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Superparamagnetic iron oxide nanoparticles have been developed for various biomedical applications for decades. In this work, lauric acid-coated SPION (SPIONLA) were incorporated into poly (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) at different ratios to produce composite microspheres, which were evaluated for their properties, including potential cytotoxicity. Additionally, a phytotherapeutic extract, curcumin, was loaded into the resulting microspheres to develop magnetic drug delivery capsules. The results show a significant improvement in the cytocompatibility after 7 days of SPIONLA administrated in cells through the composite microspheres compared to pristine SPIONLA. The composite also exhibited prolonged cumulative release of curcumin in a simulated body fluid environment. The results confirmed the efficacy of the mixture of PHBV and curcumin in attenuating potential side effects due to direct administration of high initial amounts of SPIONLA while maintaining magnetic properties in the resulting composite. The results add evidence to the potential of these composite devices for targeted drug delivery applications.
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INTRODUCTION
Superparamagnetic Iron Oxide Nanoparticles (SPIONs) are increasingly being explored for a variety of medical applications (Chomoucka et al., 2010; Mok and Zhang, 2013; Matuszak et al., 2015). One, in particular, is the possibility to enable targeted drug delivery. This could be very useful in developing alternative cancer treatments in which the release occurs mainly in the specific cancerous tissues, thus reducing undesirable effects in healthy tissues (Nigmatullin et al., 2015; Tietze et al., 2015; Zhi et al., 2020). Various approaches have been explored to use SPIONs in cancer treatment strategies combined with other structures such as polymeric micelles, polysaccharides, polypeptides, carbon-based materials, or fluorescing molecules (Cryer and Thorley, 2019; Zhi et al., 2020). These strategies are mainly performed to improve SPIONs performance in biological environments in terms of biodistribution and biocompatibility (Vakili-Ghartavol et al., 2020; Zhi et al., 2020) and to reduce potential toxic effects caused by different types of SPION under certain conditions (Singh et al., 2010; Vakili-Ghartavol et al., 2020). The initial concentration is an important cause of these toxic effects. Even during the administration into the body, the SPION concentration may vary undesirably during transit through the tissues and body due to many factors. Some authors have reported that for concentrations above 200–500 μg/ml (depending on the study), the toxic effect of conventional SPIONs increases (Naqvi et al., 2010; Singh et al., 2010; Dulińska-Litewka et al., 2019; Vakili-Ghartavol et al., 2020). Despite the fact that some studies have shown biocompatibility during the first 24 h and in concentrations below 100 μg/ml (Rahimnia et al., 2019), for applications where higher density of magnetic particles is needed, the alternatives to reduce the cytotoxicity are still under discussion. Some of these approaches have been recently explored; one concept involves coating the SPIONs by using different hydrophobic orhydrophilic materials such as polyethylene glycol (PEG), Polyvinyl Alcohol (PVA), lipids, and even cell membrane material (Bloemen et al., 2012; Parodi et al., 2013; Zaloga et al., 2014; Chen et al., 2017; Cryer and Thorley, 2019). Another approach is integrating the SPIONs into a biocompatible polymeric matrix to reduce possible side effects (Solar et al., 2015; Li et al., 2016; Idris et al., 2018). In concordance with these approaches, poly (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), a biodegradable polymer applied in the development of drug delivery capsules (Li et al., 2016; Idris et al., 2018), may be used to load surface-modified SPIONs to buffer the side effects of highly concentrated SPIONs in cells.
Curcumin is a phytotherapeutic compound with antioxidant properties and features, including wound healing effects and reduction of oxidative stress in cells (Gopinath et al., 2004; Pulido-Moran et al., 2016; Qi et al., 2020; Rahaman et al., 2020). In addition, it has shown good entrapment efficiencies and release rates through formulations using polyhydroxyalkanoates (PHA) (Senthilkumar et al., 2017; Mutlu et al., 2018; Aguilar-Rabiela et al., 2020; Aguilar-Rabiela et al., 2021). In this work, lauric acid-coated SPIONs (SPIONLA), which have been proven to be biocompatible in concentrations of around 200 μg/ml, were incorporated into PHBV-curcumin based microspheres at different and larger concentrations to develop magnetic microcapsules with curcumin releasing capability. Subsequently, the cell viability of the novel composite microcapsules during the first 7 days of administration was determined and compared with that of pristine SPIONLA.
