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Abstract

:

Mesoporous silica nanostructures (MSNs) attract high interest due to their unique and tunable physical chemical features, including high specific surface area and large pore volume, that hold a great potential in a variety of fields, i.e., adsorption, catalysis, and biomedicine. An essential feature for biomedical application of MSNs is limiting MSN size in the sub-micrometer regime to control uptake and cell viability. However, careful size tuning in such a regime remains still challenging. We aim to tackling this issue by developing two synthetic procedures for MSN size modulation, performed in homogenous aqueous/ethanol solution or two-phase aqueous/ethyl acetate system. Both approaches make use of tetraethyl orthosilicate as precursor, in the presence of cetyltrimethylammonium bromide, as structure-directing agent, and NaOH, as base-catalyst. NaOH catalyzed syntheses usually require high temperature (>80 °C) and large reaction medium volume to trigger MSN formation and limit aggregation. Here, a successful modulation of MSNs size from 40 up to 150 nm is demonstrated to be achieved by purposely balancing synthesis conditions, being able, in addition, to keep reaction temperature not higher than 50 °C (30 °C and 50 °C, respectively) and reaction mixture volume low. Through a comprehensive and in-depth systematic morphological and structural investigation, the mechanism and kinetics that sustain the control of MSNs size in such low dimensional regime are defined, highlighting that modulation of size and pores of the structures are mainly mediated by base concentration, reaction time and temperature and ageing, for the homogenous phase approach, and by temperature for the two-phase synthesis. Finally, an in vitro study is performed on bEnd.3 cells to investigate on the cytotoxicity of the MNSs.
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1. Introduction


Silica-based mesoporous nanoparticles (MSNs) have attracted increasing attention as nanocontainers [1,2,3] thanks to their high specific surface area, easy and versatile surface chemistry modification [4], narrow pore size distribution, tunable characteristics of pore network, with pore size ranging from 2 to 50 nm, and excellent biocompatibility with minimal non-specific or adverse effects [5,6]. These features make these structures potential candidates for delivery of active payloads useful in several fields of application [7] including catalysis [8], separation [9], energy storage [10], corrosion protection [11] and in biomedicine [12], as drug reservoir and bioimaging platforms.



Most of the synthetic approaches used to prepare MSNs derive from the pioneering work of Stöber [13], based on a sol-gel process of an alkoxysilane in water-alcohol solution, at ambient conditions in the presence of ammonia, as base catalyst, and modified via addition of a pore-structuring agents. In general, alkaline, as well as acidic, conditions [1] have been exploited to catalyze hydrolysis and condensation of a silica precursor that self-assembles with the organic structure directing agents (SDA), i.e., surfactants, co-surfactants and swelling agents. Therefore, formation of the MSNs results from a judicious combination of templating methods and inorganic sol-gel procedures. Most common methodologies [14] are based on quaternary alkylammonium surfactants (i.e., cetyltrimethylammonium bromide, CTAB) as SDA, and are performed under strongly basic conditions, in the presence of tetraethyl orthosilicate (TEOS) as silica source, resulting in porous structures with pores size of nearly 3 nm. In addition, MSNs with controlled morphology, surface area, pore size, and pore channels orientation have been obtained by properly tuning the synthesis conditions, like surfactant composition, concentration and counter ions, and their self-assembly [15]. It has been also found that the nature of silica precursors, solvents or co-solvents, catalysts, and, finally, pH of the reaction medium also affect the MSN structure. Spherical worm-like MSNs with mesopores or hierarchical porous structures, including hollow [16,17,18], yolk-shell, stellate nanoparticles (NPs) [19] have been synthesized by suitably tuning SDA, precursors nature, concentration, reaction condition such as duration and temperature of hydrolysis and condensation or application of post-synthetic treatments.



A large body of recent literature [16,20,21,22,23] on the MSNs synthesis mainly covers aspects concerning the capability of tailoring, by modulating solution phase conditions, the pore size, shape and connectivity towards enhanced loading efficiency of active payloads. However, the control of particle size, specifically below 200 nm, remains challenging, due to the easy tendency of MSNs to aggregate. Indeed, MSN size regime between 50–200 nm, together with monodispersity, controlled pore size, shape and surface chemistry, represent essential features for biomedical application of MSNs as drugs and contrast agent vehicles [24,25]. Several studies have showed that efficiency of the cellular uptake and possibility to penetrate through the membranes/tissue are strongly dependent on particle size. Particle size has a relevant impact on toxicity and biodistribution of the material, and on delivery rate to targeted cells. MSNs with up to sub-micrometer size have been reported to provide enhanced cellular uptake by endocytosis, that is an essential feature to achieve high efficiency in biological applications, avoiding fast exocytosis, typically occurring for very small MSNs (<50 nm) [12]. In fact, the actual size threshold favoring cellular uptake is still debated, as in some cases superior uptake performance has been evaluated for smaller MSNs rather than larger particles, while, in other cases, larger particles, around 100–150 nm, have been found to be more effectively taken-up than the smaller ones [6,12]. In addition, surface properties such as functional groups and surface potential (hence, surface charge) can influence the biocompatibility of MSNs. In this regard, it has been reported the critical role played by the (-SiOH) groups at the surface layer of MSNs. These surface functional groups can interact with biological molecules, inducing generation of reactive oxygen species (ROS) [5,6,26]. Cells viability and cytotoxicity of MSNs have thus shown size- and surface properties dependence [12].



Typically, control on MSN size within the sub-micrometer regime, is achieved by replacing ammonia, which is conventionally used as basic catalyst in the Stöber process, with organic amines. They are found to effectively contain MSN size below 200 nm, since they act not only as catalyst but also as particles blocking agents, thanks to their interaction with silica surface. Such organic amines are able to catalyze the sol-gel reaction under mild basic condition, and, at the same time, prevent particle aggregation [15]. In particular, the use of triethanolamine (TEA) for synthesizing MSNs with diameter ranging between 20 and 150 nm has been widely reported [27]. It sets reaction mixture pH at 9–10, required for the hydrolysis of alkoxides precursors and growth of porous structures, meanwhile its chelating behavior limits the MSNs growth [27]. However, the use of such mild base usually requires high reaction temperature.



