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Abstract Synthetic hydroxyapatite is widely used in medicine and dentistry due its notable biocompatibility and bioactivity properties. The hydroxyapatite incorporation into silica has demonstrated excellent bioactivity or biodegradability, according to the content of calcium ions. Procedures to obtain ordered mesoporous silicates rely on the micelle-forming properties of a surfactant, whose chemical composition, size and concentration control the structural dimensions of the ﬁnal material. This paper reports the synthesis of two types mesoporous materials: pure MCM-41 and a nanocomposite of apatite and mesoporous silica, MCM-41-HA. The samples were charged with atenolol as a model drug and in vitro release essays were carried out. The bioactivity behavior was investigated as a function of soaking time in simulated body ﬂuid. The materials were characterized by X-ray diﬀraction, N2 adsorption, FTIR spectroscopy, scanning electron microscopy, dispersive energies spectroscopy, and transmission electron microscopy. The inﬂuence of the release rate of atenolol molecules from pure MCM-41 mesoporous and containing hydroxyapatite was demonstrated, since it results in a very slowly drug delivery from the nanocomposite system. Ó 2007 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. Keywords: Mesoporous silica; Hydroxyapatite; Drug delivery system



1. Introduction The administration of drugs by a drug delivery system provides advantages over conventional drug therapies [1]. The entire drug dose needed for a desired period of time is administered at one time and released in a controlled manner. Numerous systems have been studied for controlled drug delivery, such as biodegradable polymers [2], hydroxyapatite (HA) [3–5], calcium phosphate cement (CFC) [6–8], xerogels [9,10], hydrogels [11,12] mesoporous silica [13] and others. The development of new delivery systems has shown to be of great interest for pharmaceutical technology. However, there are few studies about systems which present the controlled drug release in a particular local and show *
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a bioactive behavior. These kinds of materials can prevent infections and also ensure the bone integration as well as regeneration. Mesoporous materials are currently a ﬁeld of intensive activity due to their high potential in a very broad range of applications [14]. A series of inorganic mesostructure, like MCM-41, HMS, SBAn and so on have been synthesized with diﬀerent templating schemes [15,16]. These mesoporous materials can be used as medical devices due to presence of larger pores and well-deﬁned structure. They present high surface areas above 1000 m2/g and ordered mesopores ranging from 2.0 nm to several tens of nanometers, depending of the synthesis conditions. For applications in drug delivery system [1,17], the developed of mesoporous materials oﬀers new possibilities for incorporating biological agents within silica sample followed by controlled release of this agents from the matrix due to its well arranged structure [18,19].
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Fig. 1. Process ﬂow chart of MCM-41-HA nanocomposite.



Hydroxyapatite (HA), (Ca10(PO4)6(OH)2), (HA) is an inorganic and the major constituent of natural bone [4]. Due to their biocompatibility, osteoconductive and ostheophilic nature, hydroxyapatite and others calcium phosphates have been studied aiming at their use as implantable materials, and the pore structure of HA ceramics permit their utilization as an implantable system for the delivery of a variety of molecules of pharmaceutical interest. Most researches have been focused on the macrostructure process to obtain these biomaterials with various morphologies and pore size for the intergrowth of natural bones [20–23]. The manufacture of a controlled release device of drugs from a matrix of mesoporous silica and HA has been investigated [24]. In such study, a degradable, hierarchically porous silica/apatite was developed. This hybrid material is shown to induce calcium phosphate formation under in vitro conditions. In this sense, it is possible to obtain a device that combines the pharmacology treatment with bone repairs and replacement. So, this technique unites the capacity of the mesoporous silica to incorporate in its pores molecules of pharmacology interest, with the biocompatibility and bioactive properties of the HA. Moreover, pore size larger than 2 nm allows a fast crystallization of the hydroxyapatite. According to [25] texture is the critical variable with the rate of HA formation increasing as pore size and pore volume increase, with pore sizes >2 nm required to achieve rapid kinetics (4–6 days) of fully crystallized HA. Motivated by the potential application of the ordered arrangement of mesostructured silica, we studied the inﬂuence of the presence of an HA species on the MCM-41 network regarding to a biologically active bonelike apatite formation on its surface, and the behavior of this system as a controlled drug release device. Our aim is to make a material with combined properties of the mesoporous silica (high area superﬁcial) and the HA to be used in drug release. The structure of ﬁnal material is characterized by X-ray diﬀraction (XRD), N2 adsorption, FTIR spectroscopy, scanning electron microscopy (SEM), dispersive energies spectroscopy (EDS), and transmission electron