RESULTS AND DISCUSSION
Particle size, morphology, and zeta potential
Homogeneous and soft spherical-shaped (Figure 1) PHBV-based microspheres were fabricated. The composite microspheres exhibited a semi-smooth surface morphology with low porosity (Figure 2A). Apparently, the shape of the composite microspheres was not affected by the incorporation of SPIONLA and curcumin at the ratios studied in this work. Similar shape and morphology were observed for all the studied conditions and PHBV microspheres without loading. The homogeneous spherical shape and surface morphology should promote a uniform drug release by diffusion, in agreement with previous work on PHAs-based microspheres produced by emulsion technique (Monnier et al., 2016; Nguyen and Jeong, 2018; Aguilar-Rabiela et al., 2020).
[image: Figure 1]FIGURE 1 | SEM micrographs of PHBV/SPIONLA composite at (A) 5:2, (B) 10:1 and (C) 10:3 ratios, and (D) PHBV microspheres without loading.
[image: Figure 2]FIGURE 2 | (A) SEM micrographs showing the surface morphology of PHBV/SPIONLA composite microspheres at 10:1 ratio, (B) mean particle size measured in PBS (pH:7.4) and (C) Zeta potential of PHBV/SPIONLA composite microspheres measured in deionized water. (SD as error bars, n = 4)
The average diameters of composite microspheres dispersed in deionized water are shown in Figure 2B. The size range of the composite microspheres and their homogeneity in shape are similar to those previously reported (Li et al., 2016; Monnier et al., 2016; Idris et al., 2018; Aguilar-Rabiela et al., 2021). The Zeta potential of composite microspheres is shown in Figure 2C. The values measured in this aqueous environment are moderately stable, suggesting that composite microspheres will not agglomerate quickly in vivo and in vitro applications, at least in conditions with similar pH, aquosity, and ion concentration (Hill et al., 1977; Kaewsichan et al., 2011). Besides, it is possible that microspheres, due to their size, tend to precipitate in static conditions and after a specific time. The Zeta potential values can be explained due to the hydrophobicity of PHBV and curcumin. However, similar Zeta potential values have been observed in previous works with PHBV-based particles used for drug release purposes (Francis et al., 2011; Masood et al., 2013).
Composition analysis
The FTIR spectra of curcumin, SPIONLA, blank PHBV microspheres, and composite microspheres are shown in Figure 3. In the FTIR curve of composite microspheres, the spectrum of PHBV is observable with characteristic peaks at 1731 cm−1, indicating the stretching mode of C = O in the crystalline phase (Aguilar-Rabiela et al., 2021). The peaks at 1,282 cm−1 and 1,179 cm−1 correspond to C–O–C stretching modes of the crystalline and amorphous parts, respectively (Aguilar-Rabiela et al., 2021). The spectrum of composite microspheres also exhibits the beginning of a band at 3,509 cm−1 which reaches its maximum at about 3,400 cm−1. These bands have been reported previously as the vibrations of -CH bonds and the stretching of hydrogen bonded -OH groups, respectively, of curcumin (Athira and Jyothi, 2014; Chidambaram and Krishnasamy, 2014; Kazemi-Darabadi et al., 2019). Another expected peak of curcumin at 817 cm−1, corresponding to the O-H stretch, was probably overlapped under the intense peaks of PHBV. On the other hand, despite some characteristic peaks of the vibration of Fe-O from Fe3O4 at 584 cm−1 (Iyengar et al., 2014; Li et al., 2016; Idris et al., 2018), which was probably overlapped by the intense spectrum of PHBV, it was still possible to observe the absorption bands at 2,852 cm−1 and 2,923 cm−1 corresponding to the symmetric and asymmetric C-H stretching from lauric acid also present in SPIONLA (Si et al., 2013; Idris et al., 2018). Although these two groups were also present in curcumin, another characteristic peak near 1,627 cm−1 is observed, which was previously reported due to the adsorption of water molecules to the surface of SPIONs via hydrogen bond (Sodipo et al., 2014; Galli et al., 2017). These results were complemented with the XRD analysis and the results of the release kinetic of curcumin to support the presence of the components in the composite microspheres.
