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Abstract

:

In this work, a thermosensitive poly(D,L-lactide-co-glycolide)-poly(ethylene glycol)-poly(D,L-lactide-co-glycolide) (PLGA-PEG-PLGA) hydrogel was introduced into calcium phosphate cement (CPC) to enhance the anti-washout property of CPC. The effects of the hydrogel on the setting time, injectability, anti-washout property and compressive strength of CPC were thoroughly investigated. The results showed that the hydrogel significantly increased the injectability and anti-washout property of CPC, meanwhile maintained the setting time with an acceptable range. Moreover, the hydrogel improved the initial compressive strength of CPC. The composite cement with 20% v/v hydrogel in the liquid phase showed fine crystals of hydration product, a more compact microstructure and lower porosity compared with control CPC. The analysis of X-ray diffraction (XRD), infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy (XPS) indicated that suitable volume ratio of hydrogel (20% v/v) in the setting liquid of CPC could promote the formation of hydroxyapatite in the early hydration period. The degradation behavior of the cement was characterized by immersion tests in simulated body fluid. The hydrogel had no adverse effect on the degradation rate of CPC over the immersion period of 23 days. This study indicated that incorporating PLGA-PEG-PLGA hydrogel could be a promising strategy to reinforce the handing properties and initial compressive strength of calcium phosphate cement.
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1. Introduction


Calcium phosphate cement (CPC) is generally considered as a promising bone substitution material in the fields of kyphoplasty or vertebroplasty due to its self-setting and biocompatibility [1]. CPC always consists of two phases, -solid particles and liquid, which, upon mixture with each other, form a moldable paste to fill the complex bone defect site and then undergo a hydration reaction, resulting in a strong material–bone interface [2,3]. The final cement product is hydroxyapatite (HA) or brushite phase, which resembles the inorganic components of human bone and thus provides a high level of biocompatibility and osteoconductivity [4,5,6,7].



Unfortunately, the CPC without any additives has a poor anti-washout property and tends to disintegrate when it contacts with body fluids at the surgical site, which may cause severe inflammatory reactions [8]. Decreasing the liquid-to-solid (L/P) ratio was useful to improve the anti-washout property of CPC, but a too low L/P ratio was not able to saturate the particles and result in the delay of setting rate [9]. Many efforts have been devoted to increasing the viscosity of the liquid phase of CPC by adding natural biopolymers, such as sodium polyacrylate (PAAS) [10], gelatin microspheres [11], guar gum [12], locust bean gum [13] and chondroitin sulfate [14] (see Table 1). However, the increase in the anti-washout property is always accompanied by a decline of compressive strength and an extension of setting time [15]. It has been widely reported that the initial mechanical property of CPC is also a critical issue that needs to be addressed, which decides whether the CPC could be strong enough to support bone regeneration [16,17]. Meanwhile, the CPC should have a suitable setting time to provide enough time for surgeons to perform the cement during surgery [18]. It is extremely urgent and necessary to find a new strategy to balance the setting time, injectability, anti-washout property and compressive strength of CPC.



Maazouz et al. [19] suggested that the preferred CPC paste is at a low viscosity when it is mixed and injected, and then rapidly turns to a high viscosity state once it fills the fracture site. The poly(D,L-lactide-co-glycolide)-poly(ethylene glycol)-poly(D,L-lactide-co-glycolide) (PLGA–PEG–PLGA) hydrogel is an aqueous solution containing PLGA-PEG-PLGA triblock copolymer, which consists of hydrophobic PLGA and hydrophilic PEG blocks [20]. This hydrogel is fluid at room temperature, and then rapidly converts to a viscous gel at a temperature close to body temperature via micelle aggregating and entangling [21]. It is usually used in the fields of drug delivery and tissue engineering because it is injectable, thermosensitive and biodegradable [22,23].



Herein, we aim to improve the anti-washout property of CPC by incorporating thermosensitive PLGA-PEG-PLGA hydrogel into the liquid phase of CPC and investigate the effects of PLGA-PEG-PLGA hydrogel on the setting characteristics and initial compressive strength of calcium phosphate cement.