When NaOH is used to catalyze the synthesis of MSN, typically a high reaction temperature (80–100 °C) and a large volume of aqueous base (200–1000 mL) are required [28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48] to contain MSN size in sub-micrometer regime [49]. In fact, such a temperature range, required to trigger nucleation and MSN formation, results in the formation of large, micrometer-sized, silica particles aggregates, and the use of large volume of aqueous NaOH limits particle aggregation and uncontrolled formation of larger MSNs thanks to dilution. Therefore, the proper combination of high temperature and a large volume of aqueous base speed up the silica precursor hydrolysis, avoiding the nucleation while controlling the growth.



Herein, we have addressed the issue arising from the use of NaOH as catalyst for the formation of sub-micrometer (<150 nm) sized MSNs, specifically aiming to develop a synthesis maintaining a low reaction volume and moderate temperature, with a view to achieving higher sustainability. In particular, two synthetic approaches have been studied which rely, respectively, (i) on a homogeneous aqueous/ethanol-containing reaction mixture, and (ii) a two-phase aqueous/ethyl acetate-containing system, both based on CTAB as SDA, TEOS as silica source and NaOH as catalyst. The reaction temperature has been kept no higher than 50 °C (30 °C and 50 °C, respectively). The two strategies have been compared, morphologically and chemically, by investigating the resulting particles as a function of catalyst concentration, reaction temperature and time, to elucidate the mechanism that regulates the control of MSN size and size distribution. The obtained results demonstrate that an effective tuning of the MSN size in the range of 40–150 nm can be attained as a function of NaOH concentration, reaction time and temperature and ageing when the homogenous solution approach is followed, while when the two-phase system is used it is the reaction temperature that mainly controls the size of MSNs.




2. Results and Discussion


2.1. Synthesis of MSNs: Homogenous Solution Approach


Figure 1A shows the scheme of the MSNs’ preparation in the homogenous aqueous/ethanol solution, by using CTAB micelles as SDA, NaOH as catalyst and TEOS as alkoxysilane precursor. A basic, aqueous, 5 mM CTAB solution, which is above the critical micellar concentration, and characterized by hexagonal structures, has been heated up at Tinjection and ethanol and TEOS have been added, under stirring, resulting in a homogenous colloidal solution (Figure 1A, Step 1(i)). According to the commonly reported procedures (see reactions (1) and (2) below), the basic pH provided by NaOH promotes the hydrolysis of TEOS, bursting the nucleation of the MSNs and supporting the further condensation of Si-O-Si networks, while the presence of CTAB micelles, interacting with the silica precursor, templates mesopores formation. The obtained MSNs have been aged at room temperature (Figure 1A, Step 1(ii)) for a defined time (tageing), under stirring, prior their separation from the reaction mixture by centrifugation. A solvent extraction procedure, based on the use of ethanol added with a small amount of HCl (see the Materials and Methods section) allows to remove the pore-forming CTAB micelle and to finally recover purified MSNs (Figure 1A, Step 2).


Si(OEt)4(aq) + 4H2O(l)→Si(OH)4(aq) + 4EtOH(l)



(1)






(HO)3Si-OH(aq) + HO-Si(OH)3(aq)→(OH)3Si-O-Si(OH)3(aq) + H2O(l)



(2)







The prepared samples have been characterized by TEM (Figure 1B–E and Figure 2A–C, Figures S1 and S3 in the Supplementary Materials), also performing a size statistical analysis (Figure 2D–F and Figure S2 in the Supplementary Materials). The synthetic conditions used for the preparation of each sample, and the average size and size distribution are summarized in Table 1.



In particular, the synthesis of MSNs has been performed by varying (i) NaOH concentration, namely 5, 8, 10 and 13 mM, (ii) injection temperature (Tinjection), 50 °C and 30 °C, (iii) keeping the reaction medium at this temperature condition for 1 hour or 3 h (treaction), and (iv) subsequently letting it age (tageing) for 4 h or 24 h at room temperature. Remarkably, here, a maximum Tinjection of 50 °C and only small H2O volume (≤ 50 mL) have been used, both much lower than those conventionally employed for the synthesis of MSNs in aqueous medium. Such conditions result advantageous, in terms of energy consumption and sustainability, from the perspective of an eventual technological upscaling of the synthesis.



A first set of experiments has been carried out at Tinjection = 50 °C, in a H2O volume of 50 mL and with a tageing of 24 hours, varying NaOH concentration and treaction. As shown by the TEM micrographs reported in Figure 1B–E, the MSNs prepared using 8mM (MSN_H3 and MSN_H4), 10 mM (MSN_H5) and 13mM (MSN_H6) NaOH, respectively, present a spherical morphology, sub-micrometer size with porous structure and a rough surface. Conversely, using 5 mM NaOH (MSN_H1 and MSN_H2), irrespective of the reaction mixture composition, an interconnected matrix, rather than isolated particles, has been obtained (Figure S1 in the Supplementary Materials), probably due to a pH not sufficiently basic to catalyze the formation of MSNs.



MSNs prepared using 8 mM NaOH exhibit an average diameter of 35 nm (σ% = 11%, MSN_H3 sample, Figure 1B, Figure S2A in the Supplementary Materials) after 1h of reaction, that increases up to 47 nm (σ% = 13%, MSN_H4 sample, Figure 1C, Figure S2B in the Supplementary Materials) after 3 h of reaction, therefore a shorter treaction affords smaller MSNs. Extending the treaction beyond 3 h only a negligible increase in the average size has been observed. However, larger MSNs can be obtained by further increasing NaOH concentration: using 10 mM NaOH (Figure 1D, MSN_H5 sample, Figure S2C in the Supplementary Materials) MSNs with an average diameter of 64 nm (σ% = 15%) are achieved that get even larger, 135 nm diameter (σ% = 17%) using 13 mM NaOH (Figure 1E, sample MSN_H6 sample, Figure S2D). As summarized in Table 1 and displayed in Figure 1F by the reported error bars, a broadening of size distribution is observed, with σ% going from 13% to 17%, when the NaOH concentration increases from 8 mM up to 13 mM. In addition, when the MSNs are aged for 4 h (Figure 2A,D), as in the case of MSN_H7, particles of 54 nm diameter (σ% = 11) are obtained, smaller than MSN_H6 (average size 135 nm and σ% = 17%), aged for 24 h. This result indicates that ageing step significantly contribute to the MSNs growth.