[image: Figure 3]FIGURE 3 | FTIR spectra of curcumin, pristine SPIONLA, PHBV without any loading, and composite microspheres (10:3 ratio).
The XRD diffractogram of composite microspheres is shown in Figure 4. The characteristic peaks related to PHBV at 2θ 21.3° (101), 22.4° (111), 26° (130), and 27° (040) are clearly observed, and the intensity of the peaks at 13.4° (020), 16.9° (110) indicates the presence of orthorhombic unit cells in PHBV (Li et al., 2016; Idris et al., 2018; Aguilar-Rabiela et al., 2021). The peaks at 2θ 30.1° (220), 35.4° (311), 43.1° (422), 57.1° (511), and 62.6° (440) correspond to a cubic spinel structure present in SPIONLA (Li et al., 2016; Idris et al., 2018). Finally, the peak at 2θ 26.5° may correspond to crystalline curcumin (Van Nong et al., 2016), however this could be also overlapped with the strong peak of PHBV at 26°.
[image: Figure 4]FIGURE 4 | XRD pattern of composite microspheres at 10:3 ratio.
Entrapment efficiency and magnetic susceptibility
Figure 5A shows the curcumin entrapment efficiency (CEE) and SPIONLA entrapment efficiency (SEE) measured in the composite microspheres at the studied ratios. As the concentration of SPIONLA increases, the SEE in the microspheres increases as well. On the other hand, the CEE decreases while increasing the SEE. This behavior is possibly due to the integration of lauric acid present on SPIONLA, which modifies the hydrophobicity of the emulsion and thus may hamper the interaction between PHBV, curcumin, and the used organic solvent, leading to reduced incorporation of curcumin (Ghalandarlaki et al., 2014; Law, 2014; Zhan et al., 2020). Nevertheless, the CEE was above 80% for the 10:1, 5:1, and 10:3 ratios, and over 60% for the 5:2 and 2:1 ratios; this means a CEE above 60% for all the conditions studied which is better compared to the entrapment efficiency exhibited during the loading of other substances such as antibiotics (Francis et al., 2011). As reported before, the hydrophobicity and chemical structure of the drug to entrap impact the entrapment efficiency of PHA matrices (Francis et al., 2011; Grillo et al., 2011; Heathman et al., 2014). The CEE results showed the potential of all composite formulations for the loading of curcumin which may be extended to similar phytotherapeutics (Abd El-Hay et al., 2016; Aguilar-Rabiela et al., 2020).
[image: Figure 5]FIGURE 5 | (A) Curcumin and SPIONLA entrapment efficiency and (B) Magnetic susceptibility of composite microspheres at different PHBV/SPIONLA ratios. (SD as error bars, n = 3)
The apparent inverse relationship between CEE and SEE may modify the magnetic susceptibility of the composite along the ratios studied as less iron amount is contained in the polymer matrix. The magnetic susceptibility of 1 mg of composite microsphere samples from each condition is shown in Figure 5B. As expected, the magnetic susceptibility value increases in correspondence with the SEE of each sample. However, the magnetic susceptibility measured for all the composite conditions is between ×1210−4 mg−1 and 0.02 mg−1, which means the microspheres can be influenced by magnetic forces in direct correlation to the SPION loading ratio of the sample. Besides, some of these magnetic susceptibility values are similar to those in previous studies which have used PHA matrix formulations (Idris et al., 2018).
