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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%) and type of polymer (chitosan or hydroxypropyl 

methylcellulose, HPMC) 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 but also 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.  
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1. INTRODUCTION 

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 years1. In this context, large defects exceeding the 

capabilities of biological repair processes can be created, and 

indeed, over 2 million bone grafting procedures are performed 

worldwide every year2. Although bone autografts are 

considered the “gold standard” method, the limited supply of 

bone source and increased surgical procedures for the 

patients are a limitation. Other alternatives are allografts and 

xenografts, but the risk of immunogenic responses and 

infective agents’ transmission is still a major concern2. 

Since they were firstly proposed by Brown and Chow in the 

early 1980s3, calcium phosphate cements (CPCs) have 

emerged has good alternatives to natural grafts and other 

synthetic materials (e.g. metals, ceramics, polymers) and have 

been widely commercialized since they mimic the mineral 

phase of bone and present excellent biological behaviour, i.e. 

good biocompatibility, bioactivity and osteoconductivity, as 

well as good handling properties4.  

CPCs are produced by a chemical reaction between a solid 

phase, that contains one or more calcium phosphate powders, 

and a liquid phase, usually water or an aqueous solution with 

additives. Upon mixing of the two phases, dissolution of the 

calcium and phosphate ions occurs and a mouldable paste is 

formed, and when oversaturation is reached precipitation of 

calcium phosphates creates an entangled network of crystals, 

usually hydroxyapatite or brushite, generating a solid mass4,5. 

Contrarily to polymethyl methacrylate (PMMA)-based 

cements, quite common in clinical practice, CPCs can self-set 

and harden at body temperature in situ within the bone defect, 

being then biodegraded and replaced by new bone material5. 

Some CPCs even present the possibility of being injected, 

allowing for repair of intricate/narrow defect sites while 

resorting to minimally invasive surgical procedures. 

Nonetheless, for several CPC formulations this is not possible 

because of liquid-solid phase separation phenomena (filter-

pressing effect) during extrusion, in which 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 and syringe/needle blockage6. 

Tailoring of injectability has been performed by changing 

processing parameters of CPCs like liquid phase amounts, 

introduction of additives like polymers, changing calcium 

phosphates particle sizes, among others4,6. 

Another major concern in orthopaedics is the high 

incidence of bone infections like osteomyelitis, usually caused 

by bacteria and sometimes fungi, that leads to necrosis and 

destruction of bone, mostly appearing as a secondary effect of 

bone surgery7. The standard treatment for osteomyelitis 

involves surgical debridement and systemic and oral 

administration of antibiotics in high dosages for at least 6 

weeks to successfully reach the site of infection, usually with 

impaired vascular supply7. The risk of secondary effects and 

toxicity are a major concern, so local delivery of antibiotics to 

the site of infection for long periods and in sufficiently high 

amounts is strongly desired8. PMMA cement beads have been 

clinically used in this context, but are not resorbable, requiring 

surgical removal after antibiotics release, and present limited 

release capacity9. CPCs have been successfully studied as 

alternative antibiotic delivery systems, either for prophylaxis or 

treatment of established infections, and are among the most 

promising degradable carriers given their intrinsic porosity and 

low temperature of setting10. Still, their clinical use for antibiotic 

delivery has only been performed on an off-label basis since 

further studies are required to fully establish their potential11.  

Neocement® is a CPC 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 injectability, suitable handling and 

mechanical performance for clinical application and sustained 
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release of an antibiotic. For this, the effect of two parameters 

on the main properties of the cement was analysed, being 

these liquid phase (LP) content and use of another polymer 

(hydroxypropyl methylcellulose, HPMC) rather than chitosan 

(Chi). The most promising materials were loaded with a 

common antibiotic in orthopaedics, gentamicin sulphate (GS), 

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. 

 

2. MATERIALS AND METHODS 

2.1. Preparation of unloaded bone cement specimens 

The original composition of Neocement® includes: (i) a 

liquid phase (38%wt) with water, citric acid (Labchem) and 

glucose (AppliChem Panreac); (ii) a solid phase (62%wt) with 

β-tricalcium phosphate (β-TCP, β-Ca3(PO4)2, d(50)<2.98 µm) 

and tetracalcium phosphate (TTCP, Ca4(PO4)2O, d(50)<24.50 

µm); (iii) an adjuvant (<1%wt), chitosan, Mw=100 kDa. 

