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Abstract

:

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) is a widely studied polymer and it has been found that porous PHBV materials are suitable for substrates for cell cultures. A crucial factor for scaffolds designed for tissue engineering is the water uptake. This property influences the transport of water and nutrients into the scaffold, which promotes cell growth. PHBV has significant hydrophobicity, which can harm the production of cells. Thus, the addition of α-wollastonite (WOL) can modify the PHBV scaffold’s water uptake. To our knowledge, a kinetics study of water uptake of α-wollastonite phase powder and the PHBV matrix has not been reported. In this work, PHBV and WOL, (PHBV/WOL) films were produced with 0, 5, 10, and 20 wt % of WOL. Films were characterized, and the best concentrations were chosen to produce PHBV/WOL scaffolds. The addition of WOL in concentrations up to 10 wt % increased the cell viability of the films. MTT analysis showed that PHBV/5%WOL and PHBV/10%WOL obtained cell viability of 80% and 98%, respectively. Therefore, scaffolds with 0, 5 and 10 wt % of WOL were fabricated by thermally induced phase separation (TIPS). Scaffolds were characterized with respect to morphology and water uptake in assay for 65 days. The scaffold with 10 wt % of WOL absorbed 44.1% more water than neat PHBV scaffold, and also presented a different kinetic mechanism when compared to other samples. Accordingly, PHBV/WOL scaffolds were shown to be potential candidates for biological applications.
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1. Introduction


In the last few decades, life expectancy has increased, along with an increase in health problems like osteoporosis and osteoarthritis [1,2,3]. These problems make it necessary to develop materials that can be used for bone repair and that can interact with biological systems. Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) is a polyester from the polyhydroxyalkanoates (PHA) family synthesized by bacteria, which has been widely studied for tissue regeneration because it is a natural, biocompatible and nontoxic polymer [4,5,6,7]. However, PHBV is brittle and has low mechanical properties, so, efforts have been made to reinforce this matrix, for example by incorporating natural fibers, glass fibers, and carbon nanotubes, among others [8,9,10,11,12]. However, PHBV has a hydrophobic nature, which is not ideal for cell attachment and proliferation [13].



Some ceramic materials such as hydroxyapatite, β-tricalcium phosphates, bio-glasses and silicates, can interact with biological environments, chemically integrating with surrounding bone tissue in vivo. They are known as “bioactive” and numerous studies have utilized these materials to improve polymers’ mechanical properties [14,15]. One of these bioactive ceramic materials is wollastonite (WOL).



WOL is a highly bioactive calcium silicate (CaSiO3) [16,17]. When in contact with body fluids, this silicate promotes Ca2+ ions liberation with the formation of Si-OH bonds on their surface. These Ca2+ ions precipitate along with phosphate ions present in the body fluid, inducing a superficial apatite layer. In the degradation, silica ions stimulate host cells to produce bone tissue [18]. Therefore, tissue formation and collagen mineralization occur due to apatite nucleation on the material surface [19].



The incorporation of WOL (or nano-wollastonite) into polyethylene [20], polycaprolactone [21] and even PHBV [22,23,24] has already been reported. All of these works have demonstrated that the incorporation of WOL into polymer matrix has potential application for bone substitution, due to the formation of apatite on the material, bioactivity and even differentiation of cells into osteoblasts. Additionally, other works have shown that incorporating WOL into a polymeric matrix results in a composite with better mechanical properties. Kotela et al. [21] reported significant improvement in the mechanical properties of polycaprolactone scaffolds with the addition of small amounts of nano-wollastonite.



Another essential factor in scaffolds designed for tissue engineering is the water uptake, since this property will influence the transport of water and nutrients into the scaffold, besides helping with the storage of growth factors [25,26]. Adding WOL to PHBV scaffolds may cause changes in the final material’s hydrophilicity, and consequently, in the water uptake due to PHBV’s significant hydrophobicity [27]. Besides that, the addition of WOL can promote changes in the local environment, neutralizing the acidic residues of PHBV degradation [25].



To our knowledge, a kinetics study of the water uptake of α-wollastonite phase powder and the PHBV matrix has not been reported. In this work, PHBV films were prepared by the solvent casting method with 5, 10, and 20 wt % of WOL. A complete characterization of the films was performed, and then scaffolds were produced with the best-observed conditions, to evaluate their absorption properties in water.




