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Abstract

:

Three-dimensional hydroxyapatite-chitosan (HA-CS) composites were formulated via solid-liquid technic and freeze-drying. The prepared composites had an apatitic nature, which was demonstrated by X-ray diffraction and Infrared spectroscopy analyses. The impact of the solid/liquid (S/L) ratio and the content and the molecular weight of the polymer on the composite mechanical strength was investigated. An increase in the S/L ratio from 0.5 to 1 resulted in an increase in the compressive strength for HA-CSL (CS low molecular weight: CSL) from 0.08 ± 0.02 to 1.95 ± 0.39 MPa and from 0.3 ± 0.06 to 2.40 ± 0.51 MPa for the HA-CSM (CS medium molecular weight: CSM). Moreover, the increase in the amount (1 to 5 wt%) and the molecular weight of the polymer increased the mechanical strength of the composite. The highest compressive strength value (up to 2.40 ± 0.51 MPa) was obtained for HA-CSM (5 wt% of CS) formulated at an S/L of 1. The dissolution tests of the HA-CS composites confirmed their cohesion and mechanical stability in an aqueous solution. Both polymer and apatite are assumed to work together, giving the synergism needed to make effective cylindrical composites, and could serve as a promising candidate for bone repair in the orthopedic field.
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1. Introduction


Bone fracture is one of the most common body injuries and is accompanied by social productivity loss, individual disability, and expensive treatment costing billions of dollars per year [1]. The treatment of load-bearing bone defects remains an important barrier for bone engineering. Therefore, the need for biomaterials that can be used in bone repair or as substitutes is apparent. These substances have some important requirements, in terms of biological and physicochemical properties, in order to be successfully used in such situations.



In the orthopedic field, mechanical strength is one of the most crucial characteristics of biomaterials. Thus, these materials must be able to withstand mechanical forces while being continually in contact with bone tissues and fluids. Since these biomaterials are designed to be used as bone implants, it is worth bearing in mind as reference values that the resistance to compression varies from about 90 to 209 MPa and from 1.5 to 45 MPa for human cortical bone and cancellous bone, respectively [2]. Calcium phosphate (CaP) is one of the most common classes of biomaterials investigated for orthopedic applications [3]. This is due to its unique properties, such as biocompatibility, bioactivity, osteoconductivity, and chemical composition, which are comparable with those of bone tissue. Among various forms of CaP materials, particular focus has been given to hydroxyapatite (HA, Ca10(PO4)6(OH)2), the mineral prototype of calcified tissue, due to its good chemical stability and biological responses in physiological environments. Despite the excellent properties of this apatite, the major drawback is its low mechanical performance, particularly in a porous form [4]. Therefore, this characteristic has typically restrained its applicability to non-load-bearing sites.



Novel strategies such as combinations with polymeric phases to create composite materials and the development of fabrication methods have allowed the partial overcoming of these limitations [2]. Chitosan is one of the most used natural polymers in biomedical applications, particularly in tissue-engineering biomaterials, due to its intrinsic biological properties, such as bioactivity, biocompatibility, low toxicity, and biodegradability [5]. The addition of this biopolymer to CaP apatite formulations is a very powerful approach to better suit the mechanical and physiological demands of the host tissue. Many studies report the impact of CS on the mechanical properties of CaP materials. Compressive strength is the property that is most used to characterize the mechanical behavior of these biomaterials. Techniques such as chemical reaction, lyophilization, coating, and physical mixing are used to fabricate CaP-CS composite biomaterials [6,7]. Although good results were obtained in terms of biological and physicochemical characteristics as well as drug delivery ability, several drawbacks still exist, including the use of large amounts of acidic solutions and cross-linking agents, which could lead to the inflammation of the surrounding tissues [8]. Moreover, higher polymer contents (up to 95 wt%) are usually used to obtain the desired mechanical strength, which makes the treatment more expensive and probably induces toxicity to the human bone tissue [9]. One important aspect worth considering and not explicitly addressed in many of the previous works is the specific role of parameters such as polymer molecular weight and liquid-to-solid ratio in the mechanical strength of CaP-polymer composites, especially hydroxyapatite-chitosan. It is, therefore, crucial to emphasize the need for a thorough investigation of the effect of manufacturing conditions on the mechanical strength and structural features of such composites in order to control and achieve sound knowledge of their mechanical properties.