Neocement® and new CPC materials were prepared by the 

modification of its original composition: (a) 4 formulations, with 

30, 38, 42 and 50%LPwt and Chi as polymer; (b) 2 

formulations, with 38 and 42%LPwt and HPMC as polymer. 

For all systems preparation, manufacturer instructions were 

followed: citric acid and glucose were dissolved in water and 

then chitosan or HPMC were added and the solution was 

manually mixed for 2 minutes. Followingly, β-TCP and TTCP 

powders were added and the obtained paste was mixed for 1 

minute. (Because of confidentiality purposes, amounts of 

reagents and the suppliers of the calcium phosphate powders 

and chitosan are intentionally not mentioned.) 

2.2. Preparation of loaded bone cement specimens 

The most promising formulations were loaded with 

gentamicin sulphate (GS, Carbosynth) by addition of the 

antibiotic 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 were similar to the ones 

described for the free-gentamicin specimens. Three loading 

amounts of GS were tested: 0.66%wt, 1.87%wt and 2.47%wt. 

A commercial PMMA cement containing GS (Cemento 

Genta1®, Surgival) was also prepared for comparison of the 

drug release behaviour. This material is composed by a liquid 

phase (methylmethacrylate, butylmethacrylate, N,N dimethyl-

p-toluidine and hydroquinone) and a solid phase 

(polymethylmethacrylate, benzoyl peroxide, barium sulphate 

and gentamicin sulphate). Following manufacturer 

instructions, the liquid was added to the solid phase and mixed 

for 1 minute. Afterwards, the mixture rested for 1 minute and 

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

2.3. Assessment of mechanical properties 

2.3.1. Setting time 

The setting time of CPC samples was measured at room 

temperature in accordance with an adaptation of the standard 

test method of hydraulic cements12, using a Vicat apparatus 

(Tecnilab). Cubic silicone molds (1 cm3) were filled with CPC 

pastes and left to harden and specific needles were carefully 

lowered vertically into the cements surface, with indentations 

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). 

The final setting time (FST) was considered as 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 

circular ring with a diameter of 1.13 mm and that does not mark 

the surface with a complete circular impression. 

2.3.2. Injectability 

The injectability of the chosen formulations was assessed 

through extrusion assays following a method described by 

other authors13. For this, 1.5 mL of each paste recently 

prepared were packed into a 3 mL syringe with a syringe tip of 

2 mm inner diameter After manually shifting the syringe 

plunger to eliminate the trapped air, 3 minutes and 45 seconds 

after the mixing of the CPC powders and liquid phase the 

pastes were extruded from the syringe placed in a homemade 

fixture device by a texture analyser (load 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. At least two extrusion tests 

were performed per group. As a control, extrusion of water 

from the empty syringe was similarly performed. 

 

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. 

 

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 specification14 for 

acrylic bone cement) and left to harden at room temperature. 

After 20 minutes, they were removed from the mold and 

placed in an incubator at 37oC and 95% relative humidity, for 

6 days, to approach the physiological conditions under which 

the cements harden after placement in the body. The surface 

of the tops of the cylinders was smoothed after the incubation 

period in a polishing machine under constant water irrigation. 

The compressive strength of the specimens was 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. 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. 
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2.4.2. Microhardness 

Specimens preparation and incubation before testing was 

performed similarly to the described in section 2.4.1. For 

surface microhardness evaluation, ten pyramidal indentations 

were 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, samples were 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. To determine Vickers 

microhardness (HV), Equation 4 was applied for each 

indentation. For each formulation, measurements were carried 

out in 2 samples (20 indentations/formulation). 

 

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).  

 

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 cm3). This was 

also performed for TTCP and β-TCP raw powders. 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 

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 

cm3), reduced to powder prior to analysis This was also 

performed for TTCP and β-TCP raw powders. 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: SEM 

The surface of set Neocement® and the most promising 

drug-loaded formulation was observed by SEM, similarly to the 

described in section 2.4.2. 

2.8. In vitro drug release studies 

2.8.1. Drug release experiments 

Bone cement cylinders (GS loaded CPCs and PMMA 

samples) with the dimensions described in section 2.4. were 

used. Three independent assays were performed for each 

formulation. Each sample was placed inside individual closed 

vials containing 3 mL of phosphate buffer solution, pH 7.4, 

prepared as described elsewhere15. The containers were kept 

at 37ºC in an incubator with an orbital platform shaker, at 160 

rpm. The 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. 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.  