2. Materials and Methods


2.1. Materials and Preparation


The solid particles consisted of α-Ca3(PO4)2 (α-TCP), Ca(H2PO4)2 H2O (Real& Lead Chemical Co., Ltd., Tianjin, China) and CaCO3 (Real& Lead Chemical Co., Ltd., Tianjin, China) at a mass ratio of 90:5:5. The α-TCP was synthesized by calcining a mixture of CaHPO4·2H2O (Chemart Co., Ltd., Tianjin, China)and CaCO3 (Real& Lead Chemical Co., Ltd., Tianjin, China) in a molar ratio of 2:1 at 1300 °C for 4 h. After air quenching, the calcinated α-TCP powder was ground in ethanol for 10 h at a rotation rate of 400 rpm and then dried at 65 °C. The liquid phase contained two parts: 4 wt.% disodium hydrogen phosphate (Na2HPO4) aqueous solution and PLGA-PEG-PLGA hydrogel. The PLGA-PEG-PLGA copolymer was synthesized through ring-opening copolymerization of D,L-lactide (LA) and glycolide (GA) using PEG as a macroinitiator and stannous octoate (Sn (Oct)2) as a catalyst [24]. LA, GA and Sn (Oct)2 were purchased from Sinopharm Chemical Reagent Co., Ltd., China. PEG (Mn = 1500 g mol−1) was purchased from Sigma-Aldrich, Germany. Briefly, 20.25 g PEG was heated at 125 °C under vacuum for 3 h. Then, 36.8 g LA, 9.9 g GA and 56 μL of Sn (Oct)2 toluene solution was added into the system and the mixture was vacuumized to remove the toluene. Subsequently, the mixture was reacted at 150 °C for 12 h to obtain the copolymer. The PLGA-PEG-PLGA hydrogel was prepared by dissolving the copolymer in deionized water at 4 °C.



The preparation process of CPC and PLGA-PEG-PLGA hydrogel/calcium phosphate cement composites (PLGA-PEG-PLGA/CPCs) was shown in Figure 1. The disodium hydrogen phosphate (Na2HPO4) aqueous solution and PLGA-PEG-PLGA hydrogel was simultaneously added into the solid particles and manually mixed with each other to form injectable CPC pastes. The liquid-to-solid ratio was 0.5 mL/g. Then the fresh pastes were compacted into steel mold to obtain cylindrical samples with a size of 6 mm (diameter) × 12 mm (height). According to the different volume ratios of Na2HPO4 solution and hydrogel in the liquid phase, the CPCs were denoted as CPC (100% v/v Na2HPO4), CPC-10 (90% v/v Na2HPO4 and 10% v/v hydrogel), CPC-20 (80% v/v Na2HPO4 and 20% v/v hydrogel), CPC-30 (70% v/v Na2HPO4 and 30% v/v hydrogel), CPC-40 (60% v/v Na2HPO4 and 40% v/v hydrogel), as shown in Table 2.




2.2. Characterization


2.2.1. Setting Time


The setting time of the CPC and PLGA-PEG-PLGA/CPCs was assessed by Vicat needle apparatus (Luda Experimental Instrument Co., Ltd., Shanghai, China) equipped with a light needle and a heavy needle [16,25]. The initial setting time was recorded when the light needle penetrated cement less than 1 mm. The final setting time was defined as the time when the heavy needle was not able not produce a complete circle indentation on the surface of cement. Each composite cement was measured six times.




2.2.2. Injectability


A commercial syringe (inner aperture diameter of 2 mm) was used to measure the injectability of CPC and PLGA-PEG-PLGA/CPCs. Three grams of solid particles and 1.5 mL of setting liquid were poured into the syringe and blended with each other for 60 s to form the paste. Then, we extruded the paste at a crosshead speed of 15 mm/min until a maximum force of 250 N was reached [11]. The injectability of the cement was evaluated as the percentage of paste mass pushed out from the syringe [26]. Each composite paste was measured three times.




2.2.3. Anti-washout Property


The anti-washout property of the CPC pastes was visual inspection of their disintegration under dynamic aqueous environment. The composite pastes were separately injected into simulated body fluid (SBF) at 37 °C and shaken at 60 rpm for 0 and 30 min respectively.




2.2.4. Viscosity Test


The viscosity test of CPC and PLGA-PEG-PLGA/CPCs paste was performed on a rheometer (Waters, DHR-2, Beijing, China). The temperature of the test environment was controlled at 37 °C. 2 g of solid particle was mixed with the liquid phase at liquid to solid ratio of 0.5 mL/g for 2 min and then transferred to the parallel plate for the test.