Description of silica particles in terms of structures and porosity has been widely based on the analysis of IR spectra [50,51,52,53,54,55]. IR studies are particularly valuable because of the high polarity of silicon-oxygen bonds. For silica particles of small size and with high specific surface area the O-H and Si-O stretch IR absorptions of silanol (SiOH) groups at 3750–3650 cm−1 and 960 cm−1, respectively, Si-O stretch absorptions of siloxide (SiO-) groups nearly at 1000 cm−1 and the antisymmetric stretch absorptions of surficial siloxane bridge groups at 880 cm−1 are of valuable importance. The intense absorption bands in the 1300–1000 cm−1 region, usually is characterized by a contribution ascribed to the transverse optical (TO) modes of the lattice, and a shoulder at higher wavenumber characteristic of the longitudinal optical (LO) mode. Their relative intensity and position have been used to obtain information concerning strains on the Si–O–Si bonds. Thus, FTIR investigation in the 1300–880 cm−1 range of MSNs can provide relevant insights on their structure [50,55]. The FTIR spectra in ATR mode of MSN_H4 (Figure 1G black line), MSN_H5 (Figure 1G red line) and MSN_H6 (Figure 1G green line), prepared at increasing NaOH concentration, highlight a progressive red-shift of the transverse-optical mode of Si-O-Si asymmetric stretching vibration band, that moves from 1081 cm−1 for MSN_H4 (prepared using 8mM NaOH) to 1071 cm−1 for MSN_H6 (prepared using 13 mM NaOH). Indeed, according to the vibration equation (  v ∝  k   1 2     , where v is the wavenumber and k is the force constant between linked atoms), the red shift of the Si-O-Si peaks reveals a decreasing binding energy and increasing distance of the Si-O bond in the network. Therefore, the red-shift of the Si-O-Si band suggests that a more open structure is formed, with lower compressive stress, thus vibrations can occur more freely in the MSNs prepared using higher NaOH concentration. Such a result indicates a lower cross-linking degree for MSN_H6 sample compared to MSN_H4. Concomitantly, the relative intensity of the Si-OH stretching vibration at 965 cm−1 is higher for the MSN_H6 than in the other samples, thus suggesting the presence of a larger amount of silanol groups.



A reaction scheme has been depicted and reported in Figure 3 to account the size control of MSNs as a function of the alkaline environment condition. Indeed, pH influences the hydrolysis and condensation reaction [56]. Hydrolysis rate reaches its maximum at basic pH, while condensation rate at pH close to neutrality, decreasing at higher and lower pH [56]. Similarly, also MSN growth is affected by pH, by defining the particle surface potential. Therefore, by measuring the medium pH along the reaction it is possible to monitor the different steps of the synthesis, obtaining insights into the mechanism, and thus enabling a careful control of the MSNs’ size.



In addition, in the CTAB-mediated MSN synthesis, following the hydrolysis of TEOS catalysed by NaOH, a complex is formed between hydrolysed TEOS and CTAB micelles, which is cooperatively stabilized by hydrogen bonds and weak electrostatic interactions at weakly basic pH, while only electrostatic interactions are responsible of its stability under strongly alkaline conditions. Such complexes represent the monomer feeding the MSNs synthesis.



In our experiments, CTAB micelles form in a reaction mixture having pH of 11.8, 12.0 and 12.1 by 8, 10 and 13 mM NaOH, respectively, that decreases down to 8.2, 8.6 and 9.0, respectively, upon addition of TEOS and ethanol. Such a decrease in pH can be ascribed to consumption of hydroxyl ions due to the hydrolysis of TEOS.



When, at this stage, the pH is close to neutrality, as for the synthesis of MSN_H3 and MSN_H4 prepared by using 8 mM NaOH, it is reasonable to assume that the initial hydrolysis step lasts a short time and is soon followed by condensation of the siloxane bond [56]. For this set of samples, due to the starting pH condition, the hydrolysis, which supplies the fresh monomer, becomes soon very slow while condensation of silicate species proceeds fast, forming the Si-O-Si network and, subsequently, the primary particles. Since the condensation step takes place at the early stage of the reaction, that is at high temperature, a high degree of condensation is expected, as also confirmed by the FT-IR characterization.



Conversely, when 13 mM NaOH is used, the pH measured for the reaction mixture results still high enough (pH = 9.0) after TEOS and ethanol addition, thus turning in a fast hydrolysis and a slow condensation, both taking place during the treaction.



Indeed, as highlighted in the scheme in Figure 3, the nucleation, which forms the primary particles, lasts until supersaturation conditions are fulfilled. According to the classical nucleation theory of LaMer, when the concentration of hydrolysed TEOS drops below the critical supersaturation, nucleation stops, and particles start to grow until primary particles first, and then final, stable, colloidal particles are formed [57]. Two mechanisms have been generally suggested for the growth of silica nanoparticles: the former based on monomer deposition on the already formed particles and the latter on particle self-assembly/aggregation. The latter usually occurs at pH values close to neutrality, since conversely basic pH generates a negative charge density on the silica surface, hindering particle aggregation due to surface electrostatic repulsion.



Based on these considerations, for MSN_H3 and MSN_H4, the slow monomer supply, due to slow hydrolysis, is expected to quickly establish a monomer concentration below supersaturation, so that MSNs would begin to grow. After 3 h reaction time, the pH is found to increase (pH = 9.5), remaining then constant until the end of the reaction. Such a pH condition sustains a growth based on monomer deposition, rather than primary particles assembly/aggregation. However, the slow availability of monomer keeps small the average size of MSN_H3 and MSN_H4, with size distribution that slightly broadens as treaction increases, probably due to monomer consumption and establishing of Ostwald ripening regime.