The present work focuses on the study of the mechanical performance of hydroxyapatite-chitosan (HA-CS) composite material. Thus, the impacts of the fabrication conditions, such as the content and molecular weight of the polymer and liquid/solid (L/S) ratio, are considered and investigated to determine the optimal formulations.




2. Materials and Methods


2.1. Materials


Diammonium hydrogen phosphate ((NH4)2HPO4, ≥99.0%) and calcium nitrate tetrahydrate (Ca(NO3)2·4H2O, ≥99.0%) of analytical grade were used as chemical precursors of phosphorus and calcium, respectively. Chitosan (CS) polymer of low (CSL) and medium (CSM) molecular weight (degree of deacetylation higher than 75%) and other products such as acetic acid (CH3COOH, ≥99.7%) and ammonium hydroxide (NH4OH, 25%) were of analytical grade. All the products were obtained from Sigma-Aldrich and used without any further purification. Deionized water was used for preparing all the reactive solutions.




2.2. Hydroxyapatite Synthesis


Hydroxyapatite (HA) solid powder was prepared by co-precipitation between Ca(NO3)2·4H2O and (NH4)2HPO4 precursors [10]. An aqueous solution of (NH4)2HPO4 (0.54 mol) was added dropwise to the Ca(NO3)2·4H2O (0.90 mol) aqueous solution containing an excess of ammonium hydroxide (NH4OH). The system was maintained under constant agitation at around 90 °C. The pH of the medium was about 10. The resulting product was filtered and then dried through lyophilization. Powder with a granulometry of ≤100 µm was subsequently used for the formulation of the hydroxyapatite-chitosan (HA-CS) composites.




2.3. Preparation of Hydroxyapatite-Chitosan Composite


The hydroxyapatite-chitosan (HA-CS) composites were formulated by thoroughly mixing the HA precipitated powder with the CS gel solution at a solid to liquid (S/L) ratio of 1. Chitosan solutions (1, 2.5, 5 wt%) were obtained by dissolving an appropriate amount of the chitosan powder in acetic acid solution (2 wt%). The homogenized pastes were sunk in cylindrical molds (8 mm D × 16 mm H). The samples were frozen and then freeze-dried. In this study, CS with a low and medium molecular weight was used for preparing the specimens; the formulated composites were designated HA-CSL and HA-CSM, respectively. Composites prepared with different CS contents (x = 1, 2.5, 5 wt%) were named HA-CSLx% and HA-CSMx%. The effect of the liquid content on the mechanical strength of the composites HA-CSL5% and HA-CSM5% was assessed by varying the value of the S/L ratio (0.5, 0.7, 1).



It is noteworthy that the preparation of cylindrical blocks based only on HA using this technique does not lead to usable samples.




2.4. Physicochemical Characterization


The prepared composite was characterized by X-ray diffraction (XRD) using a X’pert3 Powder Smart Lab diffractometer (Malvern Panalytical, Malvern, UK) with Cu Kα radiation (λ = 1.540593 Å). Data were collected in the 2θ range of 20 up to 70° (2°/min). A Fourier transform infrared (FTIR) analysis was conducted using a Nicolet 5700 spectrometer (ThermoElectron, Waltham, MA, USA) in the range of 400 to 4000 cm−1 at a resolution of 4 cm−1. A small amount of the sample powder (1 wt%) was mixed with KBr powder and then palletized onto pallets for analysis.



The microstructure of the specimens was evaluated via scanning electron microscopy (SEM) on a TESCAN VEGA3 microscope (TESCAN, Brno, Czech Republic) and the porosimetry on a Poresizer Micromeritics (Pore Sizer 9310, Micromeritics, Norcross, GA, USA).




2.5. Mechanical Properties


Compressive strength measurements were performed on the formulated cylindrical composites (8 mm D × 16 mm H) at a crosshead speed of 1 mm·min−1 using a Universal Testing Machine (Instron 3369, Instron, Norwood, Norfolk, Canton, MA, USA). The compressive strength of the HA-CS (5 wt% of CS) formulations was also measured, in the same conditions, after immersion in KCl (1 mM) aqueous solution. After a predetermined period of time (1 and 7 days), the specimens were removed from the medium and freeze-dried overnight to test the mechanical strength. For each composition, at least three samples were tested.





