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a b s t r a c t This study reports the applicability of sol–gel derived silica and silica–polydimethylsiloxane (silica–PDMS) composites as a potential bioactive implantable drug delivery system for doxorubicin hydrochloride (DOX). These composites also contain calcium chloride (CaCl2 ) and triethylphosphate as precursors of Ca2+ and (PO4 )3− ions. These composites were immersed for 20 days in a simulated body ﬂuid (SBF) at 37 ◦ C to study the release rate of the DOX, dissolution of the silica and the formation of hydroxyapatite on the composites’ surface. The results show that the release rate of the DOX can be effectively tailored by either the addition of a polydimethylsiloxane (PDMS), or by varying the amount of CaCl2 , where the elution rate of DOX increases with increasing amount of the CaCl2 precursor. Importantly, irrespective of the amount of CaCl2 , no burst release of DOX has been observed in any of the silica–PDMS system investigated. On the other hand, a slow release of DOX has been observed with a trend that followed a zero (0)-order kinetics for a total of 20 days of elusion. The dissolution of silica in SBF was ca. two-times faster than that of silica–PDMS, with the former reaching an average saturation level of 80 g/mL whilst the latter reached 46 g/mL within 20 days. Both the silica and the silica–PDMS composites show bioactivity i.e. they absorb calcium phosphate from SBF. Within 10 days, a ten-fold increase in the concentration of calcium phosphate deposit has been observed on the silica–PDMS relative to the silica. The constant rates of DOX release observed for the silica–PDMS composites indicate that the calcium phosphate deposit do not obstruct controlled release of the drug. © 2012 Elsevier B.V. All rights reserved.



1. Introduction Local and targeted delivery of chemotherapy is a promising option in bone antitumour treatments and can be easily integrated into bone void ﬁllers or similar implantable materials [1]. Such a therapeutic strategy can be administered by implantations to target speciﬁc organs or tissues, and can provide pharmacologically suitable plasma-concentrations of drugs, the elution of which can be controlled over an extended period of time. Various combinations of drug/biomaterial composites have been recently studied as candidates for treating bone diseases. For example, porous hydroxyapatite (HA) [2,3], porous silicon [4] and gelatine [5] have been investigated as potential implantable carriers for an anticancer drug. Abe et al. [6] have investigated in vivo kinetics of the release of paclitaxel to bone sites from a HA/alginate composite. These investigations indicate that the implantable carriers for anticancer drugs have nearly a threefold lower toxicity level compared to the drugs that have been administered orally or intravenously.



∗ Corresponding author. Tel.: +48 58 3493153; fax: +48 58 3493206. E-mail address: [email protected] (M. Prokopowicz). 0927-7765/$ – see front matter © 2012 Elsevier B.V. All rights reserved. doi:10.1016/j.colsurfb.2012.01.020



