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Abstract

:

Magnetic biomimetic scaffolds of poly(L-lactide) (PLLA) and nanoparticles of magnetite (nFe3O4) are prepared in a wide ratio of compositions by lyophilization for bone regeneration. The magnetic properties, cytotoxicity, and the in vitro degradation of these porous materials are closely studied. The addition of magnetite at 50 °C was found to produce an interaction reaction between the ester groups of the PLLA and the metallic cations of the magnetite, causing the formation of complexes. This fact was confirmed by the analysis of the infrared spectroscopy and the gel permeation chromatography test results. They, respectively, showed a displacement of the absorption bands of the carbonyl group (C=O) of the PLLA and a scission of the polymer chains. The iron from the magnetite acted as a catalyser of the macromolecular scission reaction, which determines the final biomedical applications of the scaffolds—it does so because the reaction shortens the degradation process without appearing to influence its toxicity. None of the samples studied in the tests presented cytotoxicity, even at 70% magnetite concentrations.
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1. Introduction


Over the past decade, the use of porous matrices in tissue engineering has assumed great importance and, specifically when combined with magnetic materials, they are the subject of in-depth research into their properties. Among the most promising examples of applications from various fields are biomedical applications, and especially bone tissue regeneration [1,2,3]. Regenerative tissue medicine seeks to offer new solutions for the recuperation of both the structure and function of damaged tissues. Scaffolds are porous biomaterials designed to provide an initial mechanical support and a niche for transplanted cells, which promote cell adhesion, proliferation, and differentiation [3]. The time taken for the formation of bone tissue, until the bone recovers full functionality, is quite lengthy (in some cases from six to nine months). For recuperation to follow, various angiogenic proteins some with growth factors must exist in the neighborhood of the scaffold [4,5,6]. The use of growth factors improves the proliferation functions and the differentiation of the cells on the porous matrix, although they have a very short life and quickly lose their functional properties [6,7,8,9]. The principal limitations of the scaffolds are related to the difficulty of controlling cellular differentiation and the processes of angiogenesis, as well as having a stable implant in the pathologically affected area. It is commonplace that bone regeneration is assisted by mechanical stresses originating from the piezoelectric character of hydroxyapatite [10]. Stimulation from an external magnetic field improves the permeability of the cellular membrane, regulates the concentration of calcium ions, and activates channels of cellular signaling, resulting in greater cellular adhesion, proliferation, and differentiation, and therefore an acceleration of bone regeneration [9,11,12].



To obtain magnetic forces from external fields, magnetic nanoparticles must be added to the porous matrices so that they become magnetic, producing osteoconduction through external magnetic fields. For this reason, the study of magnetically charged scaffolds is of great interest in matters of bones.



Uncoated magnetic nanoparticles tend to agglomerate, are not stable (tending to oxidize) and are harmful for good health. Hence, biodegradable and biocompatible polymers are used to cover them and to form porous matrices that contain them. Polyesters such as PLLA [13], poly(ε-caprolactone) (PCL) [14], poly(Lactide/ε-caprolactone) (PLCL) [15], and poly(Lactide-co-Glycolide) (PLGA) [16] among others have been studied, due to their biodegradability and biocompatibility, as well as ease-of-processing with different techniques such as lyophilization [14] and electrospinning [16], etc.



The fabrication technique for tissue engineering scaffolds depends on the bulk and surface properties of the material and the proposed function of the scaffold. While each method presents distinct advantages and disadvantages, the appropriate technique must be selected to meet the requirements for the specific type of tissue [17,18].



The manufacture technique used in this paper was thermally induced phase separation (lyophilization), a technique that permitted homogeneous dispersion of magnetic nanoparticles (MNPs). Other researchers have manufactured PLLA scaffolds with a lower percentage of nFe3O4 (5%, 10% and 15% (w/w)) [2,3]. However, there are not any previous studies at concentrations of 30–70% magnetite in the polymeric matrix. Some authors [19,20] have studied the presence of bio-active particles, such as bioglass, SiO2, and nHA, but we are unable to find other reports in the literature of magnetite bonded to the porous matrices that causes a scission of the macromolecular chains and its effects on cytotoxicity, magnetism, and in vitro degradation, and therefore possible biomedical applications.




2. Results


2.1. Cytotoxicity


The sample cytotoxicity is an essential parameter for the scaffold to be used in tissue engineering applications. The cytotoxicity of PLLA and PLLA-nFe3O4 samples was evaluated, according the ISO standard 10993-5, with MC3T3-E1 pre-osteoblast cells. This study was performed after 24 h and 72 h (Figure 1). None of the samples studied in the tests presented cytotoxicity, even at 70% magnetite concentrations.