2.2.5. Compressive Strength Test


The compressive strength of the samples with a size of 6 mm (diameter) × 12 mm (height) was tested on a Universal Testing Machine (MTS, CMT4304, Shanghai, China) at a crosshead speed of 0.5 mm/min. The compressive strength of samples was obtained by the following equation:


Compressive strength (MPa) = 4Fmax/(πd2)



(1)




where Fmax was the maximum uniaxial compressive stress that the samples could understand before failure and d was the diameter of the samples. The compressive strength test was measured four times.




2.2.6. Porosity


The porosity of the samples was measured according to the Archimedes principle [27]. After measuring the dried weight (W0) of samples, the samples were suspended in ethanol under vacuum for 2 h to make the ethanol infiltrate the pores of the samples. Then, we removed the ethanol on the surface of samples and measured the saturated weight (W1) of the samples. Finally, the suspended weight (W2) of the samples in ethanol was weighed. The porosity of the CPC was calculated by the following equation:


Porosity (%) = (W1 − W0)/ (W1 − W2) ×100%



(2)







Five parallel samples were used for the porosity test.




2.2.7. In Vitro Degradation


The as-prepared incompletely hydrated CPC samples were immersed in SBF solution at 37 °C with a surface area-to-volume 0.1 cm2/mL. The SBF solution was refreshed every two days. After a certain time, we took out the samples (initial weight W0) from the SBF solution and measured the pH value of SBF solution using pH meter. The hydrated samples were washed in deionized water and dried at 60 °C until constant weight (Wt) was achieved. The weight loss percentage of each sample was calculated according to Equation (3):


Weight loss (%) = (W0 − Wt)/W0 × 100%



(3)







At least three parallel samples were used for the above test.




2.2.8. Structural and Chemical Analysis


The phase compositions of hydrated cements were analyzed by X-ray diffraction (XRD; Bruker, D8 Advanced, Karlsruhe, Germany) using Cu Kα radiation (40 kV, 40 mA). The functional groups and chemical bonds of the hydrated cements were investigated using Fourier transform infrared spectroscopy (FTIR; Thermo Scientific, Nicolet Is10, Waltham, MA, USA) in the range of 4000–400 cm−1. The chemical compositions and chemical states of the cement surface were determined by X-ray photoelectron spectroscopy (XPS; Kratos, Axis Supra, Manchester, UK) using monochromatized Al Kα X-ray as excitation source. The measured binding energies were calibrated by the C 1s at 284.8 eV. The fracture surface of the cements after gold spraying was observed by scanning electron microscopy (SEM; Hitachi, S4800, Tokyo, Japan).




2.2.9. Statistical Analysis


Data were presented as the means ± standard deviations. Statistical difference was analyzed by SPSS software using one-way analysis of variance (ANOVA) with Tukey’s test. p < 0.05 was considered as a significant level and p < 0.001 was considered to be a very significant level.






3. Result


3.1. Setting Time


The initial and final setting time of PLGA-PEG-PLGA/CPCs and control CPC are shown in Figure 2. With the increase of hydrogel volume ratios from 10% v/v to 40% v/v, the initial and final setting time were prolonged to different degrees. Among them, the addition of 20% v/v hydrogel (sample CPC−20), slightly increased in both the initial and final setting time of CPC from 14 min and 24 min to 15 min and 30 min respectively, providing a wide time window for surgical procedures.




3.2. Injectability


Figure 3 shows the influence of PLGA-PEG-PLGA hydrogel volume fraction on the injectability of CPC paste. It was obvious that the addition of hydrogel greatly improved the injectability of CPC paste. When the volume ratio of hydrogel was 20% v/v (sample CPC-20), the injectability reached to 72.9%, which was about 1.5 times higher than that of CPC. Further increasing the volume ratio of hydrogel, the injectability of composite cement pastes reached an upper limit at about 74.8% at the addition of 40% v/v hydrogel. In other words, the injectability of CPC paste did not increase any further even when the setting liquid was completely replaced by the hydrogel.




3.3. Antiwashout Property


Figure 4 represents the anti-washout property of CPC pastes containing various volume fractions of PLGA-PEG-PLGA hydrogel. When the paste was pushed out from the syringe and contacted with the SBF liquid for a short time, it was found that a few particles were separated from sample CPC, resulting in slightly turbid of SBF, whereas all the SBF solutions containing composite pastes with hydrogel were clear. After being shaken for 30 min, the tubelike shape pastes of sample CPC, CPC-10, CPC-30 and CPC-40 had a significant disintegration, but sample CPC-20 retained a longer tubelike shape paste than other samples.