microscopy (TEM). In addition, we study the inﬂuence of a second compound on the silica matrix in the behavior of this system as a controlled drug release device, in order to compare the release kinetics of the model drug from pure MCM-41. 2. Experimental 2.1. Synthesis of materials Mesoporous materials with hexagonal structure and mesoporous silica-HA nanocomposite denoted as MCM41 and MCM-41-HA, respectively, have been synthesized. The synthesis of MCM-41 material started from TEOS (tetraetylortosilicate) in TMAOH (tetramethyl ammonium hydroxide). A cationic surfactant, C16-TAB (hexadecyltrimethylammonium bromide) was dissolved in distilled water and then added to an initial solution of TEOS. The resulting mixture was aged at 100 °C and the surfactant was removed by calcination at 550 °C. Fig. 1 schematically illustrates the process to prepare MCM-41-HA. The synthesis of nanocomposite was initiated with the preparation of two diﬀerent solutions of CaCl2 and K2HPO4 in deionized water. Cationic surfactant CTAB was dissolved in the solution containing phosphate, under constant stirring. The pH 12 was controlled with TMAOH. The mixture was kept under constant stirring in a closed container at 30 °C. Then, the calcium chloride solution was added and the agitation was kept for 30 h. After this, TEOS was added under agitation and the ﬁnal mixture was heated for 24 h at 100 °C under static conditions. The nominal composition is 60 wt.% of SiO2. The sample was ﬁltered and dried at 90 °C. The surfactant was removed by calcination, which was carried out by increasing temperature to 550 °C during 5 h. 2.2. Characterization The crystalline phase of the material was veriﬁed by X-ray diﬀraction. The XRD patterns were obtained using both a Rigaku Geigerﬂex-3034 diﬀractometer with Cu
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Ka radiation, and low scattering angles using synchrotron radiation with k = 1.5494 nm. The synchrotron radiation measurements were carried out at D10A-XRD2 beamline of the LNLS (Campinas, Brazil), using a HUBER 423 diffractometer, of three circles. The experimental set-up was optimized for measurements at low scattering angles, bearing in mind the large values of the interplanar spacing in the MCM-41 materials, and the beam size was deﬁned by a 1 mm diameter collimator. Fourier transform infrared spectroscopy (FTIR) was used to characterize the typical functional groups of the silica network, and the presence of hydroxyapatite in MCM-41, with a Perkin–Elmer 1760-X spectrophotometer in the range of 4000– 400 cm1. The FTIR spectra were recorded at room temperature in KBr pellets. Speciﬁc surface area and pore size distribution were determined by N2 adsorption using the BJH method in an Autosorb – Quantachrome NOVA 1200. Samples were outgassed for 2 h at 300 °C before the analysis. Transmission electron micrographs (TEM) were recorded on a JEOL - JEM 1200 working at 120 kV. 2.3. Assessment of in vitro bioactivity The assessments of the in vitro bioactivity of nanocomposite were carried out in simulated body ﬂuid (SBF), as described by Kokubo [26]. The SBF was prepared by dissolving reagent-grade chemicals into distilled water and buﬀering at pH 7.40 with tris(hydroxymethyl)aminomethane. The ionic concentration (mM) was nearly equal to those in human blood plasma (Na+: 142.0, K+: 5.0 Ca2+: 2 2 2.5 Mg2+: 1.5 Cl: 147.8 HCO 3 : 4.2 HPO4 : 1.0 SO4 : 0.5). Each specimen was immersed in a close polyethylene bottle, containing 30 mL of SBF at 37 °C for 7, 14, and 21 days, without changing the SBF solution. After soaking, samples were removed from the SBF and washed with distilled water. The samples were analyzed by SEM/EDS on a JEOL JSM-840A, and the pH and calcium concentration of the solution was analyzed by ion-selective electrode technique using ILYTE system.
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stirred. UV spectrometry (UV–Vis Shimadzu, model 2401) was used to monitor the amount of drug delivered as a function of time. The concentration of atenolol in SBF was found from the intensity of the absorption band at 274 nm. 3. Results and discussion Fig. 2 shows XRD patterns for the mesoporous silica MCM-41, and for the nanocomposite MCM-41-HA. MCM-41 is an amorphous material (Fig. 2a). The XRD pattern of the nanocomposite (Fig. 2b) presents, beyond a typical reﬂections that are identiﬁed as HA phase, an amorphous region between 10° and 35°, which indicates the presence of two phases in the formed product, identiﬁed as the nanocomposite formed by HA and amorphous silica. For comparison, the XRD patterns of the pure HA phase also is presented in Fig. 2c showing sharp reﬂections of hydroxyapatite. The small angle XRD analysis of MCM-41 and MCM41-HA showed diﬀraction peaks in lower 2h angles due to its hexagonal structure after calcination. The reﬂections are due to the ordered hexagonal array of parallel silica tubes and can be indexed assuming a hexagonal unit cell as (1 0 0), (1 1 0) and (2 0 0). Since the materials are not crystalline at the atomic level, no reﬂections at higher angles are observed for MCM-41. Fig. 3 displays three reﬂection peaks, a prominent one at 2.0°, and two others at 4.2° and 4.9° 2h, indicating the formation of a well-ordered structure. The XRD peaks can be indexed to a hexagonal lattice structure with d(1p0 0) spacing of 3.95 nm and unit cell parameter (a = 2 d/ 3) of 4.36 nm. The XRD of the sample containing hydroxyapatite phase (Fig. 3b) did not feature clear (1 1 0) and (2 0 0) reﬂections. The absence of these well-pronounced reﬂections indicates that these samples present a structural ordering something lower than that of the pure material.