2.2. Magnetic Analysis


Data normalized to the sample mass, determined by an analytical balance down to ± 0.05 mg was within the overall measurement accuracy of 1% for different pieces of the same scaffold, thus indicating the homogeneous distribution of nFe3O4 in the scaffolds. Correction of the PLLA diamagnetism was irrelevant even at the lowest nFe3O4 concentrations.



The amount of MNPs of the scaffolds, however, was not exactly nominal, as deduced from the saturation magnetization—that’s why we recalculated the magnetite content in each of the prepared scaffolds using the pure nFe3O4 as a reference, and disclosed the actual nFe3O4 content in the scaffolds to be used as a more accurate value for further discussion.



Figure 2 shows the hysteresis loops of the PLLA-nFe3O4 scaffolds at 37 °C. Magnetic parameters, as saturation magnetization measured at 1.5 Tesla (Ms) and coercive field (µ0Hc), are listed in Table 1. All the samples studied, Fe3O4 nanoparticles and PLLA-nFe3O4, had the coercivity ≈ 12 mT. The true content of nFe3O4 was recalculated from the experimental value of the magnetization and is also displayed in the table. After such a renormalization, the actual composition range covered by this study is shown to extend up to 80% in weight.



The ferromagnetic (FM) character of the nanoparticles was also clear from the rapid saturation of the magnetization. As the coercivity is the same for all samples, we can conclude that the interaction among the magnetite particles is not important, being well dispersed in the matrix.




2.3. SEM


SEM is a useful tool for studying morphological surface changes in polymeric materials to gain further insight into hydrolytic degradation. SEM images of the different compositions of PLLA and composites of PLLA-nFe3O4 are showed in the micrographs of Figure 3. All samples studied had a higher porosity and a good level of interconnectivity—this level is of great importance in relation to vascularization and nutrient distribution throughout the tissue. The surfaces of all samples were relatively smooth before and after degradation.




2.4. Water Absorption and pH


Water absorption into the scaffolds of PLLA is essential for hydrolysis in order to occur within the bulk, otherwise in vitro degradation can only occur at the surface. Figure 4 shows that, over the time of degradation, the water uptake of the different samples increased over four weeks of incubation, and the samples with 30% and 50% magnetite absorbed the highest levels of PBS 150 and 200%, respectively. Scaffolds with 10% and 30% magnetite from the fourth weeks of in vitro degradation decreased the percentage of absorbed water.



Figure 5 shows the pH changes of the PLLA and PLLA-nFe3O4 composite scaffolds as a function of in vitro degradation time. With respect to the PLLA system, there was a minimal linear diminution in the value of the pH between 7.22–7.13 (<2%), however the values of the PLLA-nFe3O4 fluctuated between 7.2–7.09.




2.5. Infrared Spectroscopy (FTIR)


In Figure 6, we see that some of the PLLA bands with magnetite additions present some significant shifts with respect to that of PLLA. Some slight changes in position of the bands, at 1754 cm−1 (stretching C=O), 1263 cm−1 (flexion C=O), 1186 cm−1 (stretching -C-O-), and 1087 cm−1 (tension -C-O-), are observed.



In Figure 7a,b, we can see that the FTIR of the PLLA-30%nFe3O4 and the PLLA-70%nFe3O4 respectively. The FTIR spectra of PLLA-30%nFe3O4 remained inalterable before and after 25 weeks of degradation, there are no appreciable changes, as might be expected. The FTIR spectra of PLLA-70%nFe3O4 presented in the band of 1087 cm−1 (tension -C-O-) some shifts after 25 weeks of degradation.




2.6. Mass Loss and Weight Loss


The GPC technique determines the changes to the length of macromolecular chains in the polymer caused during the formation and in vitro degradation of the scaffolds. These porous matrices did not have mass loss higher than 3%, which indicates that there had been almost no degradation throughout the incubation period of 25 weeks in PBS.



In Table 2, we can see that the molecular weight (Mw, Mn) decreased and the polidispersity index (I) of the scaffolds increased as a result of the hydrolysis process in the in vitro degradation, and also by the addition of magnetite for the non-degraded samples.




2.7. Differential Scanning Calorimetry (DSC)


In Table 3, the thermal properties of the PLLA-nFe3O4 system are shown and its evolution against the degradation time.



