP, coarse β-TCP. 
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