2.4. Model drug adsorption



Intensity (u.a.)



Atenolol was used as a model drug to evaluate the performance of MCM-41 and MCM-41-HA as hosting therapeutic systems. The previously calcined powders were conformed into 0.25 g disks by uniaxial pressure (2 MPa). The disks were soaked in a saturated atenolol solution (10 mg/mL) for 4 days at room temperature. The resulting drug loading into mesoporous silica was 26 wt.%.



HA (c)



MCM-41-HA (b)



MCM-41 (a)



2.5. Model drug delivery assays The in vitro study of atenolol release from the materials was performed as follows. The release proﬁle was obtained by soaking MCM-41 and MCM-41-HA disks in 30 mL of simulated body ﬂuid (SBF). The temperature was maintained constant (37 °C) and the solutions were continually
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Fig. 2. XRD spectra for: (a) MCM-41, (b) nanocomposite sample MCM41-HA and (c) HA.
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Wavelength (cm ) Fig. 4. FTIR spectra of: (a) pure MCM-41 and (b) MCM-41-HA.



hydroxyapatite crystal formation in the mesoporous structure. Nitrogen isotherms of MCM-41 and nanocomposites are shown in Fig. 5. Nitrogen adsorption–desorption isotherms of MCM-41 (Fig. 5a) materials exhibit a reversible type IV isotherm that is associated with the presence of mesoporous. Note that the form of the adsorption isotherms is aﬀected by incorporation of hydroxyapatite. MCM-41-HA (Fig. 5b) shows the type-H3 hysteresis loop, which is often observed with aggregates of plate-like particles that give rise to slit-shaped pores. This experiment revealed that MCM-41 possess a narrow pore size distribution with an average pore size of about 2.7 nm, characteristic of mesoporous materials with well ordered structure. However, the nanocomposites had presented a broader pore size distribution. Table 1 summarizes these results,



Fig. 3. Synchrotron radiation small angle X - ray diﬀraction patterns of: (a) MCM-41 and (b) MCM-41-HA nanocomposite.