3.4. Viscosity


The influence of PLGA-PEG-PLGA hydrogel on the viscosity of CPC paste at 37 °C is shown in Figure 5. It could be seen that the hydrogel greatly improved the viscosity of CPC paste, especially for CPC-20: its viscosity far surpassed the other cement paste at low shear rate. As the shear rate increased, the viscosity of PLGA-PEG-PLGA/CPCs paste decreased sharply, showing shear thinning characteristics like CPC.




3.5. Compressive Strength


Figure 6a exhibits the compressive strength of PLGA-PEG-PLGA/CPCs and CPC after soaking for different time periods. With the prolongation of soaking time, the compressive strength of all samples increased progressively, reaching the highest value at different times, and then exhibited a small decline. Sample CPC-10, CPC-20, CPC-30 reached their highest value at 72 h, while that of sample CPC and CPC-40 was 48 h. The highest compressive strength of sample CPC-20 was about 27 MPa, which was greater than that of other samples. The stress–displacement curves of PLGA-PEG-PLGA/CPCs and CPC after soaking for 72 h are plotted in Figure 6b. The sample CPC-20 was able to withstand the maximum stress of 32 MPa during the uniaxial compressive strength until the fatigue failures happened, whereas the sample CPC only withstood the stress of 20 MPa.




3.6. Porosity


Figure 7 shows the influence of PLGA-PEG-PLGA hydrogel on the porosity of CPC. After immersion for three days, the porosity of CPC was 50 ± 2%, while the porosity of CPC-10/20/30/40 was 45 ± 1%, 44 ± 0.5%, 46 ± 2% and 46 ± 1% respectively. It was obvious that the addition of the hydrogel had reduced the porosity, meanwhile there was a significant difference (p < 0.05) between the CPC and PLGA-PEG-PLGA/CPCs group.




3.7. In Vitro Degradation


3.7.1. Weight Loss


It can be seen from the above results that sample CPC-10 and CPC-40 could not meet operation requirements due to the poor injectability and compressive strength, so only sample CPC-20 and CPC-30 were selected in the following study. The weight loss of PLGA-PEG-PLGA/CPCs and CPC after immersion in SBF solution for certain intervals is shown in Figure 8. Before 144 h, the weight loss of composite CPCs and CPC changed apparently, meanwhile the composite CPCs had lower weight loss than CPC. After seven days, the weight loss of CPC slowed down, whereas the weight loss of composite cements began to increase and the weight loss of sample CPC-20 kept up with that of CPC after 21 days.



3.7.2. pH Value


In order to assess whether PLGA-PEG-PLGA hydrogel may lead to an acidic environment, the samples were immersed in SBF solution and the pH value of SBF solution was shown in Figure 9. Although the composite CPCs displaced a relatively lower pH value compared to CPC, the whole pH value was in a mild range from 7.0 to 7.7, which was close to the pH value of human body fluid.






3.8. Phase Composition Analysis


Phase components of PLGA-PEG-PLGA/CPCs and CPC after soaking for three days were shown in Figure 10a,b. The major phases of all samples were carbonate-substituted hydroxyapatite (CHA, PDF#35-0180) and hydroxyapatite (HA, PDF#74-0565), while some residual TCP was also detected (PDF#09-0169). With the volume ratio of hydrogel increasing to 20% v/v, the relative intensity of HA peaks and CHA peaks increased whilst the intensity of TCP peaks decreased (Figure 10b). As the volume ratio of hydrogel continued to rise to 40% v/v (CPC-40), the relative intensity of CHA and HA weakened compared with other samples.




3.9. FTIR Spectra


Figure 11 showed the FTIR spectra of the sample CPC and CPC-20 after soaking for one day and three days. For sample CPC and CPC-20 soaked for one day, the characteristic bands of phosphate ions appeared at about 1034, 960, 601–561 and 470 cm−1, indicating the formation of the HA phase. The double peaks at 1417 and 1456 cm−1 as well as the signal at 874 cm−1 were attributed to CO32− group of carbonate-substituted hydroxyapatite (CHA). The broad band at about 3365 cm−1 was assigned to O–H vibration of water molecules absorbed on HA. With the soaking time increased to three days, the peaks in sample CPC and CPC-20 became more noticeable. In addition, a great difference was that the peaks in sample CPC-20 exhibited stronger absorptions than the corresponding peaks in sample CPC in the same immersion time.