Release kinetics
The release kinetic of curcumin from composite microspheres at the highest SPIONLA concentration (2:1) and PHBV microspheres without SPIONLA (both at 10:1 curcumin ratio) was compared (Figure 6). The total cumulative release of curcumin from the composite microspheres seemed to be lower than the cumulative release from PHBV microspheres (Figure 6A); this apparent difference is explained due the CEE behavior discussed in the previous section, where the CEE decreases with the incorporation of SPIONLA in comparison with the CEE observed in conventional PHBV microspheres (around 90%) and also corresponding with the entrapment efficiency values previously reported (Aguilar-Rabiela et al., 2020; Aguilar-Rabiela et al., 2021). However, the normalized release with respect to the total release was quite similar (Figure 6B); this means that the incorporation of SPIONLA into the PHBV matrix did not modify the curcumin release behavior of the composite at least in the ratios studied. Besides, both release kinetics exhibit the typical initial “burst release phase”, within the first 4 h, followed by a delayed release, also called the “controlled release phase”, from 4 to 15 h until stabilization. This release behavior was in concordance with previous release kinetics observed in PHA-based microsphere formulations (Monnier et al., 2016; Aguilar-Rabiela et al., 2020; Aguilar-Rabiela et al., 2021).
[image: Figure 6]FIGURE 6 | (A) Cumulative release kinetic and (B) normalized release kinetic of curcumin from PHBV/SPIONLA composite microspheres and from simple PHBV microspheres in PBS. (SD as error bars, n = 3)
The release behavior observed in the composite may allow gradual release of certain phytotherapeutics such as curcumin and possibly be applied in developing prolonged treatments with less periodical administration. This gradual release can also prevent sudden high concentrations of drugs during the early administration stages, in contrast to conventional drug delivery devices, which once dissolved, release the complete concentration in the media (Mehrotra et al., 2007; Liechty et al., 2010). Additionally, this release behavior may be helpful in applications that require a time window for positioning the microspheres in specific tissues or organs before starting the release. Composites such as the studied could bring the time to magnetically target the particles into particular zones and to localize the drug delivery. The biodegradable PHBV matrix also brings a period of time before releasing any additional materials incorporated into the composite (such as the SPIONLA) to the biological environment, which may help reduce the possible side effects due to an undesirable accumulation of these nanoparticles. As has been observed in previous works, PHA based particles can be tunable by blending with other materials or by co-polymerization, among other techniques, to modify the release rate of the components and substances loaded into the resultant matrix and, in some cases, changing also the biodegradation rate, which may help to damp the possible side effects of a burst release of the incorporated components (Grillo et al., 2011; Panith et al., 2016; Pérez-Arauz et al., 2019; Aguilar-Rabiela et al., 2021).
Cytocompatibility of composite microspheres
The cell viability of each condition of PHBV/SPIONLA/curcumin composite microspheres, PHBV microspheres without any loading, pristine SPIONLA, and cells without any treatment as control, were measured and compared after two different time sets of incubation (Figure 7). WST-8 assay was used to correlate the cell viability of all conditions, as used in several previous works (Filipova et al., 2018; Idris et al., 2018; Aguilar-Rabiela et al., 2020; Aguilar-Rabiela et al., 2021). Viability measurements were taken after 24 h and after 7 days of incubation on cell cultures treated with similar calculated amounts of SPIONLA administrated through the different composite ratios and compared to an equivalent quantity of pristine SPIONLA. After the first 24 h of incubation, most conditions exhibited similar cell viability values to the control (Figure 7A), except for the blank PHBV microspheres, which showed lower viability values. This behavior may be explained due to an elevated amount of PHBV that could impact the cell viability during incubation, which is in agreement with similar behavior observed in previous publications, which showed that a large amount of PHBV may reduce cell viability (Balakrishna Pillai et al., 2020; Aguilar-Rabiela et al., 2021). In contrast, all composite microspheres conditions exhibited cell viability values comparable to the control, being the 10:1 ratio the condition exhibiting the highest cell viability values. This behavior can be attributed to the release of curcumin and its antioxidant properties which, combined with the controlled release of SPIONsLA to the medium, reduces the side effects. Similar beneficial effects in cell culture have been observed in previous investigations (Ghalandarlaki et al., 2014; Qi et al., 2020; Aguilar-Rabiela et al., 2021).
[image: Figure 7]FIGURE 7 | Cell viability of MG-63 cells treated with composite microspheres at different SPIONLA ratios, pristine SPIONLA, blank PHBV microspheres, and cells without any treatment as control after (A) 24 h and (B) 7 days of incubation. (* means a significant difference of p ˂0.5 Tukey test, SD as error bars, n = 3).