Fig. 4 compares FTIR spectra of MCM-41 and MCM41-HA. Pure MCM-41 and nanocomposites spectra exhibit diﬀerent absorption bands. The main peaks characteristic of vibrational modes of the silica network are detected around 460, 805, 960, 1200–1080 cm1. In the spectrum of HA (not showed) it is possible to observe the peaks that correspond to PO3 groups: 1089, 960, 603 and 563 cm1 and to OH 4 group, 3570 and 630 cm1, whose wavelengths are in accordance with the literature values [27]. By analyzing the MCM-41 spectrum and comparing with the spectra of the nanocomposites, some stretching bands present characteristics of hydroxyapatite pattern are observed. The absorption bands at 563, 603 and 630 cm1 were assigned to the vibration in the PO3 4 and OH group of the hydroxyapatite (HA), as presented in the expanded spectra. The presence of these IR signals in the nanocomposites spectra suggests the



Fig. 5. Nitrogen adsorption isotherms of: (a) mesoporous silica MCM-41 and (b) MCM-41-HA.
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Table 1 N2 adsorption results Sample



Vp (cc/g)



Dp (nm)



SBET (m2/g)



MCM-41 MCM-41-HA



1.09 0.70



2.70 12.70



1138 220



Related error: 3%.



which shows the diﬀerent pore diameter (Dp), speciﬁc area (SBET), and pore volume (Vp) for the samples. The pore diameter increases from 2.70 nm for the pure MCM-41 to 12.70 nm with the introduction of hydroxyapatite in the structure of the MCM-41-HA. Surface areas about 1100 m2/g are measured for pure MCM-41. A decreased to 220 m2/g is observed for MCM-41-HA sample. These diﬀerences suggest that the crystal growth of hydroxyapatite blocks the available spaces of the mesoporous silica and they are responsible for the increase observed in the average diameter of pores. These indicate that the original mesoporous of MCM-41 are ﬁlled by HA nanocrystals. Fig. 6 shows TEM micrographs for the mesoporous samples. It can be observed a TEM image of the well deﬁned hexagonal arrangement of uniform pores when the electron beam was parallel to the main axis of the mesopores, Fig. 6a and b along [1 0 0] direction when the electron beam was perpendicular to the main axis. Thus, the TEM investigation gives a consistent evidence of the ordered structure is preserved in the mesoporous samples. The process and kinetics of apatite formation on nanocomposite could be aﬀected by textural factors such as surface area, pore size and volume, as well as by surface factors such as silanol group concentration. Vallet-Regi et al. [28] observed that pure MCM-41 is not bioactive. A negative response was found for this sample since after 60 days of immersion the apatite layer did not appear in MCM-41 surface. This behavior was understood on the basis of silanol groups’ content. This kind of mesoporous silica shows a rather lower concentration of SiOH per surface than the others mesoporous samples (SBA-15, for example) [28]. Considering this fact, this work has studied the bioactivity of MCM-41-HA system in order to compare the inﬂuence of a second component in the bioactivity behavior of MCM-41. Fig. 7a shows the relative variation on the Ca concentration in SBF with soaking time for this system. These results describe the mean value of the measurements, with a standard deviation 60.02 mmol/L for calcium concentration. It could be observed a decrease of content Ca after soaking MCM-41-HA for 3 days and this is clearer after 21 days, indicating that the apatite grows on the nanocomposite surface, consuming calcium ions from SBF. SEM micrographs and EDS spectra before and after diﬀerent soaking time are shown in Fig. 7. These results showed some relevant aspects related with bioactivity of the nanocomposite. The micrograph of the sample before soaking, Fig. 7b, shows a heterogeneous surface formed by the nanocomposite components. After 7 days (Fig. 7c) the growth of white particles can be observed on the sample



Fig. 6. MCM-41 transmission electron micrographs: (a) showing the hexagonal arrangement of pores and (b) unidirectional canals.