2.8.2. Gentamicin sulphate quantification 

GS concentration was studied using an adaptation of a 

colorimetric assay proposed by Frutos et al.15. Briefly, 225 µL 

of ninhydrin (Fluka) solution 1.25% w/v 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 and its absorbance was measured at 400 nm 

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. A calibration curve was prepared and linearity was 

obtained for concentrations of GS between 30 and 120 µg/mL. 

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 subjected to the same protocol 

described above for the drug-loaded samples and, for each 

time point, the residual absorbance of the blanks was 

subtracted from the absorbance of the correspondent sample 

under study, as previously validated16.  

2.9. Antimicrobial susceptibility testing 

To assess the antimicrobial activity of the loaded materials, 

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 culture medium 

(Oxoid) was prepared according to the producer 

recommendations and sterilized at 121oC in the autoclave, for 

20 minutes. After temperature stabilization, 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). After solidification of the 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, 15 

µL of each solution of the 3 replicates of the solutions collected 

after 1, 3 and 6 days of the drug release trial were put on the 

paper disks for determination of the antibacterial activity of GS. 

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. 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 and linearity was obtained 
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from 30 to 300 µg/mL. From these curves, the concentration 

of GS in the samples under test could be obtained. For the 

direct contact assays, drug-loaded samples (cylinders with 6 

mm diameter, 3 mm height) were directly placed in the plates 

containing the cultured bacteria, after medium solidification. 

After 24 hours at 37oC, the plates were qualitatively observed 

for the presence of inhibition halos around the specimens. 

2.10. Biocompatibility evaluation 

2.10.1. Cytotoxicity evaluation of bone cement extracts 

a) Preparation of 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. Extract 

media were obtained according to ISO 10993-517 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 CPC samples were also prepared for all formulations. 

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, cells were 

centrifuged for 7.5 minutes at 125 x g and 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, 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 culture 

media and counted using a haemocytometer. 

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. 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. MTT 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 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 each well. Afterwards, the plate was 

wrapped in foil and agitated on an orbital-shaker for 15 

minutes. The absorbance of the samples was 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 was also obtained to confirm the linearity of 

the MTT test in the used conditions (625 to 1x104 cells).  

2.10.2. Cellular adhesion to CPC  

A sample 1 mm in height, 10 mm in diameter of the optimal 

drug-loaded CPC was prepared and sterilized as previously 

described and 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. After 7 days of 

sample ageing, EMEM medium was completely removed and 

MG63 cells were seeded on the optimal drug-loaded CPC 

surface 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 (AppliChem Panreac). After 

fixing, the sample was washed with cacodylate buffered 

solution. 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 samples were 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 disks were 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. Human cadaveric bone manipulation 

2.11.1. Bone harvesting and CPC injection  

After thawing at room temperature, four femurs (two left 

and two right) were harvested from two frozen cadavers (81 

and 82 years, both male) at Nova Medical School, 

Universidade Nova de Lisboa, being approved by the Ethics 

Committee of Nova Medical School (nº106/2018/CEFCM) and 

Instituto Superior Técnico (Ref nº 25/2019). The cadavers 

were obtained according to the institution body donation 

program and had been frozen for less than a year, free of any 

abnormality and without any previous lower limb fractures or 

injury. 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. All soft tissues around the femur were 

removed to clearly expose the entire bone surface. Later on, 

the distal femur was separated from the respective shaft, with 

femur shaft cuts performed with an oscillating saw 8 cm above 

joint line. The distal femur metaphysis was then cut by half with 

the oscillating saw. With those specimens locked in the antero-

posterior anatomical reference position, 4 trabecular bone 
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cylinders were obtained from each metaphysis with a 17 mm 

inner diameter trephine, starting from the anterior cortex, until 

posterior cortex was reached. This procedure was repeated 

for the 4 femurs, until obtention of 32 trabecular bone 

cylinders. All samples were washed with a constant water flow 

for defatting and cleaning for 5 minutes. Afterwards, 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 

sample. The most promising drug-loaded CPC formulation 

was prepared as previously described and packed inside a 6 

mL syringe, with a syringe tip of 4 mm inner diameter. The tip 

of the filled syringe was then inserted in the hole previously 

created and 0.5 mL of cement were manually extruded from 

the syringe into each bone sample. This procedure was 

repeated for 11 bone samples. 