It may seem that the fusion peak presents no major changes in its form and position for compositions with a nanoparticle content of less than 50%, which indicates that there have been no major changes in its crystalline structure. Furthermore, it is possible to see that the value of the melting temperature (Tm) remains invariable, at ≈183 °C, the value of the melting enthalpy (ΔHm) is reduced to 19.9 and to 11.7 J.g−1, respectively, contrastable with the value of 41.1 J.g−1 for the pure polymer.





3. Discussion


Poly-lactones such as poly(L-lactide) are becoming the most commonly used synthetic biodegradable polymer in tissue engineering due to their excellent mechanical property profile, thermoplastic processability, and biological properties such as biocompatibility and biodegradability [21]. Thus, this polymer has been widely used to develop new platforms for tissue engineering, and the introduction of nanoparticles in this polymer can increase their applicability in some areas such as cell mechanotransduction, gene delivery, or thermal stimulation [20,21,22,23,24]. It is reported that nano-magnetite particles, such as Fe3O4 nanoparticles, increase osteoconductive effect [22,23]. Further, it has been reported that the cytotoxicity of Fe3O4 nanoparticles depends on their concentration in the polymer matrix [24]. Thus, it has been demonstrated that the introduction of different Fe3O4 content up to 40% in PLLA matrix leads to not cytotoxic composites [25], however, there are no studies up to 70%. Figure 1 shows that, after 72 h, neat PLLA is not cytotoxic once the cell viability reduction is less than 30%, in concordance with the literature [26,27]. Relative to the PLLA-nFe3O4 composites, it is observed that these samples are not cytotoxic up to 72 h. From the results obtained, it is verified that the Fe3O4 are properly encapsulated by the polymer, confirming that these porous nanocomposites can be used as scaffolds for bone tissue engineering under dynamic conditions (applied magnetic field) [28,29].



The proper characterization of the materials is important to assess the conditions of their applicability. Thus, Table 1 shows that the coercivity of the initial nFe3O4 and of all the composite scaffolds was almost the same: µoHc ≈ 12 mT. This coercivity is slightly lower than other values found in the literature, which are about 18–20 mT [30]. The value of the coercivity is high enough to rule out any kind of superparamagnetism, and confirms the ferromagnetic (FM) character of the nFe3O4, as expected from its particle size (≥30 nm). FM behavior is also supported by the rapid saturation of the magnetization. The strictly constant coercivity, up to the largest nFe3O4 concentrations, indicates the homogeneous dispersion of the nanoparticles in the PLLA matrix.



The matrices manufactured with magnetite maintain an internal structure of ladder-like open tubular pores, similar to those manufactured with pure PLLA, a typical morphology formed by the solid-liquid phase separation process [11,12] showing a continuous structure of interconnected pores (Figure 3). Solvent crystallization can induce phase separation when the temperature is lowered to produce a solid–liquid phase separation, the solvent crystallizes and the polymer is expelled from the crystallization front of the solvent, so the polymeric solution undergoes a solid-liquid phase separation [14]. The walls of the pores consisted of PLLA and nFe3O4 particles, homogeneously distributed in the polymeric PLLA matrix. At low magnification, they reveal the anisotropy of the pores and the presence of defects within the structure. Those defects are due to the solidification of the mixture and occluded air bubbles. The aluminum molds used for their manufacture are very conductive, for which reason the solidification of the mixture started on the walls of the mold, creating cavities towards the interior. This, together with the direction of freezing, favored the appearance of interconnected pores through channels.



We can see in Figure 3 that the addition of nFe3O4 slightly reduces the average pore size from 100 μm for PLLA to 80, 70 and 60 μm, for the compositions of 30%, 50%, and 70% nFe3O4, respectively. The introduction of nFe3O4 particles upset the crystallization of the 1,4 dioxane and modified the growth pattern of the crystals making them more irregular [30,31,32,33]. The result was a more irregular and anisotropic tubular structure, due to the temperature gradient, the parallel channels in the direction of crystallization of the dissolvent [31], and with smaller pores provoking the enlargement of the walls. As the nanoparticle proportions increased, so too did the quantity of piled-up particles and the ruggedness of the surface texture of the pore wall increased.



The internal structure of the original pores was basically maintained in all the samples after 25 weeks of in vitro degradation. However, a slight increase in pore size (≈ 25%) was found, as can be seen in SEM micrographs, which meant that the morphology of the surface was thicker in contrast with the original morphology. At high enlargement, a very porous structure was seen with the fusion of small pores [34]. As from week 16 of degradation, a large quantity of micropores appeared on the walls of the polymeric matrix. The polymeric matrix of the composition 70% nFe3O4 had a similar appearance to cotton.