surface. The evolution of this surface was monitored in different times, and this situation becomes even clearer in Fig. 7d, which exhibits a more compact layer. The micrographs show that the surface have been covered with crystal an aggregate forming spherical particles, after 21 days of immersion, Fig. 7e, indicating that the growth of crystalline particles were observed and the surface was completely covered with them. Corresponding results for silica/HA nanocomposites were observed by Andersson [24], who concluded that this material is shown to induce calcium phosphate formation under in vitro conditions. The EDS studies reveal the evolution of Ca and P ions in the surface, while the Si content decreased with the soaking time in SBF. Indeed, the elemental analysis of Ca, P and Si of the samples before and after 14 days of soaking in SBF were veriﬁed by energy dispersive X-Ray ﬂuorescence spectrometry, Shimadzu, EDX 720. The results presented Ca/P weight ratio of 2.10 (Ca/P molar ratio of 1.63) similar to the stoichiometric apatite reported in the literature (2.15) [29]. An increase on Ca and P content is observed and
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Fig. 7. (a) Variation of Ca concentration in SBF vs. soaking time and SEM/ EDS results for of MCM-41-HA at (b) 0, (c) 7, (d) 14 and (e) 21 days in SBF.



the value of weight ratio changes to 2.24 after 14 days of immersion. These results are in agreement with SEM/ EDS data, indicating a decrease of content Ca after SBF soaking MCM-41-HA, according to Ilyte results, and the possibility of Si ion release to medium, since its concentration decreases with the time, Table 2, due to the dissolution of the silica phase. Atenolol, a synthetic, beta 1-selective (cardioselective) adrenoreceptor blocking agent, may be chemically described as benzeneacetamide, 4-(20 -hydroxy-30 -((1-methylethyl)amino)propoxy). Atenolol (free base) has a molecular weight of 266. It is a relatively polar hydrophilic compound with a water solubility of 26.5 mg/mL at 25 °C and has been used for treatment of hypertension and also is used to prevent angina (chest pain) and treat heart



Table 2 Results from EDXF Element



% (p/p)



MCM-41-HA Si 42.093 Ca P



35.954 17.279



Weight ratio Si/Ca



Si/P



Ca/P



Ca/P



1.17



2.43



2.10



1.63



Si/P



Ca/P



Ca/P



1.61



2.24



1.71



MCM-41-HA after 14 days Si 34.195 Si/Ca Ca P



43.706 19.478



Molar ratio



0.78



(Related error: 7%).



attacks. Atenolol may cause side eﬀects such as dizziness light headedness, tiredness, drowsiness, depression, upset



A. Sousa et al. / Acta Biomaterialia 4 (2008) 671–679 Table 3 Kinetic parameters for systems Systems



K



r



MCM-41 MCM-41-HA (2 h) MCM-41-HA (after 2 h)



11.5 9.5 2.3



0.946 0.997 0.992
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time on, atenolol was more rapidly released from the pure matrix and signiﬁcant diﬀerences could be observed. To investigate more precisely the release kinetics of atenolol in diﬀerent systems, the results were analyzed according to Higuchi model [30], where the quantity released per unit area is proportional to square root of time. Release data were analyzed with the following mathematical model Q ¼ ktn ;



stomach, and diarrhea. So, is very important to develop a control drug delivery device of antihypertensive without adverse eﬀects of oral administration [17]. The release kinetics of the atenolol was studied as a function of time for both systems during 160 h, as shown in Fig. 8. It was observed that atenolol-loaded MCM-41 sample did not show a sharp initial burst release during the ﬁrst hours. The initial burst is attributed to the immediate dissolution and release of the portion of the drug located on and near the surface of the disks. This systems present a small rate of delivery up to 10 h of assay, followed a rather constant over the subsequent hours. This fact is possibly related to an interaction between drug and the mesoporous silica by the hydrogen bond due the aﬃnity of the functional groups amine, amide and hydroxyl of molecules of atenolol and the silanol groups present on mesoporous silica, as ascribed by a relatively polar hydrophilic character of drug. It was observed that MCM-41-HA system present a fast delivery rate during the ﬁrst 2 h of assays, releasing around 18% of the incorporated drug. After that, it presents a slower rate, showing an accumulative release of approximately 45% after 160 h of assays. A similarity in the release behavior is observed initially, mainly in the ﬁrst hours of experiment. From this