2. Materials and Methods


2.1. Materials


Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) was provided by PHB Industrial, Brazil, with 3.76 mol% of hydroxyvalerate units and an average molecular weight (Mw) of 187.000 g mol−1. Chloroform P.A. from Alphatec and Dioxane 1,4 P.A. from Synth (Brazil) were used as solvents. WOL was prepared by the sol-gel method [28]. Sodium metasilicate solution was mixed with ionic change resin (IR 120-Rohm and Haas) to form orthosilicic acid (Si(OH4)). In proportion, orthosilicic acid and calcium chloride were mixed with ethylene glycol 20% in volume. After that, the solution was left to dry for 24 h at 80 °C. Finally, the dried powder was calcined first at 600 °C for 5 h to remove all the organic compounds and then calcined at 900 °C for another 5 h [25].




2.2. Production of PHBV/WOL Films


Films of PHBV/WOL were prepared using the solution-casting method. First, PHBV mass was solubilized in chloroform, and then WOL was added to the solution and the mixture was dispersed using a Hielscher UP200S (200 W, 24 kHz; Hielscher Ultrasonics GmbH, Teltow, Brandenburg, Germany) ultrasonic processor with 40% of amplitude for 2 min. The concentration of WOL utilized to prepare the samples PHBV, PHBV/5%WOL, PHBV/10%WOL and PHBV/20%WOL were 0, 5, 10 and 20 wt %, respectively. The resulting volume was poured onto Petri plates, and the mixtures were allowed to stand overnight, covered with aluminum paper to guarantee a slow evaporation. Films were obtained after the complete evaporation of chloroform at room temperature.




2.3. Production of PHBV/WOL Scaffolds


For neat PHBV scaffolds, PHBV was solubilized in dioxane at 70 °C under stirring for 2 h to give a 6% w/v solution. The solution was sonicated in a Hielscher UP200S ultrasonic processor (200 W, 24 kHz; HielscherUltrasonics GmbH, Teltow, Brandenburg, Germany) with 40% of amplitude for 2 min and then 5 mL aliquots of the solutions were poured into flasks and cooled down to −43 °C for 30 min. Samples were freeze-dried at −86 °C for 24 h in a Labconco Free Zone 2.5 Plus Lyophilizer (Labconco Corporation, Kansas City, MO, USA). For PHBV/WOL scaffolds, the desired amount of WOL to give 5 and 10 wt % concentrations were added to PHBV solubilized in dioxane and the same methodology used for neat PHBV scaffolds was followed. Scaffolds of neat PHBV, PHBV/WOL 5 wt %, and PHBV/WOL 10 wt % were labeled PHBV-S, PHBV/5%WOL-S, and PHBV/10%WOL-S, respectively.




2.4. Characterization


2.4.1. X-ray Diffraction (XRD)


Phase composition of WOL was analyzed by X-ray diffraction (PANalytical EMPYREAN, Malvern Panalytical Ltd, Malvern, UK) with Cu-Kα radiation (λ = 1.5406 Å) in the 2θ range 20–55° at a scan rate of 0.6 s/step. The operating current and voltage were set at 40 mA and 40 kV, respectively.




2.4.2. Zeta Potential


The zeta potential value of WOL was obtained using dynamic light scattering equipment, Beckman Coulter Delsa Nano (Beckman Coulter, Brea, CA, USA). WOL powder was dispersed in deionized water (pH 5), and the measurements were performed at 25 °C at an angle of 15°. To calculate the zeta potential from mobility values, the Smoluchowski equation was used, with values of refractive index, dielectric constant, and viscosity of water at 25 °C.




2.4.3. Field Emission Gun—Scanning Electron Microscopy (FEG-SEM) and Scanning Electron Microscopy (SEM)


The morphology of WOL powder was analyzed by Field Emission Gun–Scanning Electron Microscopy (FEG-SEM) (MIRA3—TESCAN, Brno, Czech Republic) operating at 5 kV. The powder was fixed on aluminum stubs and covered with gold. The cryogenic fracture surface morphology of the films and scaffolds were observed by scanning electron microscopy (SEM) using an Inspect S50—FEI Company® microscope (FEI Company, Hillsboro, OR, USA), with detectors of secondary electrons mode (SE) and an accelerating voltage of 7.5 kV. The samples were cryogenically fractured, fixed on aluminum stubs and covered with gold.