3. Results and Discussion


Figure 1 shows the diffractograms of HA-CSM composites containing different CSM amounts (2.5 and 5 wt%) compared to HA and CSM. The diffractogram of HA exhibits relatively sharp and defined peaks, characteristic of a relatively well-crystallized specimen; the diffraction peaks can be indexed as apatite phase [11], which matched well with that of pure hydroxyapatite (JCPDS file data, No. 09-432). However, the CSM sample shows only one hallo from about 18 to 23°, suggesting the amorphous character of the biopolymer. The XRD patterns of the examined HA-CSM (2.5 and 5 wt% of CSM) show similar patterns, with the presence of the major peaks of the parent material. The major peaks were distinct and fairly sharp, suggesting that the samples were relatively crystalline. The peaks of the CSM polymer are not detected in the HA-CSM diffractograms; this could be attributed to the small amount of polymer introduced in the matrix. It is noted that there was no marked difference with the XRD patterns of the composite containing low molecular weight chitosan (data not shown), indicating that the polymer molecular weight does not affect the composite structure.



The crystallinity degree of the HA-CSM2.5% and HA-CSM5% composites and the HA apatite was determined using the formula:


   β  002   ×    X C   3  =  K A  ,  



(1)




where β002 (°) and XC are the width peak at the half intensity of (002) reflection and crystallinity degree, the constant KA is set at 0.24 [12]. The addition of the CS polymer in the composite matrix has a slight effect on the composite crystallinity. Thus, the highest value of the crystallinity index is observed for the HA (0.60), whereas this parameter was about 0.58 and 0.55 for the HA-CSM2.5% and HA-CSM5% composites, respectively. This diminution in the composite crystallinity can be explained by the increase in the organic phase content known for its low crystallinity.



The average crystallite size was estimated according to the Scherer equation:


  L =    K λ     β  002    cos θ     



(2)




where L is the average crystallite size, K is a constant determined by the crystallite shape equal to unity, and λ is the wavelength of X-ray radiation (Cu Kα radiation (λ = 1.540593 Å)). β002 (rad) is the full-width peak at the half intensity of (002) reflection. The crystallite size of all the examined composites varies between 28.6 and 29.5 nm, confirming the nanostructure of the composites. The average crystallite sizes were in the order of HA (29.5 nm) > HA-CSM2.5% (29.4 nm) > HA-CSM5% (28.6 nm), suggesting that the addition of the polymer led to a slight decrease in the crystallite size.



The FTIR spectra of the prepared composites HA-CSM (2.5 and 5 wt%) as compared to the reference materials are illustrated in Figure 2. The HA spectrum showed bands characteristic of the phosphocalcic apatite. The PO43− vibration modes were observed at around 603–571 cm−1 (ν4), 962 cm−1 (ν1), and 1041–1107 cm−1 (ν3). OH vibrations with a weak intensity were observed at 633 cm−1 and 3579 cm−1 [13]. The vibration bands noticed at 3300 cm−1 and 1640 cm−1 were related to water molecules. The band with a low intensity at 875 cm−1 might be attributed to HPO42− species, suggesting the non-stoichiometric character of the HA specimen [10]. A comparison between the HA apatite and HA-CS composite spectra confirmed the successful combination of the HA apatite and the polymeric phase. In addition to the HA bands, the HA-CS spectrum indicated the presence of new bands assigned to the CS polymeric phase. Thus, the band attributed to the N-H primary amino group of the polymer was observed at 1572 cm−1. A C-H band related to the CS backbone was observed at 1425 cm−1. Moreover, the band appearing at 1626 cm−1 was attributed to the C-O vibration [14].



SEM micrographs of the HA-CSM5% composite (Figure 3) revealed a porous structure. The cluster of the apatite layer covered the polymer fibers fully, indicating a good component integration. Moreover, the surface of the HA-CSM composite appeared rough, and few polymer binders with a fibrous-shaped structure are visible. Such morphology could be due to the existence of strong chemical interaction between the CS gel and the HA apatite and to the ability of the polymer to bind the solid particles.