2.11.2. 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 containing the CPC were tested. 

2.11.3. 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 acquisition was performed under intensity conditions 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. Porosity (%) was calculated following Equation 5. 

 

3. RESULTS AND DISCUSSION 

3.1. Optimization of Neocement® properties: Effect of 

liquid phase amount and polymeric additive 

After producing formulations with different liquid phase 

(LP) amounts than Neocement® and maintaining Chi as 

adjuvant, their main properties were tested (Figure 1).  

The obtained results demonstrate that for higher LP weight 

percentage both initial setting time (IST) and final setting time 

(FST) tended to increase, as more water is added to the CPC 

during preparation and, consequently, the oversaturation of 

the solution takes longer to be achieved18. Since for clinical 

practice surgeons usually recommend an IST of 3-8 minutes 

and an FST close to 15 minutes19, 30, 38%LP and 42%LP 

formulations assume adequate setting times. Usually, an 

increase in LP amounts promotes decreased mechanical 

properties in correlation with higher porosity10. This trend was 

observed in our study, as the increase in LP% tendentially led 

to losses in compressive strength and microhardness. The 

exception was 30%LP formulation, that did not show the 

highest compressive strength, which might mean that powder 

is in excess and thus impairs the hydration process. Indeed, 

the consistency of this material was slightly granular instead 

of a plastic paste, so this formulation was further discarded. 

On the contrary, 50%LP formulation presented rather low 

mechanical strength, perhaps because of an excessive 

amount of water in this system. Since Neocement® was 

designed to be applied in trabecular bone, whose compressive 

strength ranges from 4-12 MPa20, resistances above 4 MPa 

can be considerable as suitable for clinical application. As this 

was obtained for formulations with 38 and 42%LP, these were 

assumed as the most suitable LP%. 

 For formulations with 38 and 42%LP, Chi was then 

replaced by HPMC. It was clear that, for 38%LP, there was a 

reduction in both IST and FST when comparing with the same 

material but containing Chi, while for 42%LP just a slight 

shortening was observed. Still, the formulations retained 

suitable setting times. Regarding the mechanical properties, 

addition of HPMC did not affect the compressive strength but 

reduced microhardness by 20% for 38%LP formulation and by 

40% for 42%LP formulation. Nonetheless, both materials with 

HPMC combined suitable properties. 

Injectability studies of the four most promising formulations 

were performed as well (Figure 1 D) and showed that only 

30% of Neocement® could be extruded from the syringe, since 

syringe blockage occurred in early stages of the trial. The 

absence of a plateau stage in the extrusion curve implies that 

filter-pressing occurs immediately after extrusion starts21. 

However, an increase of 200% in injectability was seen when 

employing an LP% of 42% instead of 38%, as increasing the 

LP amount upgrades the paste flowability and reduces friction 

between particles, thus diminishing filter-pressing6. 

Interestingly, when HPMC was added to the 38%LP 

formulation, injectability rose to almost 70%, so HPMC seems 

Figure 1: Main properties of the drug-free formulations. (A) Initial 
(filled bars) and final (squared bars) setting time (min). (B) 
Compressive strength (MPa). Dashed line represents compressive 
strength of trabecular bone. (C) Microhardness (HV). (D) Injectability 
curves, with injectability (%) on the top. Dotted line represents the 
control. 38%LP, Chi formulation is Neocement®. 
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to be a better injectability promoter than Chi. In the case of 

formulations with 42%LP, the increase in injectability was not 

so significative, since the material with Chi already presented 

a very good injectability, but it is worth noting that the curve of 

force vs distance presented a lower force of extrusion and 

approached the extrusion curve of the control when HPMC 

was added. Its ability to promote injectability is thought to 

come from increasing the viscosity and homogeneity of the 

pastes13 and a lubrication effect22 that makes it more difficult 

for the solid and liquid phase to slide over each other. Given 

the fact that formulations with 42%LP and with either Chi or 

HPMC were the most injectable and retained good properties, 

they were chosen for further studies.  