After 7 days of incubation, a reduction in cell viability in the samples treated with pristine SPIONLA was observed compared to the control (Figure 7B). Similar behavior was observed in blank PHBV microspheres. In contrast, most samples treated with composite microspheres still exhibited similar cell viability values to the control; even at the higher concentrations, the cell viability values were over 60% compared to the control. Apparently, as the SPIONLA ratio decreases, the cell viability increases; this trend was observed in the three dilutions used in the present experiments. This behavior suggests that the biocompatibility of similar amounts of SPIONLA improved through its administration by the composite microspheres instead of free administration. Many factors may be involved in this behavior; one of them is the size interaction between cells and particles, which has been reported previously to impact cell viability in vitro (Wei et al., 2014).
In the case of samples treated with pristine SPIONLA, the total concentration of the nanoparticles is likely in direct contact with the cell membrane since the beginning of the administration, which is not the case for the contact interaction between composite microspheres and cells, due to the larger size of the microspheres. Besides, during the beginning of the composite administration, a large portion of SPIONLA is expected to be still entrapped in the composite particles, which results in an effective interaction only between cells and PHBV microparticles, mainly by contact or adhesion. On the other hand, with pristine SPIONLA administration, undesirable accumulation may occur resulting in a different interaction with the cell membrane due to the size of the nanoparticles. Then, the composite may allow the gradual release of SPIONLA into the biological medium; this can maintain lower concentrations of nanoparticles in contact with the cells leading, under this condition, to biocompatible behaviour (Zaloga et al., 2014; Idris et al., 2018). This gradual release may also improve the mineralization of the iron-based nanoparticles. Although the present results cannot characterize the release kinetics of the SPIONSLA into the biological medium, the cell viability behavior can be compared with those previously observed when other nanoparticles were incorporated into PHA matrices (Aguilar-Rabiela et al., 2021). The prolonged release of curcumin may also reduce the side effects by decreasing the cell stress during the mineralization process; as reported before, curcumin helps reduce the oxidative stress of cells during incubation (Mahmoudi et al., 2010; Ghalandarlaki et al., 2014; Patil et al., 2018; Zhi et al., 2020; Aguilar-Rabiela et al., 2021). The slightly decreasing cell viability on the samples treated with blank PHBV microspheres is also in concordance with the beneficial effect of curcumin in samples treated with the composite.
In addition, fluorescent microscopy images were taken to observe the morphology of cells treated with composite microspheres at 10:1, 10:3, and 2:1 ratios and with proportional concentrations of pristine SPIONLA, respectively. Cell’s nuclei (green) and cytoplasm (red) were stained for observation, and the bright field was overlapped to observe the distribution of the different particles (white). Fluorescent micrographs taken after 24 h were compared to observe differences in cell morphology (Figures 8A,B). After 24 h of incubation, both samples exhibited the typical morphology of healthy MG-63 cells, colonies with defined nuclei conformed by homogeneous and well-spread cytoplasm. This observation is in agreement with respective WST-8 viability results.
[image: Figure 8]FIGURE 8 | Fluorescence microscopy images of (A) pristine SPIONLA, (B) composite microspheres at 10:1 ratio after 24 h of incubation, (C) pristine SPIONLA, (D) composite microsphere at 10:3 ratio, (E) pristine SPIONLA, and (F) composite microsphere at 2:1 ratio, after 7 days of incubation with MG-63 cells. (bar size is 2 µm).
However, after 7 days of incubation, the fluorescent micrographs of cells treated with pristine SPIONLA exhibited anomalies in the cell morphology with a less spread cytoplasm and heterogeneous shaped cytoplasm (Figure 8C). This is in contrast to samples treated with composite microspheres at 10:3, which still showed homogeneously conformed cell colonies, some cells apparently adhered around the microspheres and with well-defined cytoplasm (Figure 8D). Both observations corresponded with the respective cell viability result. Additionally, samples treated with composite microspheres at the highest ratio (2:1) were compared with a similar amount of pristine SPIONLA. In the sample treated with pristine SPIONLA (Figure 8E), it is possible to observe some agglomeration of pristine SPIONLA among cells and a reduction of the cell population; the cytoplasm morphology may be explained due to a low cell-matrix attachment; even some nuclei and cytoplasm looked dispersed, possibly due to a membrane rupture as it has been previously reported (Mahmoudi et al., 2010).