The porosity analysis conducted for the HA-CSM block composites demonstrated that the total pore volume of the formulated composites was affected by the CS addition and the S/L ratio variation. For a S/L ratio of 1, an increase in the polymer content from 1 to 5 wt% led to a decrease in the total pore volume of the composite matrix from 592 to 479 mm3/g, suggesting that the pores are congested by the biopolymer. The change in the solid to the liquid ratio from 0.5 up to 1 reduced the pore volume of the composites from 723 to 479 mm3/g. The use of a large amount of the liquid phase (lower value of S/L) may cause a high dispersion of the solid particles, and this results in a porous structure of the composite when they are freeze-dried.



The mechanical behavior of the formulated HA-CS composites was determined by measuring their compressive strength under various formulation conditions (S/L, content, and molecular weight of the polymer). The evolution of the HA-CS (5 wt% of CS) composite compressive strength as a function of the S/L ratio and the polymer molecular weight is given in Figure 4. The results revealed that the compressive strength of the HA-CSL5% composite increased from 0.08 ± 0.02 to 1.95 ± 0.39 MPa as the S/L ratio rose from 0.5 to 1. The compressive strength noticed for the composite HA-CSM5% takes a low value (0.30 ± 0.06 MPa) when the S/L ratio is 0.5, whereas this mechanical parameter increases abruptly to 2.40 ± 0.51 MPa when the S/L ratio changes to 1. This could be argued considering the decrease in the porosity of the composite matrix when increasing the S/L ratio. As the liquid content is high (S/L of 0.5), the cohesion within the components might be destroyed, resulting in a poor mechanical strength. It is generally established that a high S/L value leads to a low porosity and high mechanical strength, while a low S/L has an opposite effect [15,16]. For instance, the compressive strength of the CaP bone cement is pronouncedly increased from 21.0 ± 2.5 to 48.0 ± 2.3 MPa as the liquid to solid ratio (L/S) decreased from 0.6 to 0.3.



The compressive strength of the HA-CSM and HA-CSL composites was slightly affected by the polymer molecular weight (Figure 4). This property improves when the CS molecular weight increases, no matter what the S/L ratio (0.5, 0.7, or 1). For a S/L ratio of 0.5, the compressive strength of the HA-CSM5% composite (0.3 ± 0.06 MPa) was approximately four times higher than that of HA-CSL5% (0.08 ± 0.016 MPa). A similar trend was observed when the L/S ratio was set at 0.7 or 1. The composite HA-CSM5% formulated at an S/L of 1 displays the highest compressive strength value of 2.40 ± 0.48 MPa, somewhat greater than that of HA-CSL5% (1.95 ± 0.39 MPa). These results could be understood in terms of the length of the polymer chains and their role in binding the apatite particles. The slightly higher compressive strength of the HA-CSM composite compared to HA-CSL might be attributed to the longer polymeric chains and more functional groups, which served as specific sites for chemical interaction with the inorganic particles.



It is worth to note that at a ratio of S/L higher than 1, the composite pastes were unobtainable because the manufacturing process was difficult as a result of the paste being too dry during mixing. Unfortunately, increasing the S/L ratio to a value higher than 1 is not a good strategy to enhance the compressive strength of the examined composite.



The effect of the content and molecular weight of the polymer on the composite compressive strength was examined for a S/L ratio of 1. The latter was selected for better cylindrical composite cohesiveness and mechanical strength. The value of the compressive strength improves with the increase in the CS amount, and this effect is graphically illustrated in Figure 5. For example, the compressive strength of the HA-CSM composite rose from 0.51 ± 0.10 to 2.40 ± 0.48 MPa as the CSM content increased from 1 to 5 wt%. This variation was mainly due to the diminution in the total pore volume (from 592 to 479 cm3/g) as the CSM content increased (from 1 to 5 wt%). A similar tendency occurred for the composites formulated with a low molecular weight. The strengthening of the composite structure could be due to the high Ca-binding ability of the polymer, which could tightly bind the HA particles together with polymeric chains, and the results indicate the good cohesion and strength of the composite.