Greater crystallinity and greater molecular weight will mean less absorption of PBS, because the diffusion of the solution inside the polymer is easier through the amorphous zones than through the crystalline zones. Hence, the samples under analysis present high levels of swelling (see Figure 4).



Comparing the study samples, it was found that the absorption of PBS increased with the percentage of nanoparticles, nFe3O4 also increased (Figure 4), and the scaffolds presented lower crystallinity (Table 3) and as expected were also of lower molecular weight (Table 2), which facilitates greater diffusion of the solution with a higher proportion of amorphous parts into the polymer interior [35,36,37]. Water absorption curves show that the introduction of magnetic particles increased their capacity to absorb water, the samples with the highest quantity of nanoparticles absorbing the highest levels of PBS, which has also been observed by other authors [36,37,38]. Such a behavior was expected in a composite polymer material that is hydrophobic, whereas magnetite is very hydrophilic. Water is a degradation medium and its absorption levels are determined by the balance between the oligomer dissolution rate and the water uptake of residual material in the solution.



The variation in pH gives us an idea of the level of acidic residue liberation in the PBS solution and therefore insight into the degradation process (Figure 5). Stabilization of the pH was due to the neutralization of the nanoparticles from the acidic degradation products of this poly-α-hydroxy acid. The PLLA and PLLA-10%nFe3O4 samples underwent the highest variation in pH, justifiable by the lower quantity of basic and hydrophilic nanoparticles present in its contents.



The spectra of the PLLA-nFe3O4 (Figure 6) showed typical bands of polymer slightly displaced from 1748 cm−1 to 1754 cm−1 (stretching C=O) of the PLLA carbonyl groups, interacting with the iron cations on the magnetite surface [39,40,41], from 1260 to 1263 (flexion C=O), from 1180 to 1186 (stretching –C-O-) and from 1080 to 1087 (tension –C-O-) [40], which is an indicator that an interaction exists between the nanoparticles and the polymer.



In addition, in the porous matrices prepared with magnetite, a distinctive peak appeared at 578 cm−1 assigned to the vibration of the Fe-O bond of MNPs, not all of which is visible, but it can be estimated at ≈600 cm−1 [41,42]. The band became clearer for the scaffolds with higher contents of MNP.



The use of an ATR (attenuated total reflectance attachment) only allowed us to make a qualitative analysis. In the FTIR of the PLLA-nFe3O4 samples, we see that the frequencies or stress modes of the carbonyl group appear to be displaced at higher numbers and wave lengths, in the order of 3, 6 and 7 cm−1, which suggests the strength of the bond, C=O, has changed. It should be taken into account that the frequency and the constant of force for a particular bond are expressed in equation ν = (K/m)1/2/2Π [43] where K is the constant force, m is the mass, and ν is the frequency. In addition, the maximum peak belonging to the carbonyl group of the polymer is displaced in equal proportion to the composition of the metal, as Kurimura et al. demonstrated [44]. It is possible that metallic complexes have been formed through the ester PLLA group and the metallic ions of the magnetite.



In Figure 7a we can see that the FTIR of the PLLA-30%nFe3O4 remained inalterable before and after 25 weeks of degradation. The IR spectra PLLA-70%nFe3O4 presented in the band of 1087 cm−1 (tension -C-O-) some shifts after 25 weeks of degradation (Figure 7b). In Figure 7a,b no bands were observed of at 1570 cm−1 corresponding to the final carboxylic acid groups that should have formed in the process of degradation [45], probably due to the polymer scission process having formed cyclic chains with more compact formations that lead to lower densities of the molecular bonds and greater diffusiveness.