2.4.4. Fourier Transform Infrared Spectroscopy (FT-IR)


FT-IR spectra were recorded on a Frontier spectrometer (PerkinElmer, Waltham, MA, USA), equipped with a universal attenuated total reflection (UATR) accessory. Each spectrum was acquired in transmittance mode by the accumulation of 32 scans with a range of 4000–400 cm−1.




2.4.5. Raman Spectroscopy


Raman analyses was carried out using a LabRam HR Evolution spectrometer (HORIBA Scientific, Kyoto, Japan), coupled to an optical microscope with Nd:Yag laser (532 nm).




2.4.6. Contact Angle


Static contact-angle measurements of the scaffolds were examined in air at room temperature using a Ramé-Hart Model 500 (Ramé-Hart Instrument Co., Succasunna, NJ, USA). Contact-angle values were automatically calculated using DSA software. Measurements were made by dropping 10 mL of water on the film surface. Contact-angle values were obtained using an average of five measurements.




2.4.7. Cell Viability


Samples were cut into cylinders measuring 4 mm × 0.4 mm, then were transferred to 96-well plates. Dentistry metal matrix bands were used to fix the samples on the bottom of the well to avoid floating when inserted in culture medium. Plates were covered and exposed to ultraviolet rays for 15 min. Then, the set was turned and exposed for another 15 min. Human Dental Pulp Stem Cells (DPSC Lonza, Lonza Group, Basel, Switzerland) (density 8 × 103 cells) were plated over samples in each well (n = 3 samples per group) using DMEM (Gibco, Thermo Fisher Scientific, Carlsbad, CA, USA) supplemented with 10% Fetal Bovine Serum (FBS Gibco, Thermo Fisher Scientific) and 5 mL of penicillin and streptomycin (PEN-STREP 100000 un-10 mg/mL, Sigma Aldrich, Darmstadt, Germany).



After being cultured for 3 days, culture medium was replaced by MTT solution [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (5 mg/mL PBS, Sigma Aldrich,). The solution was added and the cells were incubated at 37 °C, for 1 h to form purple formazan crystals [29,30]. The cytotoxicity assay was performed using bottom of well as a control. After incubation, supernatant was removed and samples were washed with PBS, followed by the addition of isopropanol acid (0.04 mol/L HCL in isopropanol) to each well in order to dissolve the formazan crystals. Colorimetric analysis was performed with an EL808IU Spectrophotometer (Biotek Instruments, Winooski, VT, USA) at 570 nm. Data was normalized using the control group as 100%, and expressed as percentage.




2.4.8. Water Uptake


Dry scaffolds (Wd) were immersed into distilled water for 65 days at ambient temperature. At selected intervals, they were removed from the water, blotted dry on filter paper to remove excess water, weighed and returned to the water. The weighed scaffolds were denominated (Ww). The water uptake was obtained using Equation (1):


WU %=Ww− WdWd× 100



(1)










3. Results


3.1. X-ray Diffraction


X-ray diffraction was carried out to confirm the wollastonite phase obtained by the sol-gel method. Figure 1 shows the diffractogram of the WOL powder used to produce both scaffolds and composites films. As observed, only the peaks of the α-wollastonite (also known as pseudo-wollastonite) phase are present (PDF#740874). This diffractogram proves that the α-wollastonite phase is pure, and no other phases were formed in the synthesis.



Most studies reported in the literature prepared pure α-wollastonite at 1125 °C or above [16,31,32]. A common route to obtain α-wollastonite is to prepare it by solid-state reaction, as reported in the work of Hossain and Roy [31]. In this study, the authors prepared pseudo-wollastonite phase utilizing eggshell (~99% CaO) and rice husk ash (~93% SiO) as precursors. Powders were wet ball-milled in water and then, the mixture was dried at 110 °C and calcined at 1000, 1100, 1150 and 1200 °C. The α-wollastonite phase only appeared in samples calcined at 1150 and 1200 °C. However, both presented parawollastonite (PDF#3-1460) as a secondary phase.



Wang et al. [32] synthesized pure α-wollastonite phase by using the sol-gel process, utilizing calcium nitrate (Ca(NO3).4H2O) and tetraethyl orthosilicate (TEOS) as precursors, and calcining the WOL xerogel at 1150 °C, the pseudo wollastonite was completely formed.



Therefore, the methodology reported here was efficient for producing WOL with lower temperatures and to obtain the pure α phase.