Moreover, the results indicated that an increase in the CS molecular weight from low to medium value provokes an improvement in the composite compressive strength, whatever the percentage of the polymer (1, 2.5, or 5 wt%) in the composite.



It is noteworthy that the HA-CSM5% specimen formulated with the medium polymer molecular weight and the highest S/L ratio (S/L ~1) exhibited the highest compressive strength value of about 2.40 ± 0.48 MPa as compared with the other formulations.



To evaluate the cohesiveness of the formulated cylindrical composites (HA-CSL5% and HA-CSM5%), the compressive strength was measured after immersion in a KCl (1 Mm) aqueous solution as a simple and stable medium. The polymer content of 5 wt% and S/L ratio of 1 were selected in this study to maintain the mechanical strength as high as possible. The results reported in Figure 6 indicate that no significant difference was found in the compressive strength at different periods of time. The mean values of the compressive strength were, respectively, about 2.40 ± 0.34 MPa and 1.94 ± 0.27 MPa for HA-CSM5% and HA-CSL5%, confirming the ability of the cylindrical composites to keep their geometrical integrity after immersion in the aqueous solution. This might also be the result of the strong chemical interaction between the inorganic and organic phases within the matrix of the composites. It should be noted that the cohesion property of the formulated cylindrical composites is one of the important parameters that needs to be considered for clinical applications. A poor cohesion of the CaP paste may lead to a negative in vivo response and inflammatory reactions due to the elution of microparticles from the material [17].



From the overall results obtained, it is clear that the combination of CS polysaccharide with HA is an appealing strategy to improve the mechanical strength of the apatite matrix. Both the polymer and HA apatite phases are assumed to work together, giving a synergism needed to make effective HA-CS cylindrical composites with sufficient and stable compressive strength. Moreover, the variation in various formulation conditions (content and molecular weight of the CS and solid-to-liquid ratio) plays a crucial role in controlling the compressive strength of the composite. The obtained compressive strength values are comparable to those reported for cancellous bone (1.5–45 MPa) [2]. Hence, the formulated composites could be promising biomaterials for biomedical applications in bone defect repair.




4. Conclusions


A three-dimensional hydroxyapatite-chitosan (HA-CS) composite was prepared by a solid-liquid mixing method combined with lyophilization. The effect of different formulation conditions, including the content and molecular weight of the polymer as well as the solid to the liquid ratio, on the composite compressive strength was investigated. An increase in the S/L ratio provoked an improvement in the composite compressive strength of the examined composite. However, an augmentation in the content and molecular weight of the polymer increases the compressive strength of the composite. The HA-CS specimens formulated with the largest polymer content (5 wt%) and the highest S/L ratio (S/L ~1) had the highest compressive strength. The strengthening effect of the polymeric additive could be due to the strong interaction between the inorganic and polymeric phases during the formulation and the reduction in the porosity. The developed composite exhibits qualities that individual apatite does not possess. However, matching the mechanical strength of the bone is not sufficient to make a successful bone implant, as the biological properties (biocompatibility, biodegradability…) also have to be considered. Thus, it is vital to conduct profound in vitro and in vivo studies on the devolved composite before any application as a future bone implant.
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Figure 1. XRD patterns of chitosan (CSM), hydroxyapatite (HA), and hydroxyapatite-chitosan composites (HA-CSM). 
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Figure 2. FTIR spectra of chitosan (CSM), hydroxyapatite (HA), and hydroxyapatite-chitosan composites (HA-CSM). 
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Figure 3. SEM images of the HA-CSM5% composite (5 wt% of CSM) formulated at S/L of 1. 
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Figure 4. Effect of the solid to liquid (S/L) ratio (0.5, 0.7, and 1) and polymer molecular weight on the compressive strength of the HA-CSL5% and HA-CSM5% (5 wt% of CS) composites. 
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Figure 5. Influence of the polymer content (1, 2.5, and 5 wt%) and the molecular weight on the compressive strength of the HA-CS composites formulated at a S/L value of 1. 
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Figure 6. Compressive strength of the HA-CSL5% and HA-CSM5% composites after immersion in KCl (1 mM) aqueous solution. 
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