 

3.2. Drug loading with gentamicin sulphate 

3.2.1. Drug release profiles 

To assure drug release in clinically compliant levels, in an 

initial approach 42%LP, Chi formulation was loaded with 3 

different amounts of GS and drug release experiments were 

carried out having as target a release profile similar or even 

better than Genta1®, a commercialized PMMA-cement with 

GS (Figure 2 A). A loading amount of 0.66%wt promoted 

lower GS release than Genta1® almost during the whole trial, 

and therefore was considered as not suitable. Even though 

much more gentamicin was released from 2.47%wt GS than 

from Genta1®, submitting patients to higher amounts of 

antibiotic than the required to fight an infection can be 

counterproductive, promoting adverse reactions and 

increasing medical costs. Thus, 1.87%wt GS was assumed as 

the optimal loading amount of GS since it assures sufficiently 

high elution efficiency.  

The formulation with 42%LP and HPMC was then loaded 

with 1.87%wt GS as well. Comparing the cumulative drug 

release of the two CPCs with Genta1® (Figure 2 B) it can be 

seen that both CPCs were able to release higher GS amounts 

than 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 CPCs have higher 

release capacity23 given its inherent porous structure, while 

the total amount of antibiotic released from PMMA-bone 

cements is usually only around 10% of the total amount 

incorporated9,24. 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 drug was quite 

reduced, which is a pattern normally observed for PMMA-

based drug systems7. Differently, for the CPC formulations no 

burst-release was observed in the first days as usually 

described for CPCs10,25, as only around 6-8% of the loaded GS 

was released after 24h, and instead a continuous and 

sustained release of gentamicin that gradually increased for 

the whole 14 days of trial was seen. This is probably explained 

by the presence of polymeric substances on the prepared 

CPCs, which is known to delay the release26,27. A discrete 

burst after implantation eradicating the contaminating bacteria 

in the surgical site could be sufficient for prophylaxis, which 

would fit the release profile seen for Genta1®, while the 

continuous release for 14 days seen for the CPCs with a 

sustained high local concentration of GS has been considered 

by other authors as suitable not only for prophylactic therapy 

but for treatment of already occurring bone infection25.  

The drug release profiles of both CPCs were fitted well by 

the Higuchi model for the 14 days of experiment, meaning 

drug release shall be mainly controlled by diffusion. 

Nevertheless, it was clear that after some time, depending on 

the formulation,  matrix erosion is likely to be occurring, as a 

good fitting of the Hixson-Crowell model to the experimental 

data was obtained, which can also influence the release rates. 

3.2.2 Antimicrobial susceptibility 

To assess if the drug released from the tested CPCs was 

still effective against S. aureus and S. epidermidis, common 

postoperative osteomyelitis pathogens, antibacterial tests 

were performed. The MIC values of GS were firstly 

determined, being lower (5 µg/mL) for S. epidermidis than for 

S. aureus (10 µg/mL). For solutions collected after 1, 3 or 6 

days of the drug release trial of 42%LP, Chi and 42%LP, 

HPMC the retention of antimicrobial activity (Figure 3) was 

assessed by comparison of the drug concentration estimated 

through the microbiological assays and that determined by 

UV-Vis. 

The first observation that can be noticed is that S. 

epidermidis  was much more susceptible to the released GS 

than S. aureus, for all the tested release supernatants, in 

accordance to the determined MIC values. For S. epidermidis 

Figure 2: Gentamicin sulphate cumulative release profile of (A) 
Genta1® and 42%LP, Chi loaded with 0.66, 1.87% or 2.47%wt. (B) 
Genta1® and 42%LP, Chi and 42%LP, HPMC loaded with 1.87%wt 
antibiotic. % on the right represents total released drug relatively to 
the amount of loaded drug. 

Figure 3: Antimicrobial activity of gentamicin sulphate, in %, in the 
solutions released by the loaded CPCs (42%LP, Chi and 42%LP, 
HPMC) and collected after 1, 3 or 6 days of drug release, against 
(A)Staphylococcus epidermidis and (B)Staphylococcus aureus. 
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(Figure 3 A) very satisfactory conclusions can be taken: for 

both CPCs, after 1 day of release gentamicin activity was still 

100%. After 3 days this activity was partially lost but 

maintained after 6 days, and antibiotic activity above 80% was 

observed in both cases As for S. aureus (Figure 3 B), for 

42%LP, Chi a decrease in activity was seen once again after 

the first day, with the obtention of activity around 46%. In the 

case of 42%LP, HPMC the GS activity was about 36% for the 

three tested solution. This activity loss could be explained by 

interaction between the drugs and polymers or from pH shifts 

during the setting reaction10. Yet, the materials still retained 

promising antimicrobial potential.  