Sousa et al. [7] have used a composite of HA with mesoporous silica to study the in vitro release rate of atenolol. These authors have shown that the impregnation of a drug into mesoporous silica (MCM-41) results in a relatively fast, undesirable, non-linear elution of atenolol with an initial burst-release of ca. 30%. The release rate of atenolol has slowed-down, with the burst-release decreasing down to ca. 20% after the initial few hours. Some authors have attempted to mix therapeutic drugs with reactive organic monomers [8]. This strategy cannot be universally applicable as the heat related to the polymerization process can be detrimental to temperature-sensitive drugs. It was reported that polymethylmethacrylate bone cement was successful in releasing tetracycline whilst retaining its mechanical properties but the heat generated during the synthesis had caused partial decomposition of the drug [8]. Bioresorbable materials, on the other hand, have been explored as a promising platform for designing patient-friendly implants with precisely tailored drug elution kinetics and resorption time [9]. It has been suggested that a sol–gel derived silica gel can be considered as a resorbable and non-toxic material that can be used in localized drug delivery [10,11]. This is because the degradation product of silica is orthosilicic acid, which is the natural form of Si in
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bone environment and is readily excreted through the kidneys. As the temperature of a sol–gel process is low (usually room temperature), the temperature-sensitive drugs can be immobilized into a polymeric matrix that can be formed in situ whilst maintaining their integrity and pharmacological activity. In addition, the half life of a drug in physiological conditions can be prolonged by encapsulating it within the inert silica network. Silica is also known as a bioactive material i.e. it can induce incrustation of HA on its surface when immersed in body ﬂuid [12–14]. This phenomenon has been extensively investigated to improve osteointegration of bone grafts and orthopaedic implants. A major obstacle for using silica gel as a carrier for drug delivery is the early burst-release of the water-soluble drug from the carrier prior to reaching a slow and steady release rate [7,15,16]. A controlled burst-release of these drugs can be achieved e.g. by an increase of hydrophobicity of the silica network. It has been demonstrated that the addition of organic additives e.g. polydimethylsiloxane [17], methyltriethoxysilane [18], and propyltriethoxysilane [19] to tetraethoxysilane-based sols may slow down the rate of drug release when compared to the drug release from non-modiﬁed silica gels. As the silica gel can be both bioresorbable and bioactive, it is important to explore the feasibility of this in combining the following two functions: (i) the delivery of an anticancer drug to the diseased site of the bone and (ii) an in situ deposition synthesis of hydroxyapatite, which is an indication of bioactivity. The HA deposited on the outer surface of a silica gel and in its pores should then be able to ﬁll the voids gradually and to replace the resorbed implant eventually, thus facilitating osteointegration and regeneration of bone. In this perspective, the present work aims to examine the bifunctional activity of novel sol–gel derived silica and silica–polydimethylsiloxane composites under an abiotic in vitro model for drug delivery and hydroxyapatite formation. In particular, the goal is to ﬁnd answers to the following questions: (i) what is the composition of a mineral layer deposited on the silica gel after immersion in the simulated body ﬂuid and what is the effect of this deposit on the release kinetics of the drug; (ii) can DOX release rate be fully controlled; and (iii) how does the hydrophobic polymer, polydimethylsiloxane that has been used to slow-down the release kinetics, inﬂuences the bioactivity of the silica gel.



2. Materials and methods 2.1. The preparation of DOX-loaded systems The ternary calcium–phosphate–silica (Ca–P–Si) and quaternary calcium–phosphate–silica–polydimethylsiloxane (Ca–P–Si–PDMS) systems have been synthesized by a twostep acid/base-catalysed sol–gel process under the conditions of synthesis compatible for DOX [5,20]. In principle, the sol–gel technique allows for the complete loading of a drug when the incorporation takes place during the polymeric network formation (in situ encapsulating). In our approach, the dissolved DOX solution was homogenously mixed with an ethanol solution of TEOS and dissolved additives (see below for details). In these conditions, the DOX molecules become occluded by gradually formed silica network. During the solvent evaporation stage, nano-sized colloidal particles of DOX–silica aggregates form and bind to each other thus resulting in a macroscopic porous bulk structure. The DOX molecules are trapped in the relatively stiff silica network, which preserves them from spontaneous diffusion. A 100% DOX loading efﬁciency has been recorded when applying this method [20,21]. Tetraethoxysilane (TEOS, Aldrich), triethylphosphate (TEP, Aldrich) and calcium chloride dihydrate (CaCl2 , POCh Co, Poland)