For MSN_H6, the pH of the reaction medium after 3 h at 50 °C is 8.2, close to neutrality, thus suggesting the consumption of hydroxyl radicals and thus confirming the occurrence of hydrolysis throughout the reaction time. The pH neutrality, during the ageing step, indicates a growth mechanism mediated by primary particle self-assembly or aggregation, until a colloidally stable size is reached. Indeed, the aggregation-mediated growth is also supported by the increase in the ionic strength. As NaOH concentration increases, Na+ concentration also increases and, although these cations are highly hydrated, the increase in the ionic strength leads to a reduction of the double layer thickness at the particles’ surface, that affects their stability, inducing aggregation. In general, the large availability of monomers triggers the formation of larger MSNs, with a broader size distribution due both to monomer consumption and size-dependent aggregation. As a consequence, MSNs collected after 4 h ageing (MSN_H7, Figure 2A), show a smaller size and narrow size distribution, ascribed to a time-limited growth. A similar decrease in the average size can be observed by decreasing Tinjection. MSN_H8 (Figure 2B,E, Figure S3 in the Supplementary Materials), obtained in a synthesis performed at 30 °C, results in MSNs with average size of 73 nm and broad size distribution, that suggests the key role played by Tinjection in the kinetic of MSN formation.



As previously stated, the amount of H2O plays a pivotal role in the size regulation. TEM micrographs and size statistical analysis of sample MSN_H9 prepared under the same reaction conditions and with lower water volume (see Table 1), are reported in Figure 2C,F (Figure S3 in the Supplementary Materials), respectively, showing the formation of MSNs of nearly 102 nm (σ% = 17%), smaller than MSN_H6 (135 nm). It can be assumed that the higher H2O volume used for MSN_H6 results in an increase in the hydrolysis rate and higher amount of monomer supply and, therefore, larger MSNs are formed. Such an amount of H2O, does not act as a diluting solvent but, mainly, as reagent, thus affecting, with its concentration, the kinetic of the reaction.



Irrespectively of the reaction medium, after several cycles of purification, MSN suspensions show a negative charge density and a ζ-potential value of −40.4 (±1.1) meV, that becomes slightly less negative, −34.2 (±0.6) meV, after template removal by alcoholic HCl solvent extraction. A more negative value, −56.9 (±1.6) meV has been, instead, measured after calcination. While calcination removes only the positive charged CTAB micelles, the solvent extraction under acidic condition contributes also helps to protonate, though partially, the outer exposed silanol groups, ultimately reducing the negative surface potential.




2.2. Synthesis of MSNs: A Two-Phase System Approach


When ethyl acetate replaces ethanol in the reaction mixture, a two-phase system forms, featuring ethyl acetate as upper phase with an aqueous bottom phase. TEOS is highly soluble in ethyl acetate and poorly dispersible in aqueous phase, therefore, the silica precursor can be assumed to hydrolyse at the interface between the two phases, and slowly be supplied to the aqueous bottom phase. The reaction scheme of such a synthetic approach is reported in Figure S4A.



Table 2 reports a selection of samples prepared by using the two-phase approach, varying NaOH concentration in the range of 2 mM up to 13 mM, and keeping CTAB at a concentration of 5 mM, treaction of 3 h and tageing of 24 h. The experiments have been performed both at Tinjection 50 °C and 30 °C (See Table 2). The TEM micrographs of the samples and their size statistical analysis are reported in Figure 4 and Figure S4B in the Supplementary Materials.



Spherical MSNs (Figure 4A, MSN_Het2), 70 nm in diameter (σ% = 13%) have been formed even using 5 mM NaOH. Such a NaOH concentration has been found insufficient to catalyse the particle synthesis exploiting the homogenous solution approach, that has required at least 8 mM NaOH. However, a further decrease in the NaOH concentration, down to 2 mM, prevents the formation of MSNs, in the two-phase system leading to the formation of an amorphous silica network (Figure S4B in the Supplementary Materials).



As previously reported, CTAB aqueous solutions obtained using 5 mM and 13 mM NaOH exhibit a pH > 11, able to easily catalyse hydrolysis of TEOS and, in principle, sustain a large monomer supply. However, in the homogenous system, the addition of TEOS and ethanol and the fast hydrolysis result in a sudden consumption of hydroxyl ions and a pH decrease, for the 5 mM NaOH reaction mixture, that affect the kinetic of MSN synthesis and inhibiting the formation of MSNs. Conversely, in the two-phase system, the hydrolysis of TEOS slowly occurs at the interface between ethyl acetate and aqueous medium, and only slightly affects the pH of the aqueous bottom phase, thus a wide range of possible initial NaOH concentrations is suitable to achieve the convenient pH conditions for MSN synthesis. Such mechanism is also consistent with the evidence that the MSNs size remains almost unchanged, irrespectively from the initial NaOH concentration used (70 nm σ% = 13, for MSN_Het2 sample prepared at 5 mM NaOH and 74 nm σ% = 19, for MSN_Het3 sample prepared at 13mM NaOH), as highlighted by the TEM characterization (Figure 4A,B,D,E), thus suggesting that MSNs formation kinetic remain unchanged. FTIR characterization of these samples (Figure S4C in the Supplementary Materials) indicates a lower cross-linking degree for MSNs prepared using the two-phase system when compared to those prepared by means of the homogenous solution and a relative intensity of the Si-OH stretching vibration at 965 cm−1 higher than that of the MSN_H6 sample, thus suggesting the presence of a larger amount of silanol groups. Furthermore, significantly smaller size, is observed for MSN_Het3 (73 nm), prepared in the two-phase system, than MSN_H6 (135 nm), achieved in the homogenous solution, under the same reaction condition.



Such a result cannot be accounted for just by monomer accessibility, since, although the monomer release kinetics can be expected different in the two methods, in fact, the same amount of TEOS has been used, and is therefore, in principle, available, for the MSNs growth in both cases. However, since the mechanism supporting the MSN formation in the two-phase systems relies on nucleation and growth of particles at the interface, once they have reached certain size and weight, they leave the interface, where TEOS is supplied, to move down to the bulk of the aqueous bottom phase, where they stop growing. Therefore, according to such a mechanism, the initial NaOH concentration does not strictly determine the MSNs size. Conversely, temperature has been found to significantly affect the MSNs size. TEM micrographs of MSN_Het4, prepared at 30 °C, reported in Figure 4C (and statistical analysis in Figure 4F), highlights that a temperature decrease leads to MSNs smaller (average size 55 nm σ% = 16) than those attained at 50 °C. Temperature, through modification of kinetic energy, control the MSN sedimentation. Higher temperature can be assumed to make MSNs stay suspended longer at the interface, where monomer is supplied, and thus keep growing, while at low temperature they precipitate much earlier.