3.10. XPS Spectra


For better understanding the chemical state of the elements in sample CPC and CPC-20, XPS analysis was conducted. As shown in Figure 12a, the major constituents of CPC and CPC-20 soaked for three days were oxygen, calcium, carbon and phosphorus. The high-resolution XPS spectra of C1s, O 1s, Ca 2p and P 2p are shown in Figure 12b–e. The C 1s spectrum of CPC could be deconvoluted into three peaks at 284.8 eV, 286.4 eV and 288.3 eV corresponding to the C–H/C–C, C–OH and carbonate-type carbon respectively. Whereas except for the above peaks as the CPC, the C 1s spectrum of CPC-20 (Figure 12b) showed a new peak at about 289.5 eV, which is attributed to the C=O of the ester groups in PLGA-PEG-PLGA hydrogel. The O 1s spectrum of CPC showed two peaks at 531.0 eV and 532.3 eV (Figure 12c). The peak at 531.0 eV was due to the P=O groups from α-TCP and HA, and the latter peak was assigned to the P–OH of HA. In the O 1s spectrum of CPC-20 (Figure 12c), the peaks of P=O and P–OH groups were found at 531.1 eV and 532.4 eV respectively, meanwhile the peak of C=O appeared at 533.8 eV. Figure 12d showed the Ca 2p spectrum of CPC and CPC-20. The Ca 2p3/2 and Ca 2p1/2 of CPC were located at 347.2 eV and 350.7 eV respectively, while the Ca 2p3/2 and Ca 2p1/2 of CPC-20 were located at the same position as CPC. The P 2p peaks in sample CPC and CPC-20 were fitted at 133.0 eV and 133.1 eV respectively (Figure 12e), indicating that the state of phosphorus was PO43−. Furthermore, the peak of P 2p represented a slight shift toward high energy with the absence of the hydrogel.




3.11. Microstructure


The fracture surfaces of sample CPC and CPC-20 after immersion for three days are shown in Figure 13. For sample CPC, flake-like crystals were observed and these crystals entangled with each other, forming a crystal-entangled cement microstructure (Figure 13a,b). In contrast, the size of crystals in sample CPC-20 was smaller than that in CPC (Figure 13c) and sample CPC-20 exhibited a denser microstructure compared to CPC (Figure 13d).





4. Discussion


In this study, PLGA-PEG-PLGA hydrogel was introduced to calcium phosphate cement as a constituent of liquid phase to improve the injectability and anti-washout property of CPC, and its effect on the setting characteristics and compressive strength of CPC was investigated by standard testing. The results showed that the various volume ratios of hydrogel obviously improved the injectability and anti-washout property of CPC. Moreover, the PLGA-PEG-PLGA/CPCs showed higher compressive strength than CPC after immersion for 72 h. This finding identified for the first time that a thermosensitive hydrogel could enhance the anti-washout property and simultaneously improve the initial compressive strength of CPC.



As an injectable bone substitute, the ideal CPCs should have sufficient flowability to be injected through the needle and an excellent anti-washout property to prevent disintegration during implantation [28,29].The most important feature of PLGA-PEG-PLGA hydrogel used in this study was its sol-gel transition at body temperature, which could maintain the composite cement pastes at a low viscosity in vitro and then instantaneously increase the viscosity of pastes when the pastes were injected into the bone fracture site. Before increasing the temperature to 37 °C, the hydrogel self-assembled into micelles to decrease the exposed surface area of hydrophobic PLGA to water molecules, with hydrophilic PEG segments forming loops on the surface and hydrophobic PLGA blocks becoming the cores of the micelles (Figure 14A) [21].The micelles were soluble in an aqueous environment and the hydrogel kept as a sol on account of the hydrogen bonding between hydrophilic PEG segments and water molecules [20]. When uniformly mixing the hydrogel in sol state with CPC paste at room temperature, the hydrogel dispersed in the CPC paste reduced the frictional resistance derived from the rough surfaces of CPC particles and prevented the particles from forming agglomerates, leading to a low viscosity and homogeneous paste. Therefore, after adding 20, 30 and 40% v/v volume ratio of hydrogel into the liquid phase of CPC, the CPC paste could be easily pushed out from the syringe and the injectability of CPC greatly increased to 72.9% (sample CPC-20) (Figure 3).