were chosen as the sources of Si, P and Ca, respectively. The ternary Ca–P–Si system was synthesized as follows: TEOS with ethanol was stirred for 5 min at room temperature. This solution was added slowly to the CaCl2 dissolved in a mixture of TEP and deionized water. In the next step, the mixture was stirred for 10 min and the pH was adjusted to 2 by using 0.01 M HCl. The mixture was tightly closed and sonicated in a cold-water bath by applying an ultrasonic radiation of 20 kHz for 20 min. This sono-sol was then stirred in a covered ﬂask for 24 h at 50 ◦ C; after that 80 L of 0.2% ammonium hydroxide was added. The pH of the sols was raised to 5.5–6.0 (DOX is stable in the pH range 4.5–6.5 [5]). After 10 min of stirring, 1 mL of a water-based solution containing 10 mg of DOX (Aldrich) was added to the sol and stirred for 10 min. The DOX-loaded gels were cast into disc-shaped polypropylene moulds and allowed to stand undisturbed at +4 ± 0.5 ◦ C for 24 h; after that the gel monoliths were aged and dried at +4 ± 0.5 ◦ C under vacuum for 7 days and lyophilized at −55 ◦ C, at 2 Pa for 48 h (Alpha 1-2 LD FreezeDryer, Germany). The monoliths were ground and sieved to obtain particles with size 1000–1680 m. The quaternary systems, Ca–P–Si–PDMS, were prepared in the same manner, except that the mixture of CaCl2 , TEP, and TEOS was prepared in one half of the quantity of deionized water (Table 1). Emulsion of hydroxyl-terminated poly(dimethylsiloxane) (PDMS, 150 cSt, Aldrich) was prepared in the other half of the deionized water by applying ultrasonic processing (20 kHz) for 20 min in a cold-water bath after adding 1% sodium lauryl sulphate as a surfactant [17,22]. The emulsion was dropped slowly into the mixture. After gelation and drying at the same conditions as described above, the DOX-loaded gel monoliths were ground and sieved obtaining particles with size 1000–1680 m. The drug-free systems were prepared in an identical manner except without the addition of the drug. The amounts of reagents in the formulations are listed in Table 1. 2.2. Assessment of the in vitro bioactivity The simulated body ﬂuid (SBF) was prepared according to Kokubo and Takadama [23]. Brieﬂy, NaCl, NaHCO3 , KCl, K2 HPO4 ·H2 O, MgCl2 ·6H2 O, CaCl2 ·2H2 O, and Na2 SO4 (POCh Co., Poland, analytical grade) salts were dissolved in distilled water and buffered with TRIS (99% Aldrich) and HCl in order to keep pH at 7.4 at 37 ◦ C. The DOX-loaded systems with an approximate mass of 50 mg were immersed individually in 5 mL of SBF using polypropylene vials. The vials containing the systems were placed in a thermostatic water-bath shaker at a constant temperature of 37.0 ± 0.02 ◦ C and a shaking speed of 70 rpm. These systems were then immersed in SBF for predetermined time intervals of 5, 10, and 20 days to allow for a growth of a mineral deposit on the surface of the samples. The SBF was refreshed every 24 h, thus mimicking biological conditions [24]. The samples were ﬁltered, rinsed with deionized water, and dried for 48 h in a desiccator at room temperature prior to their characterization. 2.3. Silicon concentration analysis The difference in the solubility of silica gel in the systems with/without PDMS was determined by quantifying the amount of silicon released to the SBF as a function of immersion time. The experimental conditions were the same as for the bioactivity assessment except that the drug was not added to the formulations studied. The weight-to-solution-volume ratio was 0.01 g/mL. The molybdenum blue method, described in Standard Methods [25] was used to measure the silicon concentration. The UV/Vis spectrophotometry (UV/Vis, V-530 Jasco) was applied and the concentration of silicon was measured at a wavelength of 815 nm against a blank SBF solution. The quantiﬁcation limit of the method
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Table 1 Chemical composition of investigated systems according to the amount of precursors used. Composition in weight percentage (system name)



H2 O (g)



TEOS (g)



C2 H5 OH (g)



CaCl2 ·2H2 O (g)



TEP (g)



PDMS (g)



SLS (g)



25%Ca, 5%P, 70%Si (25Ca–5P–70Si) 30%Ca, 5%P, 65%Si (30Ca–5P–65Si) 35%Ca, 5%P, 60%Si (35Ca–5P–60Si) 25%Ca, 5%P, 40%Si, 30%PDMS (25Ca–5P–40Si–PDMS) 30%Ca, 5%P, 35%Si, 30%PDMS (30Ca–5P–35Si–PDMS) 35%Ca, 5%P, 30%Si 30%PDMS (35Ca–5P–30Si–PDMS)



1.470 1.365 1.260 0.840 0.736 0.630



2.431 2.257 2.083 1.389 1.215 1.042



1.075 0.998 0.921 0.614 0.537 0.460



0.250 0.300 0.350 0.250 0.300 0.350



0.050 0.050 0.050 0.050 0.050 0.050



– – – 0.300 0.300 0.300



– – – 0.0042 0.0036 0.0032



was 0.1 g/mL. The dissolution tests were repeated 3 times (three independent experiments) and the results are given as average values and standard deviations. 2.4. DOX-release in vitro The DOX release test was studied under the same conditions as for the bioactivity assessment. In each experiment, the DOXloading particles (1000–1680 m) with an approximate mass of 50 mg, containing 500 g of DOX, were immersed individually in 5 mL of SBF using polypropylene vials. The concentration of DOX in SBF was measured every 24 h after centrifugation (at 5000 × g for 5 min) by UV/Vis spectroscopy (UV/Vis, V-530 Jasco) at a wavelength of 480 nm. The total volume of SBF solution was replaced with an equal volume of fresh SBF, every 24 h during the test. Quantitative determinations of DOX were based on pre-calibration of the spectrometer using standard solutions of DOX in SBF. The quantiﬁcation limit of the method was 0.02 g/mL. The highest concentration of drug in the SBF was 25 g/mL; a value much below 10% of drug’s aqueous solubility, which is a requirement for the fulﬁllment of the so called “sink” conditions. The DOX release test was performed in the darkness. The release tests were repeated 5 times (ﬁve independent experiments) and the results are given as average values and with standard deviations. The Peppas power law model [26] was used as a mathematical description of drug release: Mt = kt n M∞