2.3. MSNs Textural Properties


N2 adsorption and desorption isotherm and pore width distribution, as measured by non-local density functional theory (NLDFT) calculations, are reported in Figure 5 for samples prepared by the homogenous reaction solution as function of NaOH concentration (Figure 5A,B) and two-phase systems (Figure 5C,D) as function of reaction temperature. Structure and properties of the MSNs have been also evaluated by considering the role of MSN size and preparative conditions.



All investigated samples are characterized by high specific surface area (SSA), showing Brunauer-Emmett-Teller (BET) surface area values in the range 680–780 m2/g. The MSNs prepared by homogeneous and two-phase approach mainly differ in their pore size distribution.



Nitrogen adsorption analysis results for MSNs obtained by the homogeneous solution approach, at different base concentration, are reported in Figure 5A,B. All samples show type IV isotherms [58] with a steep inflection between 0.3 and 0.4 p/p0, which is characteristic of mesoporous materials with a narrow pore size distribution (Figure 5A) [59]. The NLDFT model points out that porosity of these MSNs is characterized by a narrow range of pore width distribution (Figure 5B). In particular, increasing the base concentration from 8 mM to 13 mM, the isotherm inflection is shifted at higher relative pressures, indicating different ranges of porosity for the three samples. Indeed, MSN_H4, MSN_H5 and MSN_H6 present their main porosity in the ranges of 2.6–4, 2.5–4.3 and 3–4.5 nm, respectively. Also, increasing the base concentration, a decrease of the intensity of a minor porosity, centred at about 1.4 nm and attributed to semi-occluded pores, is recorded.



Considering the samples from the two-phase approach, nitrogen adsorption for MSN_Het3 and MSN_Het4, obtained at Tinjection 50 °C and 30 °C, respectively, show isotherms that significantly differ from those recorded for the samples prepared in homogenous solution and are also different from each other. MSN_Het3 presents a type IV isotherm characterized by a less sharp inflection with respect to the samples from the homogeneous solution synthesis, indicating a broader pore width distribution. Also, for this sample the isotherm inflection step is centred at lower relative pressure (about 0.2 p/p0), which indicates the presence of smaller mesopores. In fact, MSN_Het3 is characterized by pores with width ranges from 2 nm to 5 nm, with a major distribution peak centred at about 3 nm and a minor distribution peak centred at 2.5 nm. On the other hand, MSN_Het4 presents a nitrogen adsorption isotherm with significant adsorption at a pressure lower than that recorded for all the other MSNs isotherms, indicating the presence of narrower pores. Indeed, the NLDFT model shows for MSN_Het4 the presence of a major distribution peak centred at about 2.3 nm. The narrower pore size of MSN_Het4 consistently accounts for the higher BET surface area of this sample (735 m2/g) with respect to MSN_Het3 (685 m2/g), demonstrating that in the two-phase approach proposed, a decrease in the injection temperature from 50 °C to 30 °C induces the formation of MSNs characterized by narrower pores and higher specific surface area. For both the samples obtained from the two-phase approach, the pore width larger than 5 nm may be ascribed to interparticle capillary condensation, that also accounted for the isotherms’ hysteresis at high relative pressure.




2.4. Assessment of MSNs Toxicity on Cell Viability of Endothelial Cell Line


The MSNs biocompatibility has been assessed considering their individual size and their surface chemistry, in terms of density of silanol groups. MSN_H4, MSN_H5, MSN_H6 and MSN_Het3 and MSN_Het4 have been selected and tested in the colorimetric (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyltetrazolium bromide) (MTT) assay, using an immortalized mouse brain-derived microvessel endothelial cell line, namely bEnd.3 cells. Previous studies have indeed indicated this cell line as a suitable model for investigating nanoparticle permeability [60] and furthermore may provide useful insights on possible biomedical application of the prepared MSNs, as a delivery system of diagnostic/therapeutic agents to the central nervous system.



Cell viability has been evaluated by the MTT assay as function of MSN sample concentration, exploring a concentration range between 10–100 µg/mL. As shown in Figure 6b and Figure 7b, the cell viability of the bEnd.3 has been minimally affected upon their treatment for 24 h with MNS_H4 and MNS_H5. A slight dose-dependent decrease in the cell viability has been observed at the same extent for samples MSN_H6 and MSN_Het3 and MSN_Het4. This result can be accounted for by silanol groups, that in these samples are present in a high density, and can play a positive cytotoxic effect, inducing intracellular ROS formation responsible of cell oxidative damage. However, even at the highest tested concentration, 100 µg/mL, MSN_H6 and MSN_Het3 and MSN_Het4 cell viability above 50% has been always observed, indicating a poor cytotoxicity of the MSNs.



The results do not show any remarkable in vitro toxic properties of the MSNs, and a response almost independent from the MSN size in this size regime. The morphology of bEnd.3 cells after their exposure to MNSs confirms the findings obtained by MTT assay; indeed, the endothelial cells show a round shape (rounding up), when incubated with the sample MSN_H6, MSN_Het3 and MSN_Het4 at the 100 µg/mL concentration, while retaining their elongated native morphology at low dose (10 µg/mL). Conversely, the morphological characterization of samples MSN_H5 and MSN_H4 reveals an increase in the cell density at higher MSN dose, highlighting that the MSNs do not significantly interfere with cell viability.