3.2. Zeta Potential


Measurement of the zeta potential was performed to estimate the surface charge of WOL powder [33]. The dispersion was performed in deionized water. A value of −29 mV was found. This may be considered a “quasi” stable suspension, since colloidal particles are considered stable when they have a zeta potential of magnitude greater than ± 30 mV [34] in these conditions. The negative zeta potential may be attributed to the presence of silanol groups present on the surface of WOL and will be discussed further.




3.3. Field-Emission Scanning Electron Microscopy (FEG-SEM)


The morphology of WOL powder was investigated by FEG-SEM and representative micrographs are shown in Figure 2. WOL powder presents particles with numerous interconnected pores, which can be found all over the sample. This is an important characteristic for scaffolds for bone substitution since this property could influence the transport of nutrients to cells for growth [25,26].



Similar morphology was reported in a previous work by Paluszkiewicz et al. [35] for α-wollastonite; however, there was less porosity than in the sample shown in Figure 2. This distinction is probably due to different methodologies employed to produce α-wollastonite. They sintered the sample at 1200 °C, whereas in this work, wollastonite was produced at 900 °C.




3.4. Raman Spectroscopy


Raman spectra of WOL, neat PHBV, PHBV/5%WOL, PHBV/10%WOL, and PHBV/20%WOL are shown in Figure 3, where it can be observed that the spectra of neat PHBV is quite similar to the spectrum of PHBV/WOL films. The difference is the peaks related to WOL, especially peaks at 366 (Ca-O stretch), at 577 (O-Si-O bend), and at 977 (Si-O br stretch) cm−1 [36]. Table 1 presents the peaks of wollastonite and PHBV reported in previous literature [36,37]. The peaks of WOL are more expressive in the samples with more proportionality of the silicate and could not be observed in the PHBV/5% WOL.



Peaks of PHBV in the spectra of PHBV/WOL films have no displacement, which means that there is no change in the chemical structure of the polymeric matrix. There are no other different peaks apart from those observed, either in neat PHBV or in WOL spectra, which means that PHBV/WOL had no parallel reactions.




3.5. FT-IR Spectroscopy


FT-IR spectra of WOL powder, neat PHBV, PHBV/5%WOL, PHBV/10%WOL, and PHBV/20%WOL films are shown in Figure 4. Table 2 list all the WOL and PHBV bands reported in the literature [35,38,39,40]. Two of the characteristic bands for α-wollastonite (714 and 922 cm−1) can be observed in all PHBV/WOL films, confirming the presence of WOL in the composite films. However, some bands of the silicate and PHBV are overlapped, making it difficult to achieve a precise analysis. Due to the small quantities of WOL incorporated in the films, and to the possible covering of WOL particles by PHBV matrix, other bands have signals too low to be identified.



Kolesov and Geiger [39] investigated the behavior of H2O in FT-IR and Raman spectra in zeolites natrolite (Na16[Al16Si24O80]·16H2O) and scolecite (Ca8[Al16Si24O80]·24H2O). They realized that FT-IR spectra enabled an understanding of inner surface water molecule behavior in microporous silicates and the behavior of hydrogen bonding. They determined that the band located at 1636 cm−1 corresponds to the bending mode of water. Abadleh and Grassian [41] carried out a FT-IR study of water adsorption on aluminum oxide surfaces. They also assigned the band at 1645 cm−1 to liquid water adsorbed on the surface of the samples.



Therefore, the band positioned at ~1620 cm−1 in the spectra of WOL was probably the bending mode of H2O [38] and the band around 960 cm−1 was assigned to the Si-OH bond of the silanol group [42]. These sites of water absorption are due to the silanol groups and are in agreement with zeta potential results.



The PHBV/WOL composites spectra do not present the band at 1620 cm−1 as WOL spectrum, which occurs probably because the polymeric chains embed the wollastonite particles. Though the presence of these particles is not reflected in the FT-IR spectrum, WOL particles are indeed incorporated in the matrix, which leads to an increase in water adsorption, which is proportional to the increase in WOL content.