(1)



where Mt and M∞ are the absolute cumulative amounts of drug released at time t and inﬁnite time, respectively; k is a constant rate, and n is the release exponent indicative of the mechanism of drug release. When the exponent n is close to 1, the drug release rate is time-independent. This case corresponds to zero-order release kinetics. When n is close to 0.5, the model predicts a diffusioncontrolled drug release; for n between 0.5 and 1, the drug release is considered as anomalous. The Peppas model is valid up to 60% drug release. 2.5. Statistical analysis Two-way analysis of variance (ANOVA) and paired Student’s t-test were used to test the difference between the experimental groups. The differences were considered signiﬁcant if P < 0.05. Statistica 8.0 (program Stat Soft Inc.) was employed for statistical evaluation. 2.6. Physicochemical characterization Surface area, pore volume, pore distribution and pore diameter of the synthesized systems were determined using a Micromeritics ASAP 2405N instrument and the Barret–Joyner–Halenda (BJH) methods [27]. Formation of a mineral layer is a dynamic process and the rate of apatite formation changes with time [13]. Therefore, it is crucial to monitor the surface and bioactivity of the DOX-loaded systems



by using more than one means of characterization. Fourier transform infrared spectroscopy (FTIR), powder X-ray diffraction (XRD) and scanning electron microscopy–energy-dispersive X-ray spectroscopy (SEM–EDS) were used for this study. FTIR analysis of the bulk structure of the samples was carried out in the operating range of 4000–400 cm−1 , using a Jasco model 410 FTIR and a KBr pellet technique. XRD spectra were taken with a Philips X’Pert MPD PRO using CuK␣1 radiation at 40 kV and 35 mA. SEM–EDS analysis was performed using a high-resolution Hitachi SU-70 instrument, equipped with an EDS spectrum and mapping detector (Oxford Instruments). The samples for the SEM were coated with a 10 nmthick layer of gold. The samples for the EDS analysis were not gold-coated as the signal from gold element would have interfered with phosphorus detection. Three representative surfaces were analysed for each system to calculate an average value of atomic %. 3. Results 3.1. Characterization of DOX-loaded systems before/after incrustation The nitrogen adsorption–desorption isotherms and the BJH pore-size distribution for the representative silica systems of 30Ca–5P–65Si and 30Ca–5P–35Si–PDMS are shown in Fig. 1. BJH results show that, compared to the silica without PDMS, the silica containing PDMS has higher average pore size along with lower surface area and pore volume. For all the systems investigated, a capillary condensation hysteresis was observed, pointing to the presence of mesopores with diameter of pores > 2 nm. The silica systems without PDMS possessed a narrow pore-size-distribution, whilst the distribution of pores has changed, showing bimodal character when PDMS was incorporated into the silica network. Bottle-shapes of pores were assessed from the relevant adsorption and desorption isotherms for all the silica systems. FTIR spectra were recorded for the systems with/without PDMS as a function of CaCl2 . Fig. 2 depicts the FTIR spectra of the DOXloaded systems before and after 5, 10, and 20 days of immersion in SBF solution. The spectrum of a crystalline HA was shown as a reference. The stretching region of the spectrum is not shown for the sake of clarity. The characteristic signals in the reference spectrum of HA can be assigned as follows. O H stretching at 3570 cm−1 originates from the vibrations of hydroxyl ions located parallel to c-axis in crystal lattice of HA. Atomic vibrations of phosphate tetrahedra show the most intense band at 1034 cm−1 with a shoulder at ∼1090 cm−1 (3 PO4 3− ), and additional bands at 962 cm−1 (3 PO4 3− ), 602 and 563 cm−1 (4 PO4 3− ). The FTIR spectra of all the investigated systems are characteristic of typical well-polymerized, amorphous silica gels reported in literature [17,28]. The most intense band at ∼1075 cm−1 with the shoulder at ∼1180 cm−1 is attributed to (Si O Si)TO and (Si O Si)LO asymmetric stretching vibration, respectively. The bands at 800 and 950 cm−1 are attributed to the symmetric stretching vibrations of Si O Si and Si OH/Si O− , respectively. Complex vibrations of the silica network are related to the signals at 460 and 570 cm−1 . The 460 cm−1 band is due to a rocking motion of the bridging oxygen
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Fig. 1. Nitrogen isotherms (A) and BJH pore size distribution (B) of silica composite (30Ca–5P–65Si) and silica–PDMS composite (30Ca–5P–35Si–PDMS).