The hardened drug-loaded CPC materials in direct contact 

with both bacteria were also tested qualitatively (data not 

shown). Interestingly, inhibition halos were obtained around 

both materials which 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.  

 

3.3. Cellular response to the materials  

To evaluate the in vitro cytotoxicity of the most promising 

formulations and respective unloaded formulations and 

compare with Genta1® the extract test method was performed. 

After placing the specimens under test in cell culture medium 

to obtain extracts containing leachouts of the cements, MG63 

cells were cultured in these extracts for 24 hours and MTT 

viability test was carried out (Figure 4).  

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. These 

observations were intriguing since all the compounds present 

in the produced CPCs are known to be biocompatible. After 

performing pH measurements of the 1:1 release extracts, as 

registered in Figure 4, it was observed that for all the CPCs 

except 42%LP, HPMC + GS the pH decreased comparing to 

the cell culture medium, with a pH of 7.2. Also, a direct 

relationship between pH and cell viability seems to be present: 

the lower the pH, the lower the cell viability,  so it seems very 

likely that medium acidification, probably because of citric acid 

release, impaired cell viability. This has already been 

described by other authors28 using a CPC similar to 

Neocement®, and after performing in vivo implantation in rats 

they observed an initial inflammation after CPC implantation. 

Still, after 4 weeks it completely disappeared and new bone 

was produced. Since our material contains even less citric acid 

than the one used by Yokoyama et al.28 it is presumable that 

acidification would be surpassed in vivo by blood/tissue fluid 

circulation. Given the highest cell viability and comparable to 

the control and to Genta1® seen for 42%LP, HPMC + GS, this 

was stated as our optimal material. 

Also, and interestingly, for extracts containing GS cell 

viability was increased comparing with the same extract 

without GS, probably because of the higher pH measured in 

the presence of the antibiotic.  

The ability of cells to adhere to the optimal material was 

not observed if the material was not subjected to further 

treatment. Indeed, after ageing of the material for 1 week in 

cell culture medium, MG63 cells cultured on its surface were 

able to adhere and exhibited clear filopodia, showing good 

attachment to the CPC (Figure 5). It is likely that washing out 

of the citric acid allows for surface pH reduction of the material 

and promotes cell adhesion.  

 

 

 

3.4. Characterization of the optimal CPC 

3.4.1. Basic properties 

In general, addition of antibiotics alters the 

physicochemical properties of CPCs29, thus the basic 

properties of 42%LP, HPMC were re-evaluated after loading 

with GS (Figure 6).  

Figure 4: MG63 cell viability after grown on controls, cement extracts 
(1:1 or 1:4) of 42%LP, Chi and 42%LP, HPMC (unloaded cements or 
loaded with gentamicin sulphate (+GS)) and Genta1®. The dashed line 
represents the threshold under which a material presents cytotoxic 
potential (70% viability). At the bottom, the pH of 1:1 release extracts 
measured before contact with MG63 cells is represented. 

Figure 5: SEM images of MG63 cells spread on previously treated 
42%LP, HPMC + GS, at 50x (A) and 350x magnification (B). 

Figure 6: Main properties of the optimal drug-loaded formulation 
(42%LP, HPMC+GS) in comparison with the unloaded material 
(42%LP, HPMC) and Neocement® (38%LP, Chi). (A) Initial (filled bars) 
and final (squared bars) setting time (min). (B) Compressive strength 
(MPa). Dashed line represents compressive strength of trabecular 
bone. (C) Microhardness (HV). (D) Injectability curves, with 
injectability (%) on the top. Dotted line represents the control.  

A B 
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The results obtained for the setting time showed that no 

major differences were observed after loading. Comparison 

with Neocement® disclosed that the new formulation 

presented comparable setting times, only with a slightly 

increased FST, but still in the range of setting times adequate 

for clinical practice. The mean compressive strength of the 

loaded CPC was 7.8±1.7 MPa, similar to the compressive 

strength of the material without antibiotic. Other authors have 

also described no significative differences in resistance to 

compression upon gentamicin sulphate loading30,31. 

Regarding microhardness, once again only marginal changes 

were measured in the presence of the antibiotic. Comparing 

with Neocement®, a slight loss in the CPC compressive 

strength and microhardness was obtained.  

Injectability studies (Figure 6 D) confirmed that the optimal 

material retained the ability to be injected after drug-loading. 

Indeed, in absolute terms the injectability was 94±1% for the 

unloaded material and 87±3% for the loaded one, and by the 

extrusion curves of both materials it was seen that when GS 

was added the extrusion curve shifted to higher force values. 