In contrast, a larger group of healthy cells (homogeneous colonies of semi-spread cells with well-formed cytoplasm) was observed after 7 days of the composite administration (Figure 8F). Some microspheres can be observed, some of them are surrounded by cells similar to Figure 8D, and no pristine SPIONLA agglomerations appeared. This supported the idea that most SPIONLA remained in the PHBV matrix during this period. Furthermore, in all the observations on samples treated with composite microspheres, the cells appeared to be attached around the microspheres (Figures 8B,D,F), supporting the interaction between composite microspheres and cells by adhesion. The correspondence of the observations to WST-8 cell viability results confirms a significantly different behavior between both SPIONLA administration modes.
The favorable fluorescent microscopy observations and cell viability results can be attributed to the beneficial effect of the prolonged release of curcumin during incubation (Gopinath et al., 2004; Qi et al., 2020; Rahaman et al., 2020; Aguilar-Rabiela et al., 2021). Qualitative and quantitative results show favorable biocompatibility upon the administration of large concentrations (above 500 μg/ml) of SPIONLA after 7 days of incubation. This result confirms the composite potential for applications in which higher magnetic susceptibility properties are required. Besides, the prolonged release of an antioxidant agent to reduce cell stress (Wei et al., 2012; Wei et al., 2014; Aguilar-Rabiela et al., 2021), and the possible controlled release of SPION to the biological medium suggest the use of this PHBV/curcumin composite as an adequate interface for damping the toxicity that can occur upon administering other SPION formulations.
CONCLUSION AND OUTLOOK
PHBV/SPIONLA/curcumin composite microspheres developed in this study exhibited an effective curcumin entrapment efficiency with no significant interference due to the incorporation of SPIONLA at the ratios studied. The in vitro cell viability results and cell morphology observations showed a significant difference in the behavior of MG-63 cells, after 7 days of incubation, due to exposure to a similar concentration of pristine SPIONLA compared to its administration through the composite microspheres. These results, supported quantitatively by WST-8 cell viability assay and qualitatively by fluorescent microscopy observations, suggest that the combination of the PHBV matrix and the prolonged release of curcumin may reduce the possible side effects of the administration of high concentrations of SPIONLA applied in vitro. Besides, the curcumin release kinetics observed may provide a time window for the magnetic positioning of the composite microspheres in specific organs or tissues before the release. The approach could be helpful for the release of similar substances for targeted delivery treatments which require a larger density of magnetic particles than studied previously. Although more studies are needed to characterize the mechanism of SPIONLA release from the PHBV matrix and to analyze the SPIONLA concentration in the biological environment along the time, the results presented show that this composite technology may be suitable for the administration of different SPION formulations with reduced possible toxic effects. Additional research on this approach will add knowledge and contribute to the development of SPION based localized drug delivery platforms.
MATERIALS AND METHODS
Materials
PHBV was purchased from Goodfellow (Bad Nauheim, Germany), dichloromethane (DCM), lauric acid (LA) and acetone from Sigma-Aldrich (St. Louis, MO, United States), curcumin from Sigma-Aldrich (Steinheim, Germany), and Polyvinyl Alcohol (PVA) from Baxter Healthcare (Opfikon, Switzerland). Iron (II) chloride tetrahydrate (FeCl2.4H2O), hydroxylammonium chloride and bovine serum albumin (BSA) were obtained from Merck (Darmstadt, Germany). Iron (III) chloride hexahydrate (FeCl3.6H2O), dialysis tubes (Spectrapor6, MWCO 8 kDa), ammonium chloride, hydrochloric acid (25%), and ammonia solution 25% were supplied by Roth (Karlsruhe, Germany). The Lauric acid-coated SPIONs (SPIONLA) were provided and characterized by the Section of Experimental Oncology and Nanomedicine (SEON) of HNO-Klinik (Erlangen, Germany), the were synthesized according to the protocol reported previously (Zaloga et al., 2014). Briefly, FeCl2, and FeCl3 were mixed in water and heated to 90°C while stirring under an argon atmosphere. After adding ammonia, lauric acid, dissolved in acetone, was added to the prepared blackish dispersion. After further stirring at 90°C, the particles were cooled to room temperature and purified via dialysis. The formed SPIONLA stock solution was stored at 4°C until microsphere fabrication. All chemicals used were of analytical grade.
Composite microspheres fabrication
Composite PHBV-SPIONLA-curcumin microspheres were fabricated using a modified solid-in-oil-in-water (S/O/W) emulsion-solvent evaporation method as previously reported (Idris et al., 2018; Aguilar-Rabiela et al., 2021). Different amounts of the SPIONsLA stock solution were added to 10 ml of PHBV-DCM solution to prepare the five conditions: from 10% to 50% of SPIONLA (w/w), respectively 10:1, 5:1, 10:3, 5:2, 2:1 PHBV/SPIONsLA mass ratios. Posteriorly, curcumin was added for all the conditions at a constant mass ratio of 10:1 (PHBV/curcumin). Then the resulting solution was mixed at 800 rpm with a mechanical mixer to conform to the S/O phase. Simultaneously, an aqueous solution of 1 mg/ml of PVA was prepared and mixed at 600 rpm to form the W phase, and later both phases were mixed at 19,000 rpm using a homogenizer T18 (IKA, Staufen, Germany). Afterward, the emulsion was centrifuged at 6,000 rpm in a 5804 R (Eppendorf, Germany) and washed two times with ultrapure water, and the supernatant was removed entirely. Subsequently, the precipitated microspheres were dried overnight in an incubator at 60°C and later stored protected from the light.
Curcumin entrapment efficiency
The Curcumin Entrapment Efficiency (CEE) was determined according to a modified supernatant method previously reported (Zidan et al., 2011; Aguilar-Rabiela et al., 2020). Briefly, composite microspheres were immersed in ethanol; after depletion, the curcumin concentration in the supernatant was measured using a UV/Vis spectrophotometer Specord 250 (Analytikjena, Jena, Germany) at 425 nm (Senthilkumar et al., 2017). The entrapment efficiencies were calculated by using the initially added curcumin amounts during the fabrication, the curcumin measured by concentration, and the following equation (Aguilar-Rabiela et al., 2020; Aguilar-Rabiela et al., 2021):
[image: image]
where Msup is the curcumin in the supernatant in mg, and Mthe is the initial mass of curcumin added during the fabrication of the microspheres in mg.
Magnetic susceptibility and SPIONLA entrapment efficiency
For the magnetic susceptibility measurements, 1 mg of dried microspheres were placed in a measuring tube of a single frequency (1 kHz) magnetic volume susceptibility measuring device MS2G (Barrington, Witney, United Kingdom).
The SPIONLA entrapment efficiency (SEE) was calculated by correlating the iron content measured on microsphere samples, the iron content in the pristine SPIONLA (previously measured) added during the fabrication of each composite condition, and the following equation (Li et al., 2016):
[image: image]
where Imea is the iron mass amount measured in the microspheres in µg and Ithe is the initial iron mass amount (calculated from the initial mass amount in SPIONLA) added in µg.
The iron content of composite microspheres and SPIONLA was measured at SEON (HNO-Klinik, Erlangen, Germany), similar to previous reports (Idris et al., 2018). Briefly, samples were dispersed in 100 µL of 65% nitric acid (HNO3) solution and cooked at 95°C for 15 min. Then 500 µL of HNO3 were added, and 20 µL were taken from the resulting solution and mixed with 1980 µL of water in triplicate for the measurements by microwave plasma atomic emission spectroscopy using a 4200 MP-AES (Agilent, CA, United States).
Particle size and zeta potential analysis
The particle size average and zeta potential measurements of each condition of the composite microspheres and blank PHBV particles were carried by using a Zetasizer Nano ZS (Malvern, Worcestershire, United Kingdom) in PBS (pH: 7.4) and deionized water, considering a working concentration of 0.1 mg/ml per sample, similarly to previous reports (Zaloga et al., 2014; Idris et al., 2018; Aguilar-Rabiela et al., 2021).
Surface morphology of composite microspheres
The surface morphology of the PHBV-SPIONLA-curcumin microspheres was observed by Scanning Electron Microscopy (SEM) (FE-Auriga, Carl-Zeiss, Munich, Germany). The composite microsphere samples were sputtered with gold in a turbomolecular pumped coater Q150T Plus (Quorum, Laughton, United Kingdom) prior to SEM examination at 1.9 kV of acceleration voltage and using secondary electrons detector.
Structural characterization of composite microspheres
The structural characterization of the composite microspheres was determined through FTIR by using a Nicolet 6,700 Thermo Scientific FTIR spectrometer (Waltham, MA, United States). Measurements were carried out in absorbance mode at wavenumber range from 4,000 to 400 cm−1 at a resolution of 4 cm−1. X-ray diffraction (XRD) analysis was performed using an X-ray diffractometer Miniflex 600 (Rigaku, Tokyo, Japan) in the 2θ range of 10°–80° with a step size of 0.01° and dwell time of 1°/min.
Curcumin release kinetics
To determine the curcumin release kinetics, 10 mg of composite microspheres at 2:1 ratio and PHBV microspheres loaded with curcumin at the same ratio were previously rinsed with ethanol to remove the excess curcumin in the supernatant and with water to remove any remanent solvent. Once dried, microsphere samples were placed in sterile falcon tubes with caps in triplicate. Then 10 ml of phosphate buffer solution (PBS) at pH 7.4 (Sigma-Aldrich, Steinheim, Germany) was added to each falcon tube which were then stored at room temperature, protected from light according to previous works (Aguilar-Rabiela et al., 2020; Aguilar-Rabiela et al., 2021). The release kinetic curve was obtained photospectroscopically using a Specord 250 device (Analytik Jena, Jena, Germany) at 425 nm, similarly to previously reported (Zidan et al., 2011; Aguilar-Rabiela et al., 2020; Aguilar-Rabiela et al., 2021).
Cytocompatibility assays
MG-63 human osteoblast-like cells (Sigma-Aldrich, Germany) were grown in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% FBS (Gibco, Dreieich, Germany). After a confluence of approx. 80%, 50⋅103 cells were seeded in 24 well-plates and incubated for 12 h before running the cytocompatibility assays.
The previously measured iron content in SPIONLA was used to calculate a solution of pristine SPIONLA containing 1 mg of iron per milliliter. Similarly, suspensions from each composite microsphere condition were calculated and prepared in other to have the same iron content (1 mg/ml). Afterward, ten-fold serial dilutions of 10 μL, 100 μL, and 1,000 µL from each suspension were added to the 24 well-plates previously incubated with cells. A similar mass amount of blank PHBV microspheres was used as an additional condition, and cells without any treatment were used as control. All experiments were carried out in triplicate. The cell viability was determined by WST-8 assay (Sigma-Aldrich, Steinheim, Germany) after 24 h and 7 days post-treatment. Briefly, the supernatant was carefully removed from all well-plates and washed with PBS; later freshly prepared cell culture medium containing 1.0% v/v WST-8 solution was added to the 24 well-plates and incubated for 2 h. After incubation, 100 µL of supernatant from each well-plate was transferred into a 96 well-plate for the absorbance measurement at 450 nm in a PHOmo Autobio (Labtec Instruments, Zhengzhou, China) similar to previous reports (Li et al., 2016; Idris et al., 2018; Aguilar-Rabiela et al., 2021).
Cell staining and imaging
Cell samples were treated with Fluorescent DNA stain (DAPI) and Vybrant DyeCycle staining (both reagents from Merck, Darmstadt, Germany) for cell morphology observation after 24 h and after 7 days of incubation. Fluorescent micrographs were obtained and processed using a microscope AxioCam ERc 5s Primovert (Zeiss, Munich, Germany). Nuclei were green-colored for better visual analysis.
Statistical analysis
Experiments were performed in triplicate. The standard deviation was expressed as error bars. The analysis for statistical significance for the cell biology results was conducted by analysis of variance One-Way ANOVA followed by Tukey test (p < 0.05), using the software Origin 8 (OriginLab, Northampton, MA, United States), and data is presented as the mean ± standard deviation of each measurement.
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