3.6. SEM Micrographs


Figure 5 shows the morphological characterization of the cryogenic fracture surface of neat PHBV, PHBV/5%WOL, PHBV/10%WOL, and PHBV/20%WOL composites films. Figure 5A corresponds to the fracture surface of neat PHBV. Figure 5B–D presents the surface fracture morphology of PHBV/5%WOL, PHBV/10%WOL, and PHBV/20%WOL, respectively. PHBV/5%WOL and PHBV/10%WOL presented uniformly dispersed WOL particles, good interfacial adhesion and no agglomeration. However, PHBV/20%WOL shows the presence of agglomerated WOL particles, and provides evidence of the poor interaction between them and the matrix, perhaps due to the difficulty of dispersing the large content of particles in the PHBV matrix.



Bheemaneni et al. [43] prepared poly(butylene adipate-co-terephthalate) (PBAT)/WOL with 0 to 7 wt % of WOL by using the melt blending method. The authors observed that the highest concentrations of WOL (5 and 7 wt %) presented agglomerations and low adhesion with the PBAT matrix. Thus, the present work obtained PHBV/WOL films by the solution-casting method, which showed satisfactory dispersion of 5 and 10 wt % concentrations of WOL in the PHBV matrix. Therefore, due to the good interaction and dispersion of the 5 and 10 wt % WOL content in the PHBV matrix, these two concentrations were chosen to prepare scaffolds, labeled PHBV-S, PHBV/5%WOL-S, and PHBV/10%WOL-S.



Figure 6 shows a SEM micrograph of the fracture surface of neat PHBV-S, PHBV/5%WOL-S, and PHBV/10%WOL-S composites’ scaffolds. Figure 6A shows the fracture surface morphology of neat PHBV, which exhibits a macroporous structure with interconnected open pores distributed across the macroporous walls. Figure 6B,C correspond to the composites PHBV/5%WOL-S and PHBV/10%WOL-S, respectively, and show a similar morphology to neat PHBV, and a uniform morphological surface with a similar macroporous structure compared to the neat PHBV scaffold. The different content of WOL particles are dispersed homogenously in the scaffolds.



Li et al. [23] obtained PHBV/WOL scaffolds with 20 and 40 wt % of WOL by a compression molding, thermal processing, and salt particulate leaching method. In SEM micrographs, the authors observed that when these concentrations were used, some WOL particles aggregate, although the macroporous structure was still maintained.




3.7. Contact Angle


The contact angle of the films was obtained to evaluate the influence of WOL in the hydrophilicity of PHBV. Figure 7 shows the average result and the standard deviation.



The average value of the contact angle was not affected by the addition of 5 and 10 wt % of WOL. WOL is a hydrophilic material [44,45], which may contribute to increasing the hydrophilicity of the PHBV matrix over time. However, WOL is probably not exposed on the surface of the films but embedded by the PHBV matrix. Then, the contact angle would remain unchanged.




3.8. Cell Viability


The effect in cell viability of adding WOL into PHBV films was evaluated by MTT analysis. WOL is a non-cytotoxic bioceramic used as reinforcement for different polymeric matrices [10,43,44]. MTT analysis data is shown in Figure 8. PHBV/5%WOL and PHBV/10%WOL had a cell viability of 80% and 98%, respectively; considerably higher when compared to 52% of neat PHBV film. However, PHBV/20%WOL had a decrease in cell viability to 48%.



Bheemaneni et al. [43] showed that introducing 3 and 5 wt % wollastonite into poly(butylene adipate-co-terephthalate) (PBAT) matrix improved cell activity compared to neat PBAT. However, when they incorporated 7 wt %, the viability decreased. The authors attributed this reduction to a diminished superficial area due to WOL agglomeration in higher concentrations.



A similar behavior was observed for the PHBV/20%WOL composites, which showed poorly dispersed WOL particles, reducing the superficial area, and consequently, the cell viability. When particles are not satisfactorily dispersed into the matrix, there is an absence of filler effect [43], justifying the lower biocompatibility obtained for the sample with higher WOL concentration.




3.9. Water Uptake


To evaluate water uptake, scaffolds were immersed in water for 65 days and their mass was measured at predefined times. Figure 9a shows the results of the percentage of water absorbed for samples PHBV-S, PHBV/5%WOL-S, and PHBV/10%WOL-S. The PHBV/10%WOL-S sample absorbed 44.1% and 28.3% more water than neat PHBV-S and PHBV/5%WOL-S, respectively. Moreover, the PHBV/10%WOL-S sample achieved absorption equilibrium at around 960 h, much earlier than PHBV/5%WOL-S and PHBV-S (1200 h). The presence of silanol groups in addition to the porous surface of WOL, induces the water absorption in the scaffolds.