atoms perpendicular to the Si O Si plane, whereas the band at 570 cm−1 is attributed to the vibrations of four-membered siloxane rings [17]. In the systems containing PDMS, a peak at ∼1075 cm−1 , corresponding to the Si O Si vibrations, shifts to 1090 cm−1 . Additional peaks are also present at 2967 and 1266 cm−1 , associated with the C H vibrations of Si CH3 groups of PDMS [17]. The intensity of the peak at 950 cm−1 (Si OH/Si O− ) is also greatly reduced. This indicates a more hydrophobic nature of the silica–PDMS composite.
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The FTIR spectra of pure CaCl2 (spectra not shown) presented two strong peaks at 3428 and 553 cm−1 due to vibrations of the crystal water. The intensities of these two peaks were increasing along with the CaCl2 content in all the systems investigated. After one day of immersion in SBF solution, the intensity of these peaks decreased in all cases, indicating a removal of CaCl2 from the silica network (spectra not shown). After 5 days of immersion, all the systems showed a set of low intensity phosphate bands, located at 602 and 563 cm−1 . After 10 days of immersion the intensity of
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Fig. 2. FTIR spectra observed after 0, 5, 10, and 20 days of immersion in SBF solution. (A) 25Ca–5P–40Si–PDMS, (B) 30Ca–5P–35Si–PDMS, (C) 25Ca–5P–70Si, and (D) 30Ca–5P–65Si, and HA-reference sample of hydroxyapatite.
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Fig. 3. XRD patterns observed after 5, 10, and 20 days of immersion in SBF solution. (A) 25Ca–5P–70Si, (B) 30Ca–5P–65Si, (C) 25Ca–5P–40Si–PDMS, and (D) 30Ca–5P–35Si–PDMS. NaCl peaks are marked with (), hydroxyapatite peaks with ().



the peaks increased for all the systems, matching well with the corresponding bands in the HA spectrum. It was accompanied by the narrowing of the band at ∼1075/1090 cm−1 , with its maximum shifted to ∼1032 cm−1 , comparing the spectrum before immersion. In contrary to the reference HA, all the investigated systems showed bands at 1450, 1420 and 875 cm−1 . These signals can be attributed to a carbonate ion substituting phosphate and hydroxyl ions in the HA lattice. The intensities of these phosphate and carbonate peaks are relatively higher for the silica containing PDMS, compared to the silica without PDMS, regardless of CaCl2 content. After 20 days of immersion in SBF, the intensity of all the bands attributed to the HA was slightly reduced comparing the systems after 10 days. To deﬁne crystal composition of the precipitates, XRD spectra were recorded for the samples with/without PDMS as a function of CaCl2 . Fig. 3 depicts three sets of XRD patterns: after 5, 10 and 20 days of immersion in SBF solution. After 5 days, samples without PDMS presented poorly crystalline patterns with weak reﬂections at 32◦ and 46◦ (Fig. 3(A and B)). After the same time, samples with PDMS had more crystalline sediment, as can be seen in Fig. 3(C and D), where the XRD peaks at 32◦ , 46◦ , and 57◦ clearly indicate the presence of (2 0 0), (2 2 0) and (2 2 2) planes of sodium chloride (NaCl), respectively. After 10 days, samples without PDMS did not show any substantial change, being still mostly amorphous. Crystalline deposit of the samples containing PDMS changed, however, after 10 days from NaCl to HA (samples (C and D) after 10 days, Fig. 3). The HA layer, though not fully crystalline can be identiﬁed here by the following reﬂections: (0 0 2) at 26◦ , (2 1 1), (1 1 2), (3 0 0), (2 0 2) at 32–34◦ , (3 1 0) at 40◦ , (2 2 2) at 47◦ , (2 1 3) at 49◦ , and (1 4 1) at 53◦ . After 20 days of immersion in SBF, the PDMS-free silica systems (samples (A and B)) did not show traces of HA. The crystalline phase in the samples containing PDMS diminished slightly after 20 days, still indicating presence of HA. Qualitative assessment of the incrustation in SBF was done by SEM (Figs. 4 and 5). Fig. 4 shows the morphology of the surfaces of the PDMS-free silica system before and after dipping in SBF. Before immersion, the silica gel surface was smooth, and after 5 days of immersion the surface was partially covered by microspheres of ca. 3 m in diameter. After 10 days the coverage-density of the spheres virtually did not change but the morphology has changed showing denser and better-developed microspheres. After 20 days, the amount and the size of the microspheres diminished. Fig. 5 presents the morphology of the surfaces of the silica material containing PDMS. In that case the coverage-density of the microspheres was much higher compared to the PDMS-free samples. After 10 days the microspheres consolidated to form a relatively thick, continuous porous layer. According to the XRD results presented in Fig. 3(C