where Q is the percent drug released at time t and k is a kinetic constant incorporating structural and geometric characteristic of the sample, and n is the diﬀusional exponent indicative of release mechanism. The 0.5 diﬀusional exponent in the plot indicates a predominantly diﬀusional control, considering the leaching of the drug to the immersion ﬂuid, which can enter the drug-matrix phase through the pores. The drug is presumed to dissolve slowly into the ﬂuid phase and to diﬀuse from the system along the solvent-ﬁlled capillary channels. For pure MCM-41, a linear regression without the origin included among the data until 70% of release has been used to ﬁt the data. In this way, the analysis showed a good correlation between the data, indicating that the drug release was regulated through diﬀusion mechanism. However, the correlation between the variables of the system silica/apatite showed small deviations from linearity, indicating that there are two possible mechanisms for the atenolol delivery. In fact, straight lines were obtained when the data were ﬁtted in diﬀerent times, at the ﬁrst two hours and from this time, indicating that the drug release was regulated through diﬀusion mechanism, with two possible mechanisms.
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Fig. 8. Atenolol delivery from MCM-41 and MCM-41-HA.
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The kinetic constant (k) was evaluated and the values are presented in Table 3. We can observe that k values decreased from 11.5 to 2.3 after the inclusion of hydroxyapatite onto the network of MCM-41. This shows that the HA phase acted as a temporary barrier and prevented the rapid release of atenolol during assays. Considering the longest cross-section of the atenolol molecules is estimated to be 1.6 nm it can be concluded that the pore sizes of all the MCM-41 and MCM-41-HA (Table 1) are large enough for the entrapped atenolol molecules. Therefore, the pore size of the mesostructure may not inﬂuence the release pattern of the atenolol. The diﬀerences on microstructure are suggested to explain these behaviors. Fig. 5 presents the change in adsorption at all relative pressures, which shows that the HA incorporation leads to signiﬁcant decreases in the amount of adsorbed nitrogen, thus provoking other changes in structural characteristics. In this sense, it can be ascribed that a favorable release kinetic of atenolol from the MCM-41 system may possibly be related to an interaction between the drug and the silica mesopores. Atenolol molecules contain hydroxyl and amino and amide groups that can interact with silica silanol groups by hydrogen bonding. It was observed that the presence of HA in the silica matrix played an important role, aﬀecting the percent atenolol release from the mesoporous sample. This fact can be ascribed to the apparently interactions between drug/silica/apatite. In silica/apatite system, atenolol can interact with calcium species from HA and silanol groups from silica phase and this fact can promote a reduction in a delivery rate, depending where the drug is linked. A second possibility suggests that an apatite layer precipitated on the surface of nanocomposite can block the pore openings, as can be seen by SEM/EDS study, and slow down a release of atenolol. 4. Conclusions The applicability of mesoporous silica MCM-41/ hydroxyapatite systems as matrices for the controlled delivery of drugs was studied to establish the inﬂuence of pore architecture and size on atenolol release. The results indicate that silica ordered mesopores have a potential to encapsulate bioactive molecules. The incorporation of HA phase in the mesoporous silica led to a signiﬁcant change in the structural properties of this system, indicating that the crystal growth of hydroxyapatite blocks the available spaces of the mesoporous silica in agreement with the SEM/EDS results and that the original mesoporous of MCM-41 are ﬁlled by HA crystals, as shown by N2 adsorption results. However, HA incorporation leads to a decrease in textural characteristics like surface area, and pore volume. Therefore, MCM-41–HA is a better drug release device than MCM-41 as the HA phase acted as a temporary barrier to prevent the rapid release of atenolol during assays.
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