As the temperature increased to 37 °C, the hydrogen bonds between PEG and water molecules became weaker and the hydrogel exhibited a sol-gel translation via micellar aggregation and bridging, forming a continuous organic network [30]. This network increased the viscosity of liquid phase rapidly and enhanced the cohesion of CPC matrix (Figure 5). Because of the high viscosity of the liquid phase, the anti-washout property of CPC improved. As shown in Figure 4, the CPC pastes containing hydrogel had fewer fragmentations when they were injected into SBF solution at 37 °C, and sample CPC-20 showed a better anti-washout property than CPC after being shaken for 30 min, which was consistent with the result of viscosity test.



Setting time is of great importance for evaluating the clinical perspective of calcium phosphate cement [31]. Ideally, the initial setting time should be approximately 15 min, the final setting time should under 30 min [31,32]. After adding different volume ratios of hydrogel into the setting liquid of CPC, both initial and final setting time had been prolonged, only the setting time of sample CPC-20 was slightly longer than that of sample CPC and acceptable for clinical use, which was about 15 min and 30 min respectively (Figure 2). The hypothesis that water-soluble polymer with higher hydrophilicity than calcium phosphate (CaP) ceramics would increase the setting time had been reported by previous works [33,34]. Because of the hydrogen bonding between PEG segments and water molecules, the PEG segments possess higher hydrophilicity than CPC particles and extract water from the cement. This high hydrophilicity of PEG segments hindered the dissolution of CPC particles, resulting in an increase of setting time. The difference of setting time among CPC-20/30/40 was mainly due to the existence of a large number of PEG segments in CPC-30 and CPC-40. Due to the existence of a large number of PEG segments, CPC-30 and CPC-40 exhibited a relatively longer final setting time compared with CPC-20.



The early mechanical strength of CPC is a vital aspect requiring more attention that determines the success or failure of the early-stage implant [35]. It is well known that the compressive strength of CPC is related to the hydration reaction of CPC particles, during which the newly formed hydration product precipitated on the surface of the particles and continued to grow to needle-like or flake-like crystals with the progress of the reaction [36,37]. These crystals entangled with each other and made the microstructure of CPC more compact, which would further increase the compressive strength of CPC [38]. Unlike other biopolymers that produced an unfavorable effect on the early strength of CPC, the incorporation of hydrogel had improved the initial compressive strength of the cement (Figure 6). It was worth knowing the effect of hydrogel on the hydration reaction and microstructure of CPC.



Based on the result of XRD, the PLGA-PEG-PLGA hydrogel had influence the phase translation of CPC. As shown in Figure 10a,b, the relative diffraction intensity of HA in PLGA-PEG-PLGA/CPCs (except CPC-40) was higher than that in sample CPC, indicating that the content of HA formed in PLGA-PEG-PLGA/CPCs (except CPC-40) was higher than that formed in CPC. The strong absorptions of typical HA peaks in the FTIR spectra of sample CPC-20 (Figure 11) was in accordance with the XRD results. In the O 1s spectrum of CPC-20 (Figure 12c), the binding energy of the P-OH peak which belonged to HA was 0.1 eV higher than that of the corresponding peak in CPC, confirming that the hydrogel influenced the formation of HA. In the other words, the addition of 20% v/v hydrogel promoted the formation of HA, which accounted for the better compressive strength of PLGA-PEG-PLGA/CPCs as compared to CPC (Figure 6).



The positive effect of PLGA-PEG-PLGA hydrogel on the formation of HA was mainly from the PEG segments which existed on the shells of the PLGA-PEG-PLGA micelles (Figure 14A). As determined by XPS (Figure 12), the binding energies of P 2p (Figure 12e) in CPC-20 moved to high energy compared with the corresponding P 2p peaks in CPC, proving that the hydrogel changed the chemical state of phosphorus in the hydrated cement. A possible process of the hydration reaction of CPC with absence of PEG segments was shown in Figure 14B. The bridging oxygen atom in the hydrophilic PEG segment formed hydrogen bonding with the hydroxyl group in the hydrogen phosphate ions (Step 1). Then, the calcium ions were attracted to the hydrogen phosphate ions by electrostatic force (Step 2). Finally, the calcium ions interacted with the hydroxyl ions in the SBF solution to the nucleation of HA as following Equation (4) [39] (Step 3):


10Ca2+ + 6HPO42− + 8OH−→Ca10 (PO4)6 (OH)2 + 6H2O



(4)







In short, the PEG segments on the surface of the micelles accelerated the nucleation of HA via establishing hydrogen bonds with HPO42−.