To better evaluate the mechanism of water uptake, a kinetic study was carried out by fitting the experimental data to the pseudo-first-order, pseudo-second-order and diffusion intraparticle models. The first two equations represent a chemical mechanism of water absorption, whereas the third one is related to physical absorption [46]. The pseudo-first-order can be described by Equation (2) [47]:


logqe−qt=logqe−k1t2.303



(2)




where, qt and qe are the mass of the adsorbed water at time t and at equilibrium, respectively, and k1 is the rate constant of pseudo first-order adsorption process. The constants qe and k1 can be graphically determined by the plot log(qe − qt) versus t, where the slope is related to k1 and the intercept is log(qe).



The pseudo-second-order model can mathematically be described by Equation (3) [47,48]:


tqt= 1k2qe2+ tqe



(3)




where, k2 is the pseudo-second-order rate constant and qt and qe were previously described. The constants of Equation (3) can be graphically determined by plotting t versus (t/qt): the slope is related to the value of qe, and the intercept is related to k2.



The intra particle diffusion model can be expressed by Equation (4) [47,48]:


qt= kint0.5+C



(4)




where qt is the mass of adsorbed water at time t, kin is a kinetic constant, which is directly related to the intraparticle diffusion parameter, and C is the thickness of the boundary layer. The values of the parameters kin and C can be determined by a plot of qt versus t0.5, where kin is the slope and C is the intercept.



All three samples were tested against the three models to evaluate which one better fits. The graphic results are presented in Figure 9b–d for PHBV-S, PHBV/5%WOL-S and PHBV/10%WOL-S, respectively.



The calculated constants are shown in Table 3. The model that better fits for samples PHBV-S and PHBV/5%WOL-S is the interparticle diffusion model. Therefore, both samples have the same physical mechanism of water absorption, in which water molecules permeate the scaffolds through the pores. However, with 10 wt % of WOL, the mechanism changes to the pseudo-first-order model, in which water molecules are chemically attracted to silanol groups on the surface of WOL [42]. Only for this concentration, is the quantity of silanol enough to modify the kinetics, which explains why the PHBV/5%WOL-S sample presents R2 so close for the three models, predicting the amounts of water that will be absorbed concerning the mass of any prepared scaffold.



Until 48 h of immersion, no significant differences in the mass gain were observed between the three scaffolds. This phenomenon probably occurs because polymeric chains embed the WOL particles, which is in accordance with previous results: (1) no 1620 cm−1 band was observed in FT-IR, and (2) the average value of the contact angle was not affected. Water may penetrate polymeric chains and reach WOL particles only after 48 h, which alters the adsorption mechanism of water uptake, as seen in Figure 9.





4. Conclusions


In this work, films of PHBV/WOL composites with 0, 5, 10, and 20 wt % of WOL were prepared. X-ray diffractograms showed that the synthesized wollastonite was a pure α-wollastonite phase. The synthesis of this phase (pure α-wollastonite) at this low calcination temperature (900 °C) is not related in literature. Raman and FT-IR spectra showed that WOL does not interfere in the PHBV structure and had no secondary reactions. SEM images showed that WOL was uniformly dispersed into the PHBV matrix, had good interfacial adhesion and no agglomeration in PHBV/5%WOL and PHBV/10%WOL films. However, the PHBV/20%WOL sample presented agglomerates of WOL and poor particle-matrix interaction. Scaffolds of neat PHBV and PHBV/WOL showed opened-pore morphology, with interconnected pores, ideal for tissue regeneration. The addition of WOL in concentrations up to 10 wt % increased the cell viability of films. MTT analysis showed that PHBV/5%WOL and PHBV/10%WOL presented 80% and 98% cell viability, respectively. Water uptake was undoubtedly higher for PHBV/10%WOL-S, thus, kinetics studies were performed to better understand the mechanism of water absorption. PHBV/10%WOL-S presented different mechanisms for water uptake compared to neat PHBV-S and PHBV/5%WOL-S, which was attributed to the presence of silanol groups on the WOL surface. Only after 48 h, water may penetrate polymeric chains, which alters the adsorption mechanism of water up take. Thus, PHBV/WOL scaffolds are potential candidates for application as bone substitutes, as WOL improved water absorption, and consequently, will positively affect the transport of nutrients and promote cell adhesion. Additional studies are necessary to evaluate the effect of the mechanical properties of WOL in PHBV/WOL scaffolds.
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Figure 1. X-ray diffraction pattern of α-wollastonite (WOL) synthesized. 
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Figure 2. FEG-SEM micrographs of powder WOL. (A) 40000× and (B) 20000×. 
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Figure 3. Raman spectra of WOL powder and neat poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), PHBV/5%WOL, PHBV/10%WOL and PHBV/20%WOL films. 
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Figure 4. FT-IR spectra of WOL powder and neat PHBV, PHBV/5%WOL, PHBV/10%WOL and PHBV/20%WOL films. 
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Figure 5. SEM micrograph of fracture surface of the samples in films forms: neat PHBV (A), PHBV/5%WOL (B), PHBV/10%WOL (C) and PHBV/20%WOL (D) with magification of 2000×. 
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Figure 6. SEM micrograph of fracture surface of scaffolds: neat PHBV (A), PHBV/5% WOL-S (B), PHBV/10% WOL-S (C) with 1000x magnification. 
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Figure 7. Contact angle values of neat PHBV, PHBV/5%WOL and PHBV/10%WOL films. 
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Figure 8. Human dental pulp stem cells proliferation on PHBV, PHBV/5%WOL, PHBV/10%WOL, and PHBV/20WOL% films after 3 days. Results are given as mean ± SD (n = 3). One-way ANOVA, significance levels: ** p < 0.01. 
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Figure 9. Results of water uptake (a) and kinetics fittings of PHBV (b), PHBV/5%WOL-S (c) and PHBV/10%WOL-S (d). 
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Table 1. The Raman assignments modes of WOL and PHBV.
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Wollastonite