3. Materials and Methods


3.1. Materials


Cetyl trimethylammonium bromide (CTAB > 96%), NaOH, tetraethyl orthosilicate (TEOS 98%) absolute ethanol (EtOH, 98%), ethyl acetate, HCl (32%) were purchased from Sigma-Aldrich (Milan, Italy). All aqueous solutions were prepared by using water obtained from a Milli-Q gradient A-10 system (Millipore, Bedford, MA, USA) 18.2 MΩcm, organic carbon content ≥4 µg/L). For cell viability test: Dulbecco’s Modified Eagle Medium (DMEM, Gibco, ThermoFisher Scientific, Waltham, MA, USA), phosphate buffer 10 mM (PBS), methylthiazolyldiphenyl-tetrazolium bromide (MTT).




3.2. Synthesis of MSNs: Homogenous Solution


MSNs were synthesized by a soft-template approach. Briefly, CTAB (5mM) was dissolved in an alkaline aqueous solution by NaOH using MilIipore water. NaOH at concentrations of 5, 8, 10 and 13 mM were tested to catalyze the sol-gel reaction. The solution was kept at 30 °C under stirring. Then, the temperature was raised up to 50 °C (Tinjection) and EtOH (2 mL) and TEOS (4.47 mmol, 1 mL) were added. The solution was let stirring at Tinjection for (treaction) 1 h or 3 h prior to be cooled down at room temperature and recovered after 4 hours, when it reached room temperature or let stirring for 24 h (tageing). Table 1 summarizes the reaction conditions used for the performed experiments.



Repeated cycles of centrifugation at 15300 g at 4 °C for 20 min and redispersion in EtOH were carried out to remove unreacted precursors and surfactant. Solution extraction with alcoholic acidic solution based on HCl in EtOH at 0.156 M (V = 20 mL), was carried to remove the template. The solution was added to the MSN pellet, let sonicating for 3 hours, centrifuged and then the MSNs were recovered and redispersed in 5 mL of Millipore H2O. The final MSNs concentration was 38 mg/mL, as measured after freeze-drying. The as prepared samples were also thermally treated for 5 h at 500 °C.




3.3. Synthesis of MSNs: Two-Phase Approach


In the two phase-system, the MSNs were synthesized using CTAB (5 mM) as the template, dissolved in an alkaline aqueous solution (V = 50 mL), by NaOH, as a catalyst at different concentration (2 mM, 5 mM and 13 mM). TEOS was the silica source dissolved in ethyl acetate (2 mL). The solution was kept at 50 °C (Tinjection) under stirring and then, ethyl acetate (2 mL) and TEOS (4.47 mmol, 1 mL) were added. The solution was let to react for 3 h (treaction) at the Tinjection under vigorous stirring. The temperature was lowered to 25 °C and kept stirring for 24 h (tageing). The reaction conditions are reported in Table 2. The as-prepared MSNs were purified with repeated cycles of centrifugation/redispersion in ethanol (13000 g at 18 °C for 1 h) to remove unreacted precursors and surfactant. The resulting solid product was dispersed in the alcoholic acidic solution (HCl in EtOH at 0.156 M, V = 20 mL) and let sonicated for 3 hours, centrifuged and then the MSNs were recovered, redispersed in 2 mL of Millipore H2O and freeze-dried, thus obtaining MSNs at a final concentration of 6 mg/mL.




3.4. Characterization Techniques


Transmission electron microscopy (TEM) characterization was carried out using a JEM1011 instrument (JEOL, Akishima, Tokyo, Japan) operating at 100 keV, equipped with a high resolution CCD camera. Carbon-coated copper grids were dipped in the MSNs suspension 0.2mg/mL in EtOH and the solvent was let to evaporate. Statistical analysis of the features shown in the TEM micrographs were performed using the AxioVision image analysis freeware, and the average diameter of the MSNs was determined by measuring the diameter of nearly 150 and their size distribution calculated as percentage relative standard deviation (σ%)



The FTIR characterization was carried out by using a 670 FTIR spectrometer (Varian, Palo Alto, CA, USA) equipped with a diamond ATR accessory of 2 mm and a deuterated tryglicine sulfate (DTGS) detector. One µL of each sample was put on the internal reflection element and the solvent was allowed to evaporate. Spectra were recorded in the range 4000–400 cm−1 acquiring 16 scans with a nominal resolution of 1 cm−1.



For ζ- potential measurement, a Zetasizer nano ZSP (Malvern, USA) equipped with a laser diode that works at 50 mW and at a wavelength of 532 nm, was used. For the analysis, a solution of 7 μg/mL in filtered ultrapure water was used.



Nitrogen adsorption analysis was performed on MSN to evaluate the textural properties of the nanocarriers. Brunauer-Emmett- Teller (BET) specific surface area was evaluated by N2 adsorption at 77 K through an ASAP 2020 analyzer (Micromeritics, Norcross, GA, USA). Pore size distribution was evaluated using the Non-local Density Functional Theory (NLDFT) analysis. The adsorption measurements were performed using high purity gases (>99.9.9%). MSN were degassed at 150 °C under vacuum before analysis (p < 10−5 mbar).




3.5. MSN Cell Viability Test


For the cell viability tests MSNs were dispersed in PBS buffer and extensively sonicated. Brain derived endothelial cell lines bEnd.3, selected for MSN cell viability test, were seeded in 96 well plates, washed with serum-free DMEM and then treated with MSNs suspension at the concentrations of 10 μg/mL, 25 μg/mL, 50 μg/mL and 100 μg/mL. Control was represented untreated bEnd.3 in serum-free DMEM (CTRL). The treatment was performed in a final volume of 100 µL for 24 h at 37 °C, 5% CO2. At the end of the incubation period, cell culture supernatants were discarded and cells were subjected to the test of cell viability by MTT assay as reported [61]. Phase-contrast images of the cells treated with MSNs were also recorded and compared with the control.