Due to the facilitation from the PEG segments of the hydrogel, numerous HA nucleated and grew to flake-like crystals with fine grain size, leading to a reduction of porosity (Figure 7) and a compact microstructure of CPC-20 (Figure 13c, d). According to the Hall–Petch effect, the yield strength of materials is inversely proportional to its crystal size [40]. Meanwhile, the reduction of porosity was beneficial for the mechanical properties of CPC [41]. Therefore, the compressive strength of sample CPC-20 was higher than that of CPC after immersion for three days. The positive effect of PEG segment on the nucleation of HA also contributed to the compressive strength of CPC-30 and CPC-40. Nevertheless, the hydrogel network formed in CPC-30 and 40 was too thick to maintain the compressive strength at high level, considering that the hydrogel network as the second phase in the CPC matrix might destroy the entanglement network of HA crystals.



From the above results, adding appropriate volume ratios of hydrogel into the liquid phase could obviously improve the injectability and anti-washout property of CPC, as well as having the high strength and suitable setting time for surgery. It is necessary to understand the degradation behavior of the composite cements. It was well known that the degradation rate of CPC is too poor to match the rate of new bone formation [42]. As shown in Figure 8, although the weight loss of CPC-20 and CPC-30 was lower than that of CPC before seven days, the degradation rate of CPC-20 had increased and kept up with that of CPC after 21 days, which mainly stemmed from the resorption of CHA and the progressive hydrolyzation of the hydrogel. As shown in the XRD pattern (Figure 10), the CHA was also detected in the hydrated cements. During the formation of HA, the carbonate ions might substitute the hydroxy ions of HA according to Equation (5) [43], taking into account that the CaCO3 was contained in the CPC particles and carbon dioxide gas was present in the SBF solution.


Ca10 (PO4)6 (OH)2 + CO2→Ca10 (PO4)6 (OH)(2−X) (CO3)X + H2O



(5)







The CHA was considered as an optimized biomaterial because it showed better resorption in vivo than stoichiometric HA and had the ability to increase the osteoclastogenesis, which was beneficial for the faster bonding between the implantation materials and human bone [44]. Owing to the high content of soluble CHA in the CPC-20, the weight loss of CPC-20 progressively increased after three days and their compressive strength showed a decline after immersion for 96 h (Figure 6a). On the other hand, the hydrolyzation of PLGA-PEG-PLGA hydrogel also contributed to the weight loss of CPC-20. The hydrolyzation of PLGA copolymer was accompanied by the production of lactic and glycolic acid, which could accelerate the degradation of apatite calcium phosphate cement [45]. As shown in Figure 9, the pH of SBF solution where the CPC-20 and CPC-30 was incubated was relatively lower than that of SBF solution where CPC was incubated, proving the presence of acid byproducts. However, the hydrolyzation of hydrogel did not produce a strongly acidic environment.



In summary, considering the setting characteristics, compressive strength and degradation behavior of PLGA-PEG-PLGA/CPCs, 20% v/v of hydrogel was the optimum volume ratio for the modification of calcium phosphate cement. Furthermore, the particle size of the solid phase could be optimized to reduce the setting time of CPC-20. Meanwhile, more in vitro cytocompatibility assessment and in vivo study should be performed to evaluate the potential application of PLGA-PEG-PLGA/CPCs.




5. Conclusions


In this study, an injectable calcium phosphate cement composite was successfully fabricated by combined with PLGA-PEG-PLGA hydrogel. The hydrogel improved the injectability and anti-washout property of CPC paste by its sol-gel translation, but meanwhile prolonged the setting time of CPC because of the hydrophilicity of PEG segments. When the volume ratio of hydrogel in the liquid phase was 20% v/v, the composite cement had suitable initial and final setting time, which was 15 min and 30 min respectively. Furthermore, the compressive strength of composite cement with 20% v/v hydrogel reached 27 MPa, which was higher than that of CPC and other composite cements. The high compressive strength was attributed to the positive effect of hydrogel on the formation of hydroxyapatite, which led to a compact structure of hydrated cement. In vitro degradation showed that the hydrogel had no negative affect on the overall degradation rate of CPC. Overall, the PLGA-PEG-PLGA hydrogel could be a potential additive to modify the handling properties and compressive strength of CPC.
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Figure 1. Schematic representation of the preparation process of PLGA-PEG-PLGA hydrogel/calcium phosphate cement composites (PLGA-PEG-PLGA/CPCs). 