In a typical process of PLLA degradation, the mass of the samples could be maintained in a first stage, followed by a strong loss of polymer mass [35,46,47] that could indicate the advance of the in vitro degradation process. Our samples barely had a 3% mass loss which indicates that we are in a first stage of the degradation process; these results do not coincide with the works of other authors [46,47], they observed to lose more mass in the PLLA. However, the molecular weight decreased (Table 3). The introduction of nanoparticles in the polymer matrix caused their molecular weight to be reduced by 56.8%, 57.7%, and 78% for samples of PLLA-10%nFe3O4, PLLA-30%nFe3O4 and PLLA-50%nFe3O4 respectively. When the nanoparticles are introduced into the scaffolds, their metallic cations interact with the carbonyl groups of PLLA and provoke macromolecular chain scissions, forming a type of metal-polymer complex that in turn shortens the chains before the onset of the in vitro degradation process [48]. This all agrees with the FTIR results, in which there are stretching and flexural displacements of all the bands of C=O, and stress displacements of -C-O-. The complexes are formed between those parts of the polymer that function as acceptors and the metallic cations that do so as electron donors. The metallic cations of iron, from the sources of magnetite, acted as catalysts provoking macromolecular scission. We can see a lowering of the values of Mw and Mn as the nanoparticle content and the polydispersity value increases, as might have been expected. So, more chains of shorter length and of varying molecular weights are formed.



During the process of in vitro degradation, the fraction of short chains increased, while the average molar mass by weight diminished. The polydispersity index slightly increased as the molecular weight decreased. The evolution of the properties presented in this study suggested that the polymer was in its first stages of degradation, at least during the 25 weeks of this study. There were no signs of transition towards the second stage of degradation, as indicated by the absence of changes in mass and morphology [49].



In Table 2, the molecular weights of the PLLA-nFe3O4 scaffolds, once measured, were higher than 50,000 g.mol−1, which means that their application in bone fixation devices is feasible [36,50], although the scission of the macromolecular chains provoked by the metallic cations present in the magnetite will diminish its degradation time and therefore limits its applications. It is necessary for the scaffold to have adequate mechanical properties and these depend on the molecular weight during the degradation process.



The crystallization temperature (Tc) of the scaffolds with 20%, 30%, 50%, and 70% nFe3O4 increased (by 102, 103, 118, and 112 °C respectively) with respect to the pure polymer and the composition with 10%nFe3O4 (PLLA) (96 °C). In other words, the porous PLLA matrices started to crystallize slower than the pure PLLA and the composition of 10%nFe3O4. This cycle suggests that the particles of nFe3O4 do not act as agents of nucleation on the crystallization of the PLLA. Crystallinity (Xc%) dropped from ≈39% in the pure polymer to a value of 11% in the scaffold with a higher quantity of nanoparticles, which dramatically modified the polymer, lowering the degree of crystallinity of the PLLA, complicating crystallization, and reducing the mobility of the chains [41,50].



The value of the polymer crystalline fraction (CF%) considerably increased with the addition of nanoparticles, from 6% for the pure polymer up to ≈73% in the composition with 50% nFe3O4. CF%, which is linked to reductions in the length of the polymeric chains. If the length of the polymeric chain is reduced by the addition of nanoparticles, the shortest chains will crystallize more easily in the second scan, increasing the value of CF% and reducing crystallinity [37].



The crystalline fraction (CF%) simultaneously increased in almost inverse proportionality with the crystallinity. This is a behavior that might be related to the polymeric chain length. The samples with the lowest crystallinity had shorter polymeric chains where they were affected by degradation and therefore showed a loss of order (i.e., lower crystallinity)—in the second run, these shortened polymeric chains, due to their reduced molecular weight, were able to crystallize, with a consequent increase in CF%. It may, therefore, be affirmed that the samples with the lowest polymer crystallinity and the highest CF correspond to the lowest polymeric chain length [51]. The addition of large amounts of particles (50% and 70%) make the crystallization process difficult although the length of the chains is shorter and that is why we find that for concentrations ≥ 50% of nanoparticles the behavior is different than expected. This behavior also justifies the Tg values obtained.



The particles act as physical restrictions, reducing the mobility of the polymer chains, producing an increase in Tc and a slight increase in the value of Tg at 56 °C and, in the pure PLLA, at 63 °C for contents of 50%nFe3O4.



The addition of up to 10%nFe3O4 had no significant effect on the characteristic temperatures of the scaffolds: Tg, Tm, Tc [44]. Both Tg and Tc underwent greater variation with larger quantities of nanoparticles.



In summary, the samples with a higher content of nanoparticles are of lower crystallinity and have higher enthalpies of fusion. This difference is due to the increased rigidity of the polymeric chains, verified in the crystallinity percentage and the glass transition temperature.



The value of Tg diminished for the degraded samples due to the reduction of molecular weight. During degradation, the long macromolecular chains were broken into other shorter chains, yielding a reduction in molecular weight, results which agreed with those obtained by [45,46]. The compositions of 10% and 30% nFe3O4, and the Tg increased to higher temperatures and Tm decreased. After 25 weeks of degradation, this may be attributed to weaker mobility of the PLLA polymer chains, due to the presence of crystalline domains [47]. The principal partially degraded chains of PLLA might be the principal factor for these changes of temperature. The crystallinity of these two compositions (10% and 30% of nanoparticles) increased, contrarily to other compositions which diminished.