and D), the main crystalline content of the investigated deposit after 10 and 20 days is HA. To ﬁnd out the elemental composition of the microspheres overgrowing the silica gel, element-distribution map of a single microsphere was done for a silica–PDMS system immersed in SBF for 5 days (Fig. 6). The microstructure of the sphere after 5 days had rather amorphous character. The EDS mapping clearly conﬁrmed that the sphere consists of calcium and phosphorus with the outgrowth of crystals of NaCl on its surface. Quantitative assay of incrustation was done by EDS. The results are presented for the silica and silica–PDMS systems containing 25% CaCl2 , for three time-intervals: after 5, 10, and 20 days of immersion in SBF. Samples with initial composition are denoted as ‘0 days’. Relative atomic % is shown for Ca, P, Na, Cl and, Si elements (Fig. 7). Both silica and silica–PDMS systems lost majority of their Ca and Cl after 5 days of immersion, what is in line with the FTIR results presented above (Fig. 2). Na ions were absorbed from the SBF giving up to 1.6% of Na in the total atomic composition. The PDMS-free silica samples adsorbed 2.5% and 2.0% of Ca and P, respectively after 5 days 4.5% and 3.1% after 10 days, and 2.0% and 1.7% after 20 days. Interestingly, Ca and P showed a higher tendency of deposition on the silica–PDMS surface, as it can be clearly seen in the samples analysed after 10 and 20 days (see Fig. 7(B)). The highest concentrations of Ca and P have been observed after 10 days with 42.8% Ca and 25.5% P. The amount of Ca and P deposited on the silica–PDMS surface diminished to 18.3% and 10.4% after 20 days of immersion in SBF. The dissolution study of the silica gel presented in the systems with/without PDMS was performed to quantify the rate of the silica dissolution. The average saturation level of silicon between 0 and 24 h of immersion in SBF was 122 ± 11.0 g/mL for all the silica systems without PDMS. It corresponds to the typical solubility of 120–140 g/mL for amorphous silica at pH 7.4 [29]. From 1 to 20 days, the concentration of silicon decreased, giving an average value of 80 ± 10.3 g/mL. In contrary, the saturation level of silicon for the systems containing PDMS was constant from 0 to 20 days with an average value of 46 ± 4.5 g/mL. This value is only slightly higher than those for sol–gel-derived bioglasses (30–40 g/mL) [30]. It is worth to note that there was no signiﬁcant difference (p > 0.05) between the solubility of the samples varied by the amount of CaCl2 , for both the systems, with and without PDMS. 3.2. Kinetics of DOX release in vitro The proﬁles of DOX release from all the investigated systems over 20 days in SBF are shown in Fig. 8. For some data points (averaged from 5 experiments) the standard deviations are so small that
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Fig. 4. SEM micrographs of silica composite (30Ca–5P–65Si): (A) before, and (B) after 5 days, (C) 10 days, and (D) 20 days of immersion in SBF solution. Relevant higher magniﬁcations are denoted as A*, B*, C*, and D*.