4. Conclusions


Here, a systematic investigation on the tunability of MSN size in the sub-micrometer range using NaOH as base catalyst has been carried out by performing and comparing two synthetic approaches using a homogenous aqueous/ethanol solution and a two phase-system, obtained by replacing ethanol with ethyl acetate. All the reactions have been advantageously carried out at temperature not higher than 50 °C and using small reaction medium volumes. Such a simple reaction scheme, inspired by the Stöber approach, have been demonstrated to offer the potential of size tuning the MSNs in the sub-micrometer range by purposely balancing the reaction mixture composition and synthesis conditions. Different key factors have been demonstrated for each synthetic approach, able to regulate the MSNs size, thus suggesting that distinct mechanisms apply in the formation of the MSNs as a function of the reaction media. Morphological characterization has highlighted the pivotal role played by the NaOH concentration, reaction time and temperature and ageing time in the size tuning of MSNs prepared in homogenous solution, with a size control in the 40–150 nm range. Conversely, for the syntheses performed in the two-phase system, MSN size resulted mainly affected by the reaction temperature. Since particles nucleate and growth at the interface between aqueous phase and ethyl acetate, a higher temperature retards sedimentation. Smaller MSNs (55 nm) have been attained at 30 °C while larger MSNs (73 nm) at 50 °C.



The porosity characterization highlighted for all the samples a high specific surface area > 680 m2/g. MSNs prepared in homogenous reaction media showed narrow pore width distributions with main porosity in the ranges of 2.6–4.0, 2.5–4.3 and 3–4.5 nm, respectively at increasing base concentration.



Conversely, MSNs synthesized in a two-phase system were characterized by a broader pore width distribution, mainly in the range 2–5 nm. In this case, the MSNs’ pore width was found dependent on the reaction temperature, as it decreased with the temperature decreasing from 50 to 30 °C.



The in vitro study performed on the endothelial bEnd.3 cells has revealed a high degree of biocompatibility of the different prepared MNSs. A slight decrease of the cell viability has been observed only for those samples of MSNs showing the highest density of silanol groups. In fact, in this case, upon incubation, cell damage induced by oxidative stress due to ROS generation can reasonably take place to a larger extent.



The presented systematic morphological and structural characterization and the in-depth investigation of the MSN synthetic mechanism catalysed by NaOH, provide practical guidelines for an effective and fine MSN size control in the sub-micrometre regime, that is crucial for biomedical applications, but remains not straightforward when such a base catalyst is exploited, due to the fast hydrolysis and uncontrolled aggregation phenomena.
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Figure 1. (A) Sketch of the synthetic MSNs in homogeneous solution. Step 1: (i) EtOH and TEOS are added to CTAB micellar aqueous solution at alkaline pH by NaOH at injection temperature, Tinjection, the reaction mixture is let stirring for different reaction time (treaction) then (ii) the temperature is decreased at room temperature (tageing) to allow MSNs growth. Step 2: surfactant template removal; (B–E) TEM micrographs (scale bar 50 nm) of MSNs (see also Table 1) MSN_H3 (B), MSN_H4 (C), MSN_H5 (D) and MSN_H6 (E); (F) Scatter plot of MSN average size, including size distribution as function of NaOH concentration and treaction; (G) FTIR spectra recorded in ATR mode in the 1300–880 cm−1 range of MSNs samples (panel (F)). 
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Figure 2. TEM micrographs ((A–C), scale bar 50 nm) and the corresponding size distribution statistical analysis (D–F) of MSN_H7 (A,D), MSN_H8 (B,E) and MSN_H9 (D,F). 
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Figure 3. Scheme of the pH-dependent nucleation and growth of the MSNs, prepared in homogenous solution. pH value controls the kinetic of hydrolysis and condensation during the nucleation at high reaction temperature (treaction), and the growth step at room temperature. 
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Figure 4. TEM micrographs (A–C, scale bar 50 nm) and the corresponding size distribution statistical analysis (D–F) of MSNs prepared by injecting TEOS 4.47 mmol (1 mL) at Tinjection = 50 °C ((A,B,D,E) MSN_Het2 and MSN_Het3 samples) or Tinjecttion = 30 °C ((C,F) MSN_Het4 sample) to 50 mL of H2O/Ethyl acetate (50:2 v/v), [CTAB] = 5 mM and [NaOH] 5 mM ((A,D) MSN_Het2) and 13 mM ((B,C,E,F), MSN_Het3, MSN_Het 4). treaction 3 h and tageing 24 h. 
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Figure 5. (A–C) N2 adsorption-desorption isotherms and (B,D) pore width distributions by NLDFT of MSN_H4 (panel A, B red line), MSN_H5 (panel A, B blue line), MSN_H6 (panel A, B black line), MSN_Het3 (panel C, D, black line), MSN_Het4 (panel C, D red line); (E) table of MSNs samples surface area and pore volume. 
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Figure 6. (a,c–h) Representative phase contrast optical images showing the morphology of bEnd.3 (20× magnification) and of the control (CTRL, 100%) after 24 h treatment with the MSN samples as labeled, prepared by the homogenous solution approaches, at the indicated concentrations. (b) Graph of the cell viability, determined by the MTT test, expressed as percentage of surviving cells in comparison with control (CTRL, 100%) represented by untreated bEnd.3 cells in serum-free DMEM. 
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Figure 7. (a,c–f) Representative phase contrast optical images showing the morphology of bEnd.3 (20× magnification) and of the control (CTRL, 100%) after 24 h treatment with MSN samples as labeled, prepared by the two-phase approaches, at the indicated concentrations. (b) Graph of the cell viability, determined by the MTT test, expressed as percentage of surviving cells in comparison with control (CTRL, 100%) represented by untreated bEnd.3 cells in serum-free DMEM. 
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Table 1. Reaction conditions used for the MSNs synthesis following the homogenous solution approach and average size and size distribution of the obtained samples, determined by TEM characterization. (*) and (**) correspond to amorphous structures and barely defined spherical particles, respectively (see Figure S1 in the Supplementary Materials).
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	Tinjection

°C
	treaction

h
	tageing

h
	[NaOH]

mM
	H2O/EtOH Volume Ratio
	Average Size nm
	Size Distribution σ%





	MSN_H1
	50
	3
	24
	5
	150:2
	*
	---



	MSN_H2
	50
	3
	24
	5
	50:2
	**
	---



	MSN_H3
	50
	1
	24
	8
	50:2
	35
	11



	MSN_H4
	50
	3
	24
	8
	50:2
	47
	13



	MSN_H5
	50
	3
	24
	10
	50:2
	64
	15



	MSN_H6
	50
	3
	24
	13
	50:2
	135
	17



	MSN_H7
	50
	3
	4
	13
	50:2
	54
	11



	MSN_H8
	30
	3
	24
	13
	50:2
	73
	16



	MSN_H9
	50
	3
	24
	13
	30:2
	102
	16
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Table 2. Reaction conditions for the MSNs synthesized in a two-phase system and average size and size distribution of the resulting particles determined from the TEM analysis. (*) As shown in Figure S4B in the Supplementary Materials a siliceous network rather than MSNs forms.