The melting temperature (very dependent on the molecular mass) moved to slightly lower values in all the compositions, as well the degradation time increased, and the higher the melting temperature, then the lower the Tg, associated with a lower thickness of the lamellae.



In conclusion, magnetic biomimetic porous devices of poly(L-lactide) and higher quantities of magnetite nanoparticles appear to be viable for bone regeneration, despite the addition of magnetite that produces macromolecular chain scissions caused by the catalytic action of iron cations and gives rise to PLLA complexes with iron and cyclic polymers. There nevertheless appears to be no influence either on cytotoxicity or on the magnetic properties of the scaffolds manufactured in this way. The shortening of the polymeric chain length reduced their degradation time and will therefore limit their application in subsequent biomedical applications.




4. Materials and Methods


4.1. Materials


The PLLA of a weight-average molecular weight Mw = 141.940, Mn = 95.680 and the polydispersity index (PI) Mw/Mn = 1.48 were supplied by Purac Biochem, Gorkum, The Netherlands. The magnetite particles were supplied by Sigma-Aldrich, (Darmstadt, Germany). The particle size ≈ 50 μm and density of 2.75 g cm−3. Phosphate-buffered saline (PBS) solution purchased from Fluka Analytical (Sigma-Aldrich, Saint Louis, MO, USA), was used as the degradation fluid at a pH of 7.2.




4.2. Fabrication of PLLA/nFe3O4 of Porous Devices


Scaffolds of PLLA polymer were prepared by freezing and freeze-drying processes (LyoQuest of Telstar, Barcelona, Spain), using 1,4 dioxane (Panreac, Barcelona, Spain) as a solvent. Briefly, a polymer dissolution was prepared at a polymer weight to solvent volume ratio of 2.5% (w/v), by stirring for 2 h at a temperature of 50 °C after its complete dissolution. Different amounts of magnetite particles were added to the polymer solution, which was then sonicated for 20 min, for dispersal within the polymer matrix and no agglomerates were formed. The resultant solutions yielded highly porous composite scaffolds over seven days, containing different proportions of nFe3O4 by total mass of polymer (0%, 10%, 20%, 30% and 70%), which were manufactured by lyophilization, using freezing and freeze-drying processes (LyoQuest of Telstar, Barcelona, Spain) for eight days to extract the solvent completely.




4.3. In Vitro Degradation


The scaffolds were cut into 0.5 cm2 rectangular pieces, weighed, and immersed in test tubes filled with 15 mL of PBS, in order to study the in vitro degradation process. The test tubes were placed in an incubator at 37 °C. The samples were then recovered after 4, 8, 12, 16, 20, 25 weeks and weighed for the determination of water absorption levels. Any pH alteration of the PBS was recorded with a pH meter PCE 228 (PCE Instruments, Pons, Alicante, Spain). The degraded samples were dried to a constant weight in a freeze-dryer and the following equation was used to calculate both the water absorption (Wa%) and the weight loss (WL%) percentages:


  Wa % =    W w  −  W r     W r    × 100  



(1)




where, Ww is the weight of the wet sample after removing the surface water and Wr is the weight of a dry sample after degradation.


   W L  % =    W 0  −  W r     W 0    × 100  



(2)




where W0 is the original mass of the scaffold.




4.4. Cytotoxicity


For the in vitro assays, membranes with 0.1 mg.mL−1 were cut and sterilized by UV for 2 h before cell seeding (1h each side). After that, the samples were washed five times with PBS solution for 5 min each. The indirect cytotoxicity evaluation of the samples was conducted by adapting the ISO 10993-5 standard test method.



Briefly, the conditioned media were prepared by immersing the samples in a 24-well tissue culture polystyrene plate with DMEM containing 4.5 g.L−1 glucose supplemented with 10% FBS and 1% P/S, at 37 °C in a 95% humidified air containing 5% CO2 and incubated for 24 h.