Still, 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.  

3.4.2. Composition 

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, XRD analysis was conducted for both hardened CPCs 

and also for the raw calcium phosphate powders, β-TCP and 

TTCP. The diffractograms are present in Figure 7. 

The powders of the calcium phosphates used in this study 

presented diffractograms with the main peaks of TTCP and β-

TCP, confirming their identity, as showed by the symbols in 

the diffractograms. Regarding the hardened CPCs, it is clear 

that the loaded cement did not present significant differences 

when compared to the original cement, meaning that the 

antibiotic and presence of HPMC instead of chitosan very 

likely did not affect phase transformation.  

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, suggesting 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 amount of β-TCP remains 

unreacted. The main reason behind this observation probably 

lies on β-TCP solubility and, in fact, at acidic pH TTCP 

presents higher solubility than β-TCP29. At first it was 

hypothesised that TTCP could be undergoing transformation 

into HA while β-TCP did not participate in the reaction. 

However, representative peaks of HA were not found in the 

diffractogram, either because HA is not being formed or 

because it forms in residual amounts, being masked by the 

great amount of remaining β-TCP. Another possibility 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. Indeed, since the solution 

would be saturated with respect to β-TCP crystals, these could 

constitute seed crystals that facilitate precipitation of more β-

TCP by providing sites for nucleation. 

Other techniques can complement this analysis and help 

formulating conclusions. Thus, FTIR was performed for both 

hardened CPCs (Neocement® and 42%LP, HPMC + GS) and 

for the two calcium phosphate raw powders (Figure 8).  

 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 

literature32. 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
32. 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.  

As for the two hardened CPCs, no major spectral 

differences were observed between them, suggesting the 

same chemical nature for both materials. The presence of a 

broad band at 3000-3700 cm-1 suggests the existence of water 

molecules adsorbed to the materials, which is common in 

CPCs32,33. The small band around 1545 cm-1 can probably be 

matched to carbonate ions, presumably coming from 

atmospheric carbon dioxide incorporated during sample 

preparation32. 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 

Figure 8: FTIR spectra of raw powders (TTCP and β-TCP) and 
hardened CPCs (Neocement® and 42%LP, HPMC+GS).  

Figure 7: XRD diffractograms of raw powders (TTCP and β-TCP) and 

hardened CPCs  (Neocement® and 42%LP, HPMC + GS). *Standard 

TTCP, card nº JCPDS 25-1137;  •Standard β-TCP, card nº JCPDS 

09-0169. 
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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, this 

could suggest the presence of vibrational mode ν4 of the typical 

apatitic PO4
3- tetrahedra33, 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.  

 

3.4.3. SEM 

Scanning electron microscopy images of representative 

microstructures of the surface of the optimal CPC and 

Neocement® were collected (Figure 9). 

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 unreacted β-TCP 

seen in the XRD analysis. At 1000x magnification, it is evident 

that some crystals grew on the surface of the abovementioned 

granules, being this particularly observable for 42%LP, HPMC 

+ GS. Their consequent growth probably covered the original 

particles in the case of Neocement®. Gallinetti et al.34 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, 

depending on the ratio of the two calcium phosphates. Also, 

the clearly visible crystals in both CPCs present plate-like and 

needle-like morphology. The nature of these crystals 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, even though this morphology should not be 

considered as an absolutely conclusive criterion33.  

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 GS27,35. Also, the presence of clusters of crystals 

and the higher distance between them can be seen for 42%LP, 

HPMC + GS. 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. 

 

3.5. Application in human cadaveric bone 

3.5.1. Micro-CT analysis 

Finally, within the scope of this work, an experiment 

intending to simulate a percutaneous implantation of cement 

in cadaveric bone trabeculae 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, mainly caused by osteoporosis or trauma. 

After collecting trabecular bone cylinders from cadaveric 

femurs, the optimal CPC was injected into the samples.  

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 procedure36. By analysing Figure 10 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. 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. Even though the CPC was mainly confined to 

this area, a flowing path could be seen into deeper regions of 

bone by highlighting density areas of the sample 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.  

Figure 9: SEM images of the surface of Neocement® and 42%LP, 
HPMC+GS at 100x and 1000x magnification. 