Table 2. Reaction conditions for the MSNs synthesized in a two-phase system and average size and size distribution of the resulting particles determined from the TEM analysis. (*) As shown in Figure S4B in the Supplementary Materials a siliceous network rather than MSNs forms.















	
	Tinjection

°C
	treaction

Hours
	tageing

Hours
	[NaOH]

mM
	H2O/Ethyl Acetate Volume Ratio
	Average Size nm
	Size Distribution σ%





	MSN_Het1
	50
	3
	24
	2
	50:2
	*
	---



	MSN_Het2
	50
	3
	24
	5
	50:2
	70
	13



	MSN_Het3
	50
	3
	24
	13
	50:2
	73
	19



	MSN_Het4
	30
	3
	24
	13
	50:2
	55
	16
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
" MSN_Het3 = MSN_Hetd

07153030 4% 80 70 8 30100
MSN concentration (ug/m)

MSN._Het3






media/file4.png
Counts

\ 0=16%

100 120 140

Size (nm)

d=102 nm






nav.xhtml


  molecules-26-04247


  
    		
      molecules-26-04247
    


  




  





media/file2.png
A
ORI ¢ cmsB
CTAB in NaOH medium o
@ MSNs as synthesized
» Step 1 058 @ @ Step 2 |NEEES I
— > g:g"g@ s @ sre—l " ‘j ‘ "Jf' ol ’..‘:. .
(i) TEOS, EtOH, QQ > d,:,@“’,g:g 2 Pae% y | U;’* MSNs as purified
H oo

Tinjection treaction @ goggaa . u‘f

S| (i)t sgeing =2 °%" @ :

- treactitm G
1h 3h 3
13 - — . §
2 1 “3
— 1 — -g
P 4 £
E11- %
e (1]
5 10: N =
2 @ [——MSN_H4@[NaOH] 8mM \
aal o ® [——MSN_H5@[NaOH] 10mM \\
8 R g [~ MSN_H6@[NaOH] 13mM
S | Y 1 4 1 N | o 1 b 1 4 1 z T T T
20 40 60 80 100 120 140 160 1300 12'00 11'00 10'00 9(',0
Size (nm) Wavenumber (cm™)





media/file5.jpg
e

Teos tscion @ 30°C 07 50°C
NaoH s =
woon  Nucleation @ supersaturation
Slow process
Strongly »
alkaline i :
i ecostic e
environment e Fewnucel
Fast Hydrolysis Condensation .
Tasctorime oggrepetion_ Monomer aditon
Fast process Small monodisperse Mshs
Weakly » B @ B
alkaline ) 39
environment L% @






media/file3.jpg
Counts.

f
|
[
[
|
i

Py "Sire (o) St )






media/file1.jpg
¢

- —

B -
$ reos con

Zn. -
$ — v oo s
£ — s seiison 0
o] e
® R % @ o 30 W W e o o 100 E3
‘Wavenumber (cm)

Sao (om)





media/file7.jpg
Counts.

Ay

P

de730m

Py

‘Sze o)

dess om
ou16%






media/file10.png
(cm’/g)

ed

Nitrogen adsorb

700
600
500
400
300 =
S
200 "c
o
100 e
£
0 ™
800 =
700 &
600 ], S 0.02 -
500 i/
400} Vs
300 :‘_";:,,:rl 0.01 -
L gl
200f gz @t
100"
0f v T . T T v T T 0.00 -
0.0 0.2 0.4 0.6 0.8 1.0 1
Relative Pressure (p/p°) Pore width (nm)
BET surface Total pore
E 2 3
area m°/g volume cm’/g
MSN_H4 762+26 0.60
MSN_H5 788124 0.59
MSN_H6 72349 0.59
MSN_Het3 685+13 0.47
MSN_Het4 735+16 0.50






media/file12.png





media/file9.jpg
Nitrogen adsorbed (cm*/g)
588585888 8888¢88
IS

H

L

004

003

u.
Pore Volume (cm’/g)
8

001

00

02 o4 06 08
Relative Pressure (p/p*)

E

MSN_H4
MSN_H5
MSN_H6

MSN_Het3

MSN_Hetd

1o

BET surface

aream’/g
762126
788£24
72319
685413
735£16

Pore width (nm)

Total pore
volume cm’/g

0.60
059
059
047
050






media/file0.png





media/file14.png
MSN. Het3

e . » " ’

» ~

S
o Y

L

-

o~

10.ug/mL

P 1
»
] A
&H®
]
e -
.
o5e'w






media/file8.png
Counts

L D _ MSN_Het2 _ MSN_Het3 MSN_Het4

[ 7 d=70 nm Vi d=73 nm L d=55 nm

i /i \ 0=13% = [l | 0=19% A 0=16%

! ‘ \ a5 1 | / \

[ r ] i _/ 1 | |

e \ / \

- | /»—« \*.__.. —1

L " // X - /

i l i \

I \ /

3 : T] g /

[ T T T --ml T T 1 : e -/ml ‘ @ = T

20 40 60 100 120 20 40 60 80 100 120 20 40 80 100
Size (nm) Size (nm) Size (nm)

120





media/file11.jpg
e

% “Aojug/mt. [id 100 fig/mt
MSNZHE s

: 10ughm | £

MSNLH. ;

g 35 G

MSN A=






media/file6.png
CTAB

TEOS

NaOH
H,0/EtOH

Strongly
alkaline

environment

PH,,

10-

T S Fast Hydrolysis

b 0. 30°Cor 50°C
Nucleation @ supersaturation
.o Slow process
.".4: +-+‘.‘ e o ©
.;‘F ":". —_——— .. ...
Electrostatic
interaction

Few nuclei

Condensation

t ageing @