At the same time, the MC3T3-E1 cells were seeded in the 96-well tissue culture polystyrene plate at the density of 2 × 104 cells.mL−1 and incubated for 24 h to allow the cell attachment on the plate. After this time, the culture medium from the 96-well tissue culture polystyrene plate was removed and the as-prepared conditioned media (from the samples) were added to the wells (100 µL). Afterward, the cells were incubated for 72 h and after this time, the evaluation of the cell viability was quantified with MTT assay. A 20% of DMSO was used as a positive control and the cell culture medium was employed as negative control. The MTT assay measures the mitochondrial activity of the cells, which reflects the viable cell number. At this time point (72 h), the medium of every well was removed and fresh medium containing 10% MTT solution (stock solution of 5 mg MTT.mL−1 in PBS) was added. After 2 h of incubation, the MTT crystals were dissolved with DMSO and the optical density was measured at 570 nm in a microplate reader (Bioteck).



All quantitative results were obtained from four replicate samples and controls and were analysed as the average of viability ± standard deviation (SD).



The percentage of cell viability was calculated with the Equation (3).


   Cell   viability   ( % )  =    absorbance   of   sample     absorbance   of   negative   control    × 100  



(3)








4.5. Magnetic Analysis


Magnetic measurements were performed in the General Services for Research (SGIker) of the University of the Basque Country, using a vibrating sample magnetometer (VSM) at physiological temperature of 310 K (37 °C) in the magnetic field range of ± 1.8 Tesla (18 kG). Magnetic field resolution was 20µTesla (0.2 G), and moment sensitivity 10−8 Am2 (10−5 emu). The magnetometer was calibrated with pure (99.995%) nickel. The measuring protocol was as follows: the sample was introduced in the VSM at zero magnetic field and the field was increased to 1.8 Tesla in order to saturate the magnetite. Afterwards, measurements were performed while the field was decreased in steps of 0.1 Tesla (1 kOe) down to 0.3 Tesla. Then, the field step was reduced to 0.02 Tesla and the field further decreased to −0.3 Tesla. For the range −0.3 Tesla to −1.8 Tesla, the step was again 0.1 Tesla once the minimum field was attained. The same procedure was followed for the reverse path, i.e., from −1.8 to + 1.8 Tesla to close the loop.



Magnetization data were normalized to the sample mass, determined by an analytical balance down to ± 0.05 mg. In all cases, overall accuracy in the magnetic moment better than 1% was achieved for the magnetic characterization. A pristine PLLA sample was also measured to correct for the diamagnetism of the matrix. Such a correction was irrelevant even at the lowest nFe3O4 concentrations.





5. Differential Scanning Calorimetry (DSC)


Thermal transitions of scaffolds were studied by differential scanning calorimetry (DSC) measurements with a TA Instruments DSC Q-200. Samples (≈5 mg) of porous matrices were heated from 0 °C to 200 °C at a rate of 10 °C.min−1 (first run). Following that treatment, the samples were quenched, and a third scan was conducted from 0 °C to 200 °C, in which the thermal transitions of the material were determined. The first scan was used to record the melting temperature and the fusion heat. The melting temperature, Tm, was noted as the maximum value of the melting peaks, and the mid-point temperature of the glass transition was determined as the glass-transition temperature, Tg. Crystallinity, Xc, was calculated with the Equation (3):


Xc (%) = 100 × (∆Hmelt − ∆Hcrystallization)/∆H100%



(4)




where ∆Hmelt (J g−1 of the crystalline polymer) is the enthalpy of fusion of the specimen and ∆H100% is the enthalpy of fusion of a 100% crystalline polymer—which, for PCL, was ΔHm0 = 93 J/g J.g−1. The crystallizable fraction (CF%) of the samples was calculated with the Equation (2):


CF (%) = 100 × (∆Hc/(∆Hm)



(5)








6. Infrared Spectroscopy (FTIR)


Infrared spectra of these scaffolds were recorded on a ThermoNicolet AVATAR 370 Fourier-transform infrared spectrophotometer (FTIR, Thermo Electron Corporation, MA, USA) equipped with an attenuated total reflectance attachment, a, and a ZnSe crystal. Spectra were taken with a resolution of 4 cm−1 and were averaged over 32 scans. The absorbance of all the studied samples was within the absorbance range in which the Lambert–Beer law is obeyed.




7. Gel Permeation Chromatography (GPC)


The molecular weight (g.mol−1) of the samples was determined by GPC using a Perkin Elmer 200, Waltham, MA, USA in tetrahydrofuran (THF). Calibration adhered to polystyrene standards at a flow rate of 1ml.min−1. Three replications have been made for each sample.