the related error bars cannot be seen on the graph. The release rate of DOX increased with increasing content of CaCl2 and decreased substantially for the systems containing PDMS. For the PDMS-free silica systems, with an initial amount of CaCl2 of 30% and 35% CaCl2 , the release proﬁles of DOX showed a two-step pattern. A higher amount of the drug (initial burst) was released during the ﬁrst 24 h. After that, the release kinetics slowed-down with approximately 10 wt.% and 17 wt.% of DOX being respectively. The system containing 25% initial concentration of CaCl2 , the release of DOX was much slower: at a constant rate of 2.0 ± 0.08 wt.%/day that corresponded to a release of 2.0 g/mL/day; except for the ﬁrst day when approximately 5 wt.% of DOX was released. Excluding the initial burst release stage, the differences between the DOX release-rates



for the 30% and 35% Ca-loaded silica were not signiﬁcant (p > 0.05), whereas a signiﬁcant difference was noted (p < 0.05) between the 25% Ca-loaded silica system and the two initial loadings (30% and 35%) discussed above. Excluding the initial release, based on the Peppas model (Eq. (1)), the release exponent, n is near to unity (0.99) for the 25% Caloaded silica. The release kinetics for this loading thus corresponds to a zero-order drug release. For the 30% and 35% Ca-loaded silica, n was 0.47 and 0.49, respectively. These values are close to 0.5 and indicate a diffusion-controlled release. The experimental observations agree with these analyses (see Fig. 8). The cumulative amount of the drug released after 20 days from all the PDMS-free silica systems was respectively 39%, 57% and 64 wt.% (corresponding to
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Fig. 5. SEM micrographs of silica–PDMS composite (30Ca–5P–35Si–PDMS): (A) before, and (B) after 5 days, (C) 10 days, and (D) 20 days of immersion in SBF solution. Relevant higher magniﬁcations are denoted as A*, B*, C*, and D*.



195, 285, and 320 g of DOX released) for the systems containing initially 25%, 30% and 35% of CaCl2 . For all the silica–PDMS systems, a slow and constant release of DOX was observed for up to 20 days with zero-order kinetics of drug release (the linear correlation coefﬁcient, r was closed to 0.99, see Fig. 8) as also conﬁrmed by a calculated release exponent n ≈ 1. The differences between the rates of DOX release were signiﬁcant at p < 0.05. For starting concentrations of CaCl2 at 25%, 30% and 35% the drug was released at a rate of 0.24 ± 0.004%, 0.43 ± 0.006% and 0.71 ± 0.008 wt.% per day (corresponding to 0.24–0.71 g/mL/day). The cumulative amount of DOX released after 20 days was 5%, 9% and 15 wt.%, corresponding to 25, 45, and 75 g, respectively. It should be noted that zeroorder release kinetics of DOX was observed from all the silica–PDMS systems even after 50 days.



4. Discussion 4.1. Bioactivity in vitro of DOX-loaded systems The presented results show that both, the silica and silica–PDMS composites, with various CaCl2 content, intended to be used as DOX carriers, were bioactive i.e. absorbed calcium phosphate (CP) from physiological solution. There are, however, essential differences in the quality and the quantity of the deposited CP with respect to the presence/absence of PDMS. The amount of a CP adsorbed was much higher for the systems containing PDMS, and after 10 days of immersion in SBF solution, it formed a continuous layer of a porous bone-like HA mineral [31]. In contrary to this, sporadic distribution of amorphous CP had been observed
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Fig. 6. EDS mapping of a single microsphere deposited on silica–PDMS composite (30Ca–5P–35Si–PDMS) after 5 days of immersion in SBF solution – top. Four bottom pictures show component-map-distribution of sodium, chloride, calcium, and phosphorous.



on the silica gel surfaces for up to 20 days of immersion in the ﬂuid. It is known that crystal growth of HA can be inhibited by a number of chemical compounds which can compete either for access to nucleation sites e.g. sodium alginate [32] or favourably bind to phosphates, e.g. ions of zinc and magnesium [33]. The XRD (Fig. 3) and EDS results (Figs. 6 and 7) showed a precipitation of NaCl. Interestingly, stoichiometric and crystalline NaCl has been deposited on the PDMS–silica, as it has been detected by XRD and EDS. In contrast, the quantities of Na and Cl were not stoichiometric in the NaCl deposit on the silica gel. Taking into account that the ions of Na and Cl are separated from each other and they must bind to other ions present on the surface (i.e. most probably to Ca2+ and (PO4 )3− ions



at the surface), it can be assumed that the observed lack of the HA phase on the silica gel can be due to a co-deposition of Na+ and Cl− . Such an inhibition of HA crystallization was not so pronounced on the surface of the silica–PDMS gel, where Na and Cl co-exist with the CP microspheres in a crystal form (see Fig. 6). Crystalline NaCl was the only crystalline phase that had been detected on the silica–PDMS surface after 5 days of immersion. After 10 days, this NaCl was replaced by a HA that possessed crystallinity similar to that in bone. This indicates that a certain amount of time (in this case it is about 5 days or more) is needed to allow the transformation of amorphous CP deposited on the silica–PDMS into a semicrystalline HA. From the FTIR spectra results of all the systems (Fig. 2) it is
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Fig. 8. Cumulative release of doxorubicin hydrochloride from various silica composites (circles) and PDMS–silica composites (triangles) over 20 days in SBF (n = 5, error bars indicate standard deviations).