	
PHBV




	
cm−1

	
Assignments

	
cm−1

	
Assignments






	
237, 337

	
Ca-O Stretch

	
678

	
γC=O




	
321, 337

	
Ca-O Stretch

	
693

	
γC=O




	
400, 412

	
Ca-O Stretch

	
840

	
υC–COO




	
485

	
O-Si-O bend

	
980

	
rCH3, υC–C (C)




	
581

	
O-Si-O bend

	
1220

	
Helical conf. (C)




	
636

	
Si-O-Si bend

	
1262

	
Helical conf. (C)




	
688

	
Si-O-Si bend

	
1364

	
δCH, wCH2, δsCH3




	
883

	
Si-O(br) stretch

	
1380

	
δsCH3




	
970

	
Si-O(br) stretch

	
1443/1458

	
δCH2, δasCH3 (C)




	
997

	
Si-O(br) stretch

	
1725

	
υC=O (C)




	
1020

	
Si-O(br) stretch

	

	




	
1044

	
Si-O(br) stretch
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Table 2. The FTIR active vibrational modes of the WOL and PHBV.






Table 2. The FTIR active vibrational modes of the WOL and PHBV.





	
Wollastonite

	
PHBV




	
cm−1

	
Assignments

	
cm−1

	
Assignments






	
~1640

	
Bending water

	
2975

	
Symmetric stretching of CH3 group




	
1092

	
Streching bridging

Si-O(Si)

	
2937

	
Asymmetric stretching of CH3 group




	
1072

	
1725

	
Carbonyl stretching (C=O) of PHBV




	
~960

	
Si-OH




	
985

	
Streching non-bridging

Si-O(Si)

	
1500–900

	
CH3 and CH vibrations and C-O-C and C-C stretching




	
938




	
922




	
714

	
Streching bridging

Si-O(Si)
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Table 3. Kinetics studies of water uptake to PHBV-S, PHBV/5%WOL-S and PHBV/10%WOL-S.
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Samples

	
Pseudo First-Order Model

	
Pseudo Second-Order Model

	
Interparticle Diffusion Model




	

	
k1 (h−1)

	
qe

	
R2

	
k2 (h−1)

	
qe

	
R2

	
kin

	
R2






	
PHBV

	
1.25 × 10−3

	
408.65

	
0.96035

	
1.81 × 10−6

	
569.55

	
0.96707

	
9.39035

	
0.98374




	
PHBV/5%WOL

	
1.25 × 10−3

	
478.60

	
0.98229

	
1.40 × 10−6

	
689.05

	
0.98547

	
11.1993

	
0.98809




	
PHBV/10%WOL

	
1.68 × 10−3

	
578.22

	
0.99428

	
1.64 × 10−6

	
811.9

	
0.99381

	
15.26236

	
0.98577
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