Figure 1. Schematic representation of the preparation process of PLGA-PEG-PLGA hydrogel/calcium phosphate cement composites (PLGA-PEG-PLGA/CPCs).



[image: Materials 13 05779 g001]







[image: Materials 13 05779 g002 550] 





Figure 2. Setting time of control CPC and PLGA-PEG-PLGA/CPCs (n = 6). * indicates statistically significant differences between groups (** p < 0.001, * p < 0.05). 
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Figure 3. Injectability of CPCs containing different volume fractions of PLGA-PEG-PLGA hydrogel (n = 3, ** p < 0.001). 
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Figure 4. Optical images showing the anti-washout property of PLGA-PEG-PLGA/CPCs and control CPC. The pastes were injected into SBF solution at 37 °C and shaken for 0 min and 30 min. 
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Figure 5. The viscosity versus shear rate behavior of CPC and PLGA-PEG-PLGA/CPCs at 37 °C. 
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Figure 6. (a) The compressive strength of PLGA-PEG-PLGA/CPCs and CPC after immersion for different times; (b) stress vs. crosshead displacement curves of sample CPC and PLGA-PEG-PLGA/CPCs soaked for 72 h (n = 4). 
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Figure 7. The porosity of CPC and PLGA-PEG-PLGA/CPCs after immersion for three days (n = 5, ** p < 0.001, * p < 0.05). 
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Figure 8. Weight loss% of sample CPC, CPC-20 (20% v/v hydrogel/CPC composite) and CPC-30 (30% v/v hydrogel/CPC composite) during degradation studies (n = 4, * p < 0.05). 
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Figure 9. Change in pH value of SBF solution during PLGA-PEG-PLGA/CPCs degradation studies (n = 4). 
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Figure 10. XRD pattern of sample CPC and PLGA-PEG-PLGA/CPCs after immersion for three days (a) and enlarged image from 25 to 36 degrees (b). 
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Figure 11. FTIR spectra of sample CPC and CPC-20 after immersion for one day and three days. 
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Figure 12. XPS spectra of the surface of CPC and CPC-20 after soaking for three days. (a) Wide scan XPS spectra; (b) C 1s; (c) O 1s; (d) Ca 2p; (e) P 2p. 
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Figure 13. The microstructure of sample CPC after soaking for three days (a,b) and sample CPC-20 after soaking for three days (c,d). 
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Figure 14. (A) The structure of PLGA-PEG-PLGA copolymer. (B) Schematic illustration showing the effect of PLGA-PEG-PLGA hydrogel on the hydration process of CPC. 
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Table 1. Composition and physicochemical properties of other studies concerning CPC.
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	Solid Phase
	Liquid Phase
	Setting Time

(min)
	Compressive Strength (MPa)
	Injectability

/Anti-Washout Property
	Ref.





	Partially crystallized calcium phosphate (PCCP), CaHPO4 (DCPA), HA, PAAS
	Deionized water
	Ti = 11

Tf = 30
	23.4
	yes/well
	[10]



	CaHPO4, Tetracalcium phosphate (TTCP), gelatin microspheres
	6 wt% Na2HPO4 solution
	Ti = 14

Tf = 25
	6.5
	yes/not researched
	[11]



	PCCP, DCPA
	KGM/GG solution
	Ti = 10

Tf = 20
	15
	yes/well
	[12]



	PCCP, DCPA
	1% LBG solution
	Ti = 16

Tf = 40
	15.9
	yes/well
	[13]



	Alpha tricalcium phosphate (α-TCP), CaCO3, HA
	2% Chondroitin Sulfate solution
	Ti = 7

Tf = 53
	22
	high/poor
	[14]
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Table 2. Composition of the setting liquid for preparing the composite cement.
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	Samples
	Na2HPO4, % v/v
	PLGA-PEG-PLGA Hydrogel, % v/v





	CPC
	100
	0



	CPC-10
	90
	10



	CPC-20
	80
	20



	CPC-30
	70
	30



	CPC-40
	60
	40
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