Fig. 7. Changes in elemental composition of: (A) silica composite (30Ca–5P–65Si) and (B) silica–PDMS composite (30Ca–5P–35Si–PDMS) over 20 days of immersion in SBF (n = 3, error bars indicate standard deviations).



evident that the carbonate ions also exist in the crystalline HA, similarly to the HA phase constituting bone [31]. Although carbonate ions have also been present in the amorphous CP. Carbonate ions in the SBF solution are present at a much lower level than they are in a human blood plasma [34]. This leads us to conclude that the carbonate observed in our samples was formed due to the dissolution of carbon dioxide present in the ambient air. It is known that under static conditions, the saturation level of silicate ions in SBF can be rapidly achieved so that the dissolution of silica gels is prevented [11]. In our experiment, we have applied more dynamic conditions by changing the SBF every 24 h. With such an approach we intended to mimic in vivo conditions where constant circulation of body ﬂuids takes place [24]. The periodic exchange of the SBF facilitated a gradual dissolution of the silica material what was beneﬁcial in the assessment of the rate of silica dissolution. As the silica gel composites had twice as high a rate of dissolution as the more hydrophobic silica–PDMS systems, we presumed that the hydrolytic stability of the silica substrate may be an important factor in limiting the deposition of CP on its surface. It has been also reported that silicate ions present in solution may hinder transformation of precipitated amorphous CP into crystalline HA [35]. This is consistent with the observed higher concentrations of the silicate ions in the SBF during the dissolution test, resulting in the deposition of amorphous CP on the silica gel. According to



literature, a rate of HA formation on the silica surface can also be explained in terms of its surface properties such as surface roughness, size and distribution of pores, surface charge and density of silanol groups [13,34–36]. All these factors are believed to inﬂuence the rate of HA formation on surfaces of bioactive glasses [36]. It was found that the HA layer formation is enhanced by the presence of pores of between 2 and 50 nm. In our case the average diameter of pores was 3 and 5 nm for the silica gel and the silica–PDMS gel, respectively. In addition the observed bimodal character of the distribution of pores of the silica–PDMS (see Fig. 1) can be correlated with a higher roughness of this material as compared to PDMS-free silica gel (see Figs. 5 and 6). Mkhonto and de Leeuw performed molecular simulations on the effect of surface silanol groups on the deposition of HA onto silica surfaces [37]. They found that the adhesion of HA is stronger to the more hydrophobic de-protonated silica surface, consisting of Si O Si bridges rather than to the protonated Si OH surface. In our case, due to substantial contribution of the Si CH3 groups originating from PDMS, the density of surface Si OH in the silica–PDMS was much lower compared to the silica gel, as conﬁrmed by the FTIR (see Fig. 2), resulting in more hydrophobic character of the surface. Our experimental observations are in line with the calculations of Mkhonto and de Leeuw and show that the deposition of CP is preferred on more hydrophobic, hydroxyl-deﬁcient surface of the silica–PDMS but not on the silica gel possessing higher concentration of Si OH groups. 4.2. Controlled DOX release from Ca–P–Si and Ca–P–Si–PDMS systems DOX has a broad anticancer spectrum, and has been clinically proven as effective against a common bone cancer – osteogenic sarcoma. However, cardiotoxicity of DOX is a major drawback, limiting its systemic administration [5]. The concept of applying bioactive materials as drug delivery carriers in the ﬁeld of bone therapy is relatively new. Itokazu et al. [2] in their pioneering work have studied the feasibility of using a porous hydroxyapatite scaffold as a potential bioactive/osteoconductive
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drug carrier for osteomyelitis and the treatment of malignant tumours. They have characterized the release of DOX from hydroxyapatite both in vitro and in vivo. The in vivo study showed that the drug concentration after four weeks of implantation reached 12.3 g/g, 
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