Figure 10: Micro-CT analysis of a trabecular bone sample filled with 
42%LP, HPMC + GS. (A) 3D 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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Moreover, calculation of the porosity within representative 

regions of the analysed bone sample showed that a porosity 

around 3% was determined for a region mainly composed by 

CPC, in comparison to porosity around 76% for a bone region 

not containing any CPC, confirming the ability of the injectable 

material to fill voids.  

 

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 obtained results (Figure 11) 

demonstrated 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 strengths 

determined for the tested groups were 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. A mean increase of 33% on 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 time. 

 

4. CONCLUSIONS AND FUTURE WORK 

The main conclusions that can be taken regarding the 

studied processing parameters aiming to optimize the material 

properties of Neocement® are that increasing LP amounts 

extended the setting time and reduced mechanical properties 

but greatly promoted injectability. On the other hand, 

incorporation of HPMC instead of Chi had no major impact on 

the setting time or compressive strength but can reduce 

surface microhardness. Moreover, HPMC revealed to be a 

better injectability promoter than Chi. Also, 42%LP seems to 

be the optimal liquid phase amount for the studied CPC 

systems since it allows the obtention of injectable systems 

retaining suitable handling and mechanical performance. 

From drug release experiments of GS from the two 

formulations that combined the best material properties 

(42%LP with either HPMC or Chi) it was notorious that both of 

them promoted an overall superior release profile comparing 

with the commercial PMMA-cement Genta1® for at least 14 

days, being presumably not only suitable for prophylaxis but 

also for treatment of a pre-established infection. 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. The 

mechanism mainly controlling the release is most likely 

diffusion, but after a few days matrix erosion of the CPCs is 

probably occurring as well, which can presumably affect the 

release rates. In this context, assessment of the degradation 

rates of the materials would be of interest. Furthermore, the 

released GS remained active against S. aureus and S. 

epidermidis for at least 6 days, but the antimicrobial activity of 

solutions collected after longer times of the drug release 

should be addressed. From the tested materials only 42%LP, 

HPMC with GS showed no cytotoxicity against MG63 cells. 

The cytotoxicity potential of some of the materials is thought 

to be caused by citric acid release from the CPCs, which 

promotes medium acidification. Even though  this has been 

described as surpassable in vivo28, 42%LP, HPMC+GS was 

therefore selected as the optimal formulation in our study. 

Moreover, even though not allowing MG63 cells adhesion to 

its surface without treatment, this optimal CPC showed great 

cellular adhesion after ageing for 1 week in EMEM medium. It 

is likely that this treatment washed out citric acid and reduced 

its surface acidity, which probably hints that citric acid 

clearance by fluids circulation in vivo would happen as well. 

From the further characterization of the optimal drug-

loaded material it was concluded that the loading step did not 

affect both setting time and mechanical properties and only 

partially decreased injectability. Also, it did not affect either 

phase or chemical composition of the CPC. The main final 

product of the optimal material seems to be β-TCP, that does 

not participate in the setting reaction, as only TTCP is 

consumed, but it is not completely clear whether nanocrystals 

of HA are being formed. Indeed, a high number of β-TCP 

granules as well as some nanocrystals with needle-like and 

plate-like morphology, a type of morphology usually seen for 

HA crystals, were observed on the material’s surface, where 

β-TCP granules probably constituted nucleation sites. Thus, 

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 and the use of complementary 

techniques like NMR could probably be helpful in the future. 

Additionally, the optimal CPC was successfully injectable 

by hand into human trabecular bone in an ex vivo approach 

and able to flow through the inner structure of bone and fill 

spaces between trabeculae without leaking, promoting a 

decrease in bone porosity. Also, bone samples filled with the 

optimal material revealed a 33% increase in strength when 

compared with plain bone. Still, higher amounts of injected 

CPC and tested samples would allow for more conclusive 

results, as well as testing in live tissue. 

Even though the obtained results throughout this work give 

an outlook on the impact of CPCs composition on their basic 

properties and behaviour, 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 cell adhesion. Ultimately, 

Figure 11: Comparison of the response to compression of standard 
trabecular bone samples (without CPC) or trabecular bone samples 
filled with 42%LP, HPMC+GS (with CPC). (A) Typical stress-strain 
curve of one representative sample of both sample groups. (B) Mean 
compressive strength (in MPa) of both sample groups. 
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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. Thus, animal or even human clinical 

trials are needed to further confirm the potential of the material 

developed throughout this work. 

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 88%, 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, while being 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. 
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