Author Contributions


J.M.B., S.L.-M., M.B.V., S.R. and E.D. concived and designed the experiments; M.B.V. and S.R. performed the experiments; J.M.B., S.L.-M., M.B.V., S.R. and E.D. analyzed the data; J.M.B. and E.D. contributed reagents/materials/analysis tools; E.D. wrote the paper.




Funding


This work was supported by the Spanish Ministry of Economy and Competitiveness (MINECO) through the project MAT2016-76039-C4-3-R (AEI/FEDER, UE) and from the Basque Government Industry Department under the ELKARTEK, HAZITEK and PIBA programs. Supported by the Portuguese Foundation for Science and Technology (FCT) in the framework of the Strategic Funding UID/FIS/04650/2013, project POCI-01-0145-FEDER-028237 and grant SFRH/BD/111478/2015 (S.R.) is acknowledged.




Acknowledgments


Technical and human support provided by SGIker (UPV/EHU, MICINN, GV/EJ, ERDF, and ESF) is gratefully appreciated.




Conflicts of Interest


The authors declare no conflicts of interest.




Abbreviations




	PLLA
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	PCL
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	preosteoblast cells
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	FTIR
	Fourier-Transform Infrared Spectroscopy
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Figure 1. Cell viability of MC3T3-E1 pre-osteoblast cells after 72 h in contact with conditioned media that has been exposed to the different samples during 24 h. The imaginary line is the limit to cell viability after 72 h. 
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Figure 2. Magnetization curves of pure (100%) nFe3O4 and PLLA-nFe3O4 scaffolds normalized to the nominal nFe3O4 content. The inset shows the initial part of the curves and discloses the coercivity, which is the same for all samples. 
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Figure 3. SEM observation of Surface morphology of PLLA and PLLA/nFe3O4 systems. (a) PLLA before in vitro degradation. (b) PLLA after in vitro degradation for 8 weeks. (c) PLLA after in vitro degradation for 25 weeks. (d) PLLA30%nFe3O4 before in vitro degradation. (e) PLLA30%nFe3O4 after in vitro degradation for 8 weeks. (f) PLLA30%nFe3O4 after in vitro degradation for 25 weeks. (g) PLLA50%nFe3O4 before in vitro degradation. (h) PLLA50%nFe3O4 after in vitro degradation for 8 weeks. (i) PLLA50%nFe3O4 after in vitro degradation for 25 weeks. (j) PLLA70%nFe3O4 before in vitro degradation. (k) PLLA70%nFe3O4 after in vitro degradation for 8 weeks. (l) PLLA70%nFe3O4 after in vitro degradation for 25 weeks. 






Figure 3. SEM observation of Surface morphology of PLLA and PLLA/nFe3O4 systems. (a) PLLA before in vitro degradation. (b) PLLA after in vitro degradation for 8 weeks. (c) PLLA after in vitro degradation for 25 weeks. (d) PLLA30%nFe3O4 before in vitro degradation. (e) PLLA30%nFe3O4 after in vitro degradation for 8 weeks. (f) PLLA30%nFe3O4 after in vitro degradation for 25 weeks. (g) PLLA50%nFe3O4 before in vitro degradation. (h) PLLA50%nFe3O4 after in vitro degradation for 8 weeks. (i) PLLA50%nFe3O4 after in vitro degradation for 25 weeks. (j) PLLA70%nFe3O4 before in vitro degradation. (k) PLLA70%nFe3O4 after in vitro degradation for 8 weeks. (l) PLLA70%nFe3O4 after in vitro degradation for 25 weeks.



[image: Ijms 20 04664 g003]







[image: Ijms 20 04664 g004 550] 





Figure 4. Water absorption by PLLA, PLLA-10%Fe3O4, PLLA-30%Fe3O4, PLLA-70%Fe3O4. 
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Figure 5. pH of the PBS solution vs. degradation time of PLLA, PLLA-10%Fe3O4, PLLA-30%Fe3O4, PLLA-50%Fe3O4 and PLLA-70%Fe3O4. 
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Figure 6. FTIR of nFe3O4, PLLA and PLLA-70%n nFe3O4. 
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Figure 7. FTIR spectra. (a) PLLA-30%nFe3O4 after various degradation times (0, 16 and 25 weeks), (b) PLLA-70%nFe3O4 after various degradation times (0, 16 and 25 weeks). 
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Table 1. Saturation Magnetization (Ms) normalized to the nominal content of nFe3O4, Coercivity (μ0 Hc) and true nFe3O4 content recalculated from the saturation magnetization.
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	wt % nFe3O4

(Nominal)
	Ms

(Am2/