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Abstract

:

In this work, we propose the utilization of scCO2 to impregnate ibuprofen into the mcl-PHA matrix produced by Pseudomonas chlororaphis subs. aurantiaca (DSM 19603). The biopolymer has adhesive properties, is biocompatible and has a melting temperature of 45 °C. Several conditions, namely, pressure (15 and 20 MPa) and impregnation time (30 min, 1 h and 3 h) were tested. The highest ibuprofen content (90.8 ± 6.5 mg of ibuprofen/gPHA) was obtained at 20 MPa and 40 °C, for 1 h, with an impregnation rate of 89 mg/(g·h). The processed mcl-PHA samples suffered a plasticization, as shown by the decrease of 6.5 °C in the Tg, at 20 MPa. The polymer’s crystallinity was also affected concomitantly with the matrices’ ibuprofen content. For all the impregnation conditions tested the release of ibuprofen from the biopolymer followed a type II release profile. This study has demonstrated that the mcl-PHA produced by P. chlororaphis has a great potential for the development of novel topical drug delivery systems.
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1. Introduction


Drug delivery systems (DDS) are of extreme importance in the medical field because they allow the delivery of a balanced drug concentration, the control of drug administration over long periods of time and the protection of bioactive compounds that have a short half-life. DDS also reduce the drugs’ side effects, drug wastage and over medicating, and contribute to treatment optimization and to patient compliance [1]. The preparation of DDS usually comprises three steps: (1) solubilization of the active pharmaceutical ingredient (API) in an appropriate solvent; (2) diffusion of the API into the polymeric matrix and, finally, (3) removal of the solvent [2].



Supercritical CO2 (scCO2)-assisted impregnation has been used for the development of several DDS due to ability of scCO2 to easily diffuse into a variety of polymeric matrices, causing their swelling, thus increasing the structures’ free volume [2]. ScCO2 is also capable of solubilizing a variety of APIs, including anti-inflammatory drugs, and carrying them into the polymeric matrices [3]. This is especially interesting when working with APIs that are thermosensitive (labile), since the critical point of CO2 is at relatively mild conditions (31 °C, 7.38 MPa) [3]. Furthermore, scCO2 has a low environmental impact: it is inert and non-flammable and easy to remove from the polymer, thus resulting in a product with no solvent residues [3,4]. Processing polymers with scCO2 has other advantages, including the possibility of altering their mechanical and physical properties. Sorption of scCO2 into polymers can lead to their plasticization, in which a reduction of the glass transition temperature (Tg) is observed [5]. Furthermore, the application of such alternative solvents also allows for the production of functional porous materials [6]. The scCO2-assisted impregnation of non-inflammatory drugs has been applied for the fabrication of several biomaterials, such as intraocular [7] and contact lenses [8], urethral stents [9], aerogel microspheres [10], chitosan films for oral mucosal drug delivery [11], scaffolds for tissue engineering [12] and even in mesoporous nanostructured ZnO [13]. ScCO2 impregnation has also been reported for the production of polycaprolactone patches impregnated with nimesulide [14].



Polyhydroxyalkanoates (PHAs) are biobased, biodegradable and biocompatible plastics [15]. These characteristics make them suitable candidates for use in medical applications, such as DDS. Medium-chain-length PHAs (mcl-PHAs) are composed of monomers with six to fourteen carbon atoms and are characterized by their low melting (40 to 60 °C) and glass transition (−50 to −25 °C) temperatures, low crystallinity degrees (<40%), low tensile strength (maximum 10 mPa) and high elongation at break ratios (c.a. 300%) [16]. The intrinsic properties of mcl-PHAs give these biopolymers glue-like behavior and adhesive properties that potentiate their application in the biomedical field as patches, rubbers or glues [16,17,18,19]. Recently, the potential of the mcl-PHA produced by Pseudomonas chlororaphis subs. aurantiaca (DSM 19603) to be used as a skin adhesive was demonstrated [19]. Upon impregnation with APIs—either antibiotics, anti-inflammatory drugs or anti-cancer drugs—such adhesives could also be used as DDS [20].



Over the last few decades, PHAs have been intensively investigated for the development of several biomedical applications. For instance, scaffolds resulting from the combination of mcl-PHA and poly(3-hydroxybutyrate) (P(3HB)) were shown to effectively promote the proliferation of different human cell lines [21]. A mcl-PHA-based transdermal DDS has also been described for the successful delivery of tamsulosin in a skin model [22]. Other PHAs, namely P(3HB) and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (P(HB-co-HV)), have been used in tissue engineering as bone rods, prodrugs, tablets or micro-carriers [20,23,24]. For their application as bone rods, P(HB-co-HV) was loaded with antibiotics and applied for the treatment of osteomyelitis. For this purpose, the rods were prepared by the solvent casting method [23,24]. P(3HB) has also been used for the preparation of tablets, in which the API and the biopolymer were mixed as powders and then compressed [20]. The impregnation methods used in such studies carry a series of disadvantages, namely the impact of the applied mechanical and thermal conditions on the therapeutic effect of the drugs, or the use of organic solvents such as chloroform that must be completely removed from the impregnated matrices [6,25]. The processing of P(HB-co-HV) and P(3HB) with scCO2 has already been reported [26,27]. In one work, the authors determined the solubility and diffusion coefficients of scCO2 into the biopolymer P(HB-co-HV), as well as the influence of the 3-hydroxyvalerate (3HV) content of the polymer on the CO2 sorption [26]. In a different study, the authors observed that upon scCO2 treatment of several biopolymers, including P(HB-co-HV) and P(3HB), there was a decrease in their melting temperature without any degradation of the polymer [27].



In this work we describe, for the first time, the scCO2-assisted impregnation of ibuprofen in the mcl-PHA produced by Pseudomonas chlororaphis subs. aurantiaca (DSM 19603.) Different impregnation conditions, namely pressure and time, were tested and their effect on impregnation yield was accessed. Furthermore, the biopolymer’s physical-chemical characteristics were evaluated to assess the impact of the tested impregnation conditions. The cytotoxicity of the biopolymer was also evaluated on two different cell lines to confirm its biocompatibility.




2. Results and Discussion


2.1. Characterization of the mcl-PHA


The biopolymer used in this study was a mcl-PHA composed of 3 wt% 3-hydroxyhexanoate (3HHx), 17 wt% 3-hydroxyoctanoate (3HO), 50 wt% 3-hydroxydecanoate (3HD), 13 wt% 3-hydroxydodecanoate (3HDd) and 17 wt% 3-hydroxytetradecanoate (3HTd) [28]. It had a high molecular weight (Mw) of 1.25 × 105 g/mol with a low polydispersity index (PDI) of 1.45, which shows the homogeneity of the polymer macromolecular chains. The mcl-PHA presented a melting temperature (Tm) of 45 °C and a glass transition temperature (Tg) of c.a. −50 °C. Although its Tm is relatively low, the polymer’s degradation temperature (Tdeg) is of 288 °C, which offers a wide range of working temperatures at which the polymer can be processed. The biopolymer is a highly amorphous material, with a degree of crystallization (Xc) of 27% [28]. This material was chosen for this impregnation study due to its low Tm (45 °C) that renders its impregnation by scCO2 easy to achieve.



The ATR-FTIR spectrum of the mcl-PHA (Figure 1) displays the typical bands for PHAs [29,30]. Three defined bands are visible at 2962, 2921 and 2854 cm−1, which correspond to the methyl (-CH3) and methylene (-CH2) groups of the PHA molecule. The bands in this region are more intense for mcl-PHA than scl-PHA and are considered characteristic of mcl-PHA [31]. The band located at 1727 cm−1, corresponding to the stretching of the ester carbonyl (C=O) groups, is associated with the crystalline phase of the PHA and is also considered characteristic of PHAs [31,32]. The bands appearing between 1500–1000 cm−1 are assigned to stretching vibrations of the C-O bonds and have correlation with the degree of crystallinity; and finally, the bands appearing at 1015, 865 and 796 cm−1 represent C-C stretching and are also characteristic of PHA [30].




2.2. Evaluation of mcl-PHA Citotoxicity


Cell viability after 24 h of incubation with increasing concentrations of the mcl-PHA extract was evaluated using the MTS assay, in which the production of formazan is proportional to the cells’ viability. No loss of L929 (Figure 2A) or HaCaT (Figure 2B) cell viability was noticed up to 500 µg/mL. Considering that a cytotoxic effect is considered when cell viability decreases below 70%, according to ISO 10993-5 [33], these results show that the mcl-PHA produced by P. chlororaphis can be considered a safe biopolymer for further biological studies. The results obtained are in accordance with others found in literature. For instance, the toxicity of the homopolymer poly-(3)-hydroxyoctanoate, P(3HO), was evaluated on L929 murine fibroblast cells, and the results showed that P(3HO) not only presents no toxicity towards that cell line, but it also even promotes cell growth and adherence [34]. There are also studies on the effect of poly(3-hydroxybutyrate-co-3-hydrovalerate-co-3-hydroxyhexanoate (P(HB-co-HV-co-HHx) on the HaCaT cell line that have shown that the presence of the co-polymer promotes cell proliferation [35]. Besides the studies on PHA cytotoxicity, the toxicity of PHA degradation products has also been studied. The authors observed that the degradation products of mcl-PHA show less cytotoxicity towards mouse fibroblasts, hence suggesting that mcl-PHA are preferred for biomedical applications [36].




2.3. scCO2 Impregantion of mcl-PHA with Ibuprofen


Considering the mcl-PHA’s Tm (45 °C) [28], a temperature of 40 °C was chosen to conduct the impregnation assays, thus guaranteeing that the biopolymer was solid at room pressure but melted at the applied tested pressure values (15 and 20 MPa). The choice of these pressure values relied mostly on the solubility of ibuprofen in scCO2 [37]. Also, in previous works, these pressures proved to be the most effective for the impregnation of ibuprofen on polymeric matrices [14,38]. Complete mcl-PHA melting at this temperature was possible since at high pressures, scCO2 causes a melting point depression due to its solubilization in the polymer, as demonstrated for P(3HB) and P(HB-co-HV) [27]. Rendering the mcl-PHA in a liquid state combined with the low viscosity of supercritical fluids [39] facilitates the mass transfer of the scCO2 within the biopolymer matrix, hence resulting in a homogeneous impregnation of ibuprofen.



The impregnation of ibuprofen into the mcl-PHA matrices was tested at pressure values of 15 MPa for 3 h, and 20 MPa for 30 min, 1 h and 3 h (Table 1). The ibuprofen and mcl-PHA were both placed in a high-pressure vessel that was closed and placed in a water bath at 40 °C to assure that the temperature was stable. After each impregnation period, the system was slowly depressurized to guarantee complete CO2 removal from the polymer matrix, and the consequent ibuprofen precipitation that occurs at a constant rate.



The sorption of scCO2 into the biopolymer matrix upon depressurization is clear and evidenced by its expansion (Figure 3B) compared to the original mcl-PHA sample (Figure 3A). This shows that exposure to the scCO2 treatment causes foaming of the biopolymer matrix, increasing its porosity and changing its morphology. The original mcl-PHA sample presented a glue-like behavior, associated to its highly amorphous structure (Xc = 27% and Tg = −50 °C) [19,28], which usually corresponds to a higher affinity towards CO2 than polymers with higher crystallinity degrees or high Tg values [40]. Sorption of CO2 into the polymeric matrix can cause swelling and plasticization, characterized by the reduction of the Tg, as well as decrease of viscosity and improvement of the dispersion of additives through the biopolymer matrix during impregnation [5]. ScCO2 swelling and plasticization also increase the mobility of the polymer’s chains, hence turning glassy polymers into rubbery matrixes which allows for the generation of porous structures [39,41]. CO2 is also able to interact with polymers’ ester groups, hence causing enhanced mobility of the polymeric chains [5].



Impregnation of ibuprofen into the mcl-PHA matrix was confirmed by performing ATR-FTIR. Figure 1 shows the spectra of the two impregnated samples and pure ibuprofen. The ibuprofen spectrum (Ibu, in Figure 1) shows a well-defined band at wavenumber 1709 cm−1 that is related to C=O stretching. In the region from 3000 to 2600 cm−1 there is also a larger band with small peaks, which are associated with CH3 and CH2 asymmetric stretching [42]. As referred to above, the mcl-PHA has characteristic bands at the same wavenumbers. Comparing the spectra of the impregnated samples with that of the original mcl-PHA, an increase in intensity of those bands is observed. Small shifts from the characteristic C=O PHA band from 1727 cm−1 to 1738 cm−1 in both impregnated samples (PHA15 and PHA20) is also seen. Both these findings confirm the presence of ibuprofen within the mcl-PHA matrix. For the experiments conducted for 3 h at 15 and 20 MPa, ibuprofen contents of 66.7 ± 0.7 and 93.3 ± 4.7 mg/gPHA were obtained, respectively (Table 1). These results showed that the pressure applied during the scCO2-assisted impregnation had a clear impact on the amount of ibuprofen that scCO2 was able to solubilize, hence determining the amount of ibuprofen loaded into the biopolymer’s matrix. This is explained by the fact that ibuprofen’s solubility in scCO2 increases with pressure [37,43]. Afterwards, two more impregnation times —30 min and 1 h —were studied, using a fixed pressure of 20 MPa to evaluate whether the shorter times would result in ibuprofen contents similar to the value obtained at 3 h. Since the impregnation of ibuprofen in the polymer is controlled by the diffusion rate of CO2 into the polymer matrix, it was expected that impregnation time would influence the amount of ibuprofen impregnated into the mcl-PHA. A similar ibuprofen content was reached for the experiment conducted for 1 h (90.8 ± 6.5 mg/gPHA) but further reducing the impregnation time to 30 min resulted in a significant reduction (40.9 ± 0.8 mg/gPHA) (Table 1). Therefore, comparing the results from the three experiments conducted at 20 MPa, it can be observed that the maximum ibuprofen concentration was obtained after 3 h of impregnation, but the value is similar to that obtained at 1 h, considering the standard deviation of both values.



There are few references of the loading of ibuprofen into PHAs. For instance, the loading of ibuprofen into P(3HB) microspheres has been performed using an evaporation method with dichloromethane. The authors were able to achieve a drug concentration in the P(3HB) microspheres of c.a. 160 mg/gPHA [44]. Although this value is higher than the one reported in this study, the impregnation of APIs using organic solvents always carries disadvantages, such as the presence of residual amounts of solvent, which can be harmful. Besides this, this process of impregnation with scCO2 in mcl-PHA is still to be further optimized, hence allowing to increase the amount of ibuprofen in the biopolymeric matrix.



By plotting the maximum ibuprofen concentration against the corresponding impregnation time for the experiments conducted at 20 MPa, it was possible to determine the ibuprofen-impregnation rate into the mcl-PHA at that fixed pressure, which was determined as 89 mg/(g·h) (Figure 4). Here, it is also possible to observe that the maximum amount of ibuprofen that the PHA is capable of accommodating is achieved after only 1 h. If compared with the impregnation of ibuprofen on alginates, for instance, the maximum ibuprofen concentration (148 mg/gAlginate) was only achieved after 3 h of impregnation [2], representing a much slower impregnation rate than the one obtained in this work.




2.4. Characterization of the mcl-PHA Samples Impregnated with Ibuprofen


The degree of cristallinity (Xc) of the PHA after scCO2-assisted impregnation was determined for the samples prepared for 3 h, at 15 and 20 MPa. These values differ from the Xc of the original mcl-PHA, 27% [28] and reflect the changes suffered by the biopolymer matrix upon scCO2 impregnation. On the one hand, a decrease of Xc was expected, due to the amorphization of the polymer caused by the sorption of CO2. On the other hand, due to the impregnation of ibuprofen, which is crystalline with a diffraction pattern showing a high density of peaks within 6.1° and 22.3° (2θ) [45], an increase of Xc may occur. For the sample impregnated with ibuprofen at 15 MPa, there was a decrease of c.a. 15% on the Xc, while for the PHA20, the Xc increased c.a 22%. It is possible to conclude that for the PHA15, which had a lower ibuprofen loading, amorphization of the polymer upon CO2 sorption has a higher influence on crystallinity. Ibuprofen loading in the PHA20 was 1.4-fold higher, which may be responsible for the 22% increase in crystallinity. The effect of CO2 sorption in the polymer can be better understood by the decrease of Tg. For PHA15 there was a decrease in the Tg of 1 °C, compared to the pure PHA, and for PHA20 a decrease of 6.5 °C was observed. This shows that CO2 has some plasticizing effect of the polymer.




2.5. Ibuprofen Release Studies


Table 1 shows the initial release rate of ibuprofen in PBS, as well as the percentage of ibuprofen released to the medium during the first hour. From the ibuprofen release profiles (Figure 5) it is possible to see that the ibuprofen release over the first hour was faster than during the following 23 h. For the sample resulting from impregnation conducted for 3 h at 15 MPa, the initial ibuprofen release rate was 3.7 mg/h and 21% of the loaded ibuprofen was released from the mcl-PHA matrix within the first hour (Table 1). On the other hand, for the experiment conducted for the same time, but at 20 MPa, the initial ibuprofen release rate was 14.7 mg/h and with a release of 45% of ibuprofen released during the first hour (Table 1). For the other two experiments conducted at 20 MPa (30 min and 1 h), the initial ibuprofen release rates were 3.0 and 5.6 mg/h, respectively. For both these assays the ibuprofen released during the first hour accounted for c.a. 30% of the total amount of ibuprofen released during the 24 h studied (Table 1). The faster release rate obtained for the impregnation performed at 20 MPa for 3 h could be explained by the formation of an ibuprofen coating on the polymer’s surface during the depressurization of the system. The same effect has been described elsewhere; however; in that study, the coating was removed prior to ibuprofen quantification [3]. Another explanation may be the structure of the polymer after depressurization. During 3 h at 20 MPa, scCO2 has more time to diffuse within the polymer matrix which, after depressurization causes the formation of pores, creating a matrix with a higher porosity [6] therefore facilitating the inward diffusion of buffer in the polymer matrix and ibuprofen outward diffusion into the PBS media.



The release of ibuprofen from the impregnated mcl-PHA matrices was studied over a period of 24 h, in PBS at 37 °C. Figure 5 shows the release of ibuprofen from the samples, which resembles a type II release profile [1]. This is usually referred to as a constant or zero-order release, which allows the drug to be delivered at a constant rate, thus maintaining the API at a stable concentration in the blood stream. This type of release profile is usual for polymers and has become common in commercial systems [1]. This release profile is similar to the one described elsewhere for powder ibuprofen; however, the complete release of ibuprofen is attained after 7 h [38]. In this study we observed that after 4 h the release rate slows down, which also happens in the study by Aroso et al. [38] However, prolonging the study of the release up to 24 h allowed us to conclude that it is possible to have a stable release of ibuprofen during that time period.





3. Materials and Methods


3.1. mcl-PHA Production and Extraction


The mcl-PHA used in this study was produced and extracted as reported by de Meneses et al. [28]. Briefly, Pseudomonas chlororaphis subs. aurantiaca (DSM 19603) was grown using glycerol as the sole carbon source in a fed-batch bioreactor cultivation. For the recovery of the mcl-PHA, dried P. chlororaphis biomass (10 g) was subjected to Soxhlet extraction with chloroform (270 mL) at 85 °C for 24 h. The obtained solutions were filtered using 0.45 µm filters (Whatman, Maidstone, United Kingdom) and the biopolymer was recovered by precipitation in cold ethanol (1:10, v/v), under vigorous stirring. The mixture was kept overnight at −20 °C for complete polymer precipitation. The biopolymer was collected and dried in a fume hood at room temperature. It was kept in a closed vessel at room temperature until use.




3.2. Characterization


3.2.1. Thermal Properties


Differential scanning calorimetry (DSC) analysis was performed in a DSC Q2000 from TA Instruments Inc. (Tzero DSC technology, New Castle, DE, USA) operating in the Heat Flow T4P option. The measurements were carried out under anhydrous high purity nitrogen at a flow rate of 50 mL/min. DSC Tzero calibration was carried out in the temperature range from −90 to 200 °C. The samples were submitted to two cooling and heating runs between −90 and 120 °C, at a rate of 10 °C/min. The samples were encapsulated in Tzero (aluminium) hermetic pans with a Tzero hermetic lid, without a pinhole to avoid water loss by evaporation.



Thermogravimetric analysis (TGA) was performed with a Labsys EVO (Setaram, Caluire, France). The samples were placed in an aluminum pan and analyzed in a temperature ranging between 25 and 500 °C, using a heating rate of 10 °C/min.




3.2.2. X-ray Diffraction


X-ray diffraction (XRD) analysis was performed using PANalytical’s X’Pert PRO MRD system, with Cu K-alpha radiation over the 2θ range of 10–40°, at a scan rate of 1 deg/min. The crystalline percentage of the polymer was calculated by the ratio of the crystalline area and the total area [46].




3.2.3. Fourier Transform Infrared Spectroscopy


Attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR) analysis was conducted in a Perkin Elmer Spectrum Two spectrometer. The mcl-PHA was directly placed in the ATR-FTIR cell and spectra were recorded from 4000 to 400 cm−1 resolution with 16 scans at room temperature.




3.2.4. Cytotoxicity


The biopolymer’s biocompatibility was evaluated on an L929 cell line (DSMZ—German Collection of Microorganism and cell culture GmbH), and on an HaCaT cell line (DKFZ, Heidelberg). L929 cells were cultured in Eagle’s Minimum Essential Medium (MEM, with 1.5 g/L sodium bicarbonate, non-essential amino acids, L-glutamine and sodium pyruvate, Corning), supplemented with 10% fetal bovine serum (FBS, Corning) and 1% penicillin-streptomycin (Corning). HaCaT cells were grown in Dulbelco’s Modified Eagle Medium (DMEM with 4.5 g/L glucose, L-glutamine and sodium pyruvate, Corning) supplemented with 10% fetal bovine serum (FBS, Corning) and 1% penicillin-streptomycin (Corning). Both cell lines were cultured in a humidified incubator at 37 °C, with 5% CO2.



The cytotoxicity assays were conducted according to ISO/EN 10993-5, for medical devices [33]. PHA extracts (1 mg/mL) were prepared by adding mcl-PHA to MEM or DMEM, for each used cell line, and incubated at 37 °C, for 24 h at 60 rpm. After that period, the media were filtered to remove any particles in suspension. The cell monolayers (1 × 104 cells/well) were incubated with the extracts (2 to 500 ug/mL) for 24 h at 37 °C and 5 % CO2. Cells incubated with complete media only were used as the negative control. Cell viability was evaluated using the CellTiter 96® Aqueous One Solution Cell Proliferation Assay (Promega), which is based on tetrazolium active component ((3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, MTS). The amount of formazan product was measured in a microplate reader (VICTOR Nivo TM, PerkinElmer, Waltham, MS, USA) at 490 nm, as absorbance is directly proportional to the number of viable cells in culture. Cell viability was expressed as percentage of cells exposed to extracts vs control. Statistical analysis was performed using GraphPad Prism 7.00 software. One-way ANOVA test was performed, as well, as Dunnett’s multiple comparison test. Statistical differences were considered if p < 0.05.





3.3. Ibuprofen Preparations


Ibuprofen was obtained from ibuprofen sodium salt as described in [38]. A 50 mg/mL solution of ibuprofen sodium salt (98%, Fluka) was prepared in deionized water and acidified with hydrochloric acid (37%, Sigma-Aldrich, Burlington, MA, USA) (3 M) until the pH value was between 1 and 2. Dichloromethane (99.8%, Sigma-Aldrich) (10 mL) was added, and pure ibuprofen was extracted from the organic phase. The extraction procedure was performed four times to ensure that all ibuprofen was recovered. The ibuprofen solution in dichloromethane was left to evaporate completely at room temperature in the fume hood. The obtained white powder (pure ibuprofen) was then weighed and stored at room temperature. The purity of ibuprofen was assessed by ATR-FTIR. This procedure is described to produce ibuprofen with 98% purity [38].




3.4. Supercritical CO2 Assisted Impregnation


The scCO2-assisted impregnation of ibuprofen into the mcl-PHA matrices was performed in a batch apparatus described elsewhere [47]. The mcl-PHA (0.3 g) and ibuprofen (0.3 g) were loaded into the high-pressure vessel (20 mL) without direct contact, and then heated in a bath up to 40 °C. CO2 was liquefied in a cooling bath (−15 °C) containing a water/ethylene glycol solution (1:1) and then pumped with a pneumatic metering pump (Williams, V series, Ivyland, PA, USA) to the desired pressure. The pressure inside the vessel was controlled using a pressure transducer. The assays were conducted at 15 or 20 MPa and three impregnation times were tested (30 min, 1 and 3 h). After that period, the system was slowly depressurized, and the samples were recovered. To guarantee complete removal of CO2, the samples were left open in a fume hood over-night and weighed until no change in mass was observed. The assays were performed in duplicate. The mcl-PHA ibuprofen- impregnated samples were characterized by FTIR, DSC/TGA and XRD, as described above.





3.5. Ibuprofen Release Studies


Ibuprofen release from the impregnated mcl-PHA samples was evaluated through its quantification by spectrophotometric methods. The impregnated samples were immersed in 20 mL of phosphate buffered saline (PBS) (8 g/L NaCl, 0.2 g/L KCl, 1.44 g/L Na2HPO4, 0.24 g/L KH2PO4; pH 7.4) and placed in an orbital shaker at 37 °C and 200 rpm. Samples (500 µL) were collected at 0, 5, 10, 15, 30, 45, 60 min, 4, 5 and 24 h. Fresh PBS (500 µL) was added to maintain the buffer’s volume. The absorbance of the samples was measured in a UV/Vis spectrophotometer at 265 nm. A calibration curve was made with an ibuprofen on PBS solution with concentrations ranging from 0.500 to 0.001 mg/mL. PBS was used as zero reference.



The release profile of ibuprofen in PBS was measured as Mt/Minf, where Mt represents the mass of ibuprofen released at time t and Minf represents the total mass of ibuprofen released.



The maximum ibuprofen concentration was calculated from Equation (1), where m(ibu)24 represents the total mass of ibuprofen released to PBS after 24 h, and m(PHA) represents the mass of mcl-PHA used for the same impregnation assay. The values are presented as average ± standard deviation (SD).


Maximum ibuprofen concentration = m(ibu)24/m(PHA)



(1)







The ibuprofen impregnation rate at 20 MPa was determined from the slope of the plot of maximum ibuprofen concentration vs. the correspondent impregnation time. The initial ibuprofen release rate (mg/h) was obtained as the slope of the linear phase of ibuprofen release to PBS. The values are presented as average ± SD.




4. Conclusions


This work has demonstrated for the first time the preparation of ibuprofen-loaded matrices based on the mcl-PHA produced by the bacterium Pseudomonas chlororaphis, a biocompatible natural polyester. Ibuprofen was impregnated into the biopolymer matrix using scCO2 as solvent, resulting in a loading of 90.8 mg/gPHA at 20 MPa and at least 1 h of impregnation time. The applied treatment conditions resulted in changes on the polymer thermal properties and crystallinity, with the processed samples displaying lower Tg, hence suggesting the plasticization of the mcl-PHA. Ibuprofen release from the polymeric matrix followed a type II release profile which is typical for polymeric matrices. Given the adhesive properties of the biopolymer, together with its biocompatibility, the developed structures are promising materials for designing novel topical formulations that allow the delivery of stable concentrations of APIs, such as ibuprofen.
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Figure 1. ATR-FTIR spectra of mcl-PHA original sample (PHA, black full line) compared to the mcl-PHA sample impregnated with ibuprofen at 20 MPa (PHA20, blue dashed line) and the sample impregnated at 15 MPa (PHA15, red dotted line). The spectrum for ibuprofen (Ibu, grey full line) is also represented. The spectra were obtained in the region of 4000 to 400 cm−1, in transmittance mode. 
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Figure 2. Cytotoxicity evaluation of mcl-PHA extract in (A) L929 cells and (B) HaCaT cells. Data represent means ± SD (n = 3). Statistically significant differences were determined by Dunnett’s multiple comparisons test, one-way ANOVA. There were no significant differences between the test groups and the control group. 
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Figure 3. mcl-PHA before (A) and after (B) impregnation for 3 h at 20 MPa. 
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Figure 4. Maximum ibuprofen concentration on mcl-PHA vs. impregnation time for the experiments conducted at 20 MPa and 40 °C. 
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Figure 5. Release profile of ibuprofen from (A) mcl-PHA samples impregnated for different time periods (30 min, 1 h and 2 h) at 20 MPa and (B) mcl-PHA samples impregnated at 15 and 20 MPa for a period of 3 h. 
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Table 1. Impregnation conditions of pressure and time and the obtained ibuprofen impregnation yield on mcl-PHA (mg/gPHA), initial ibuprofen release rate to PBS (mg/h) and ibuprofen release during the first hour (%). Results are presented as mean ± SD and experiments were performed in duplicate.
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	Pressure (MPa)
	Time (hours)
	Maximum Ibuprofen Concentration (mg/gPHA)
	Initial Ibuprofen Release Rate (mg/h)
	Ibuprofen Release in 1 h (%)





	15
	3
	66.7 ± 0.7
	3.7 ± 0.1
	21



	20
	0.5
	40.9 ± 0.8
	3.0 ± 0.2
	32



	20
	1
	90.8 ± 6.5
	5.6 ± 0.5
	33



	20
	3
	93.3 ± 4.7
	14.7 ± 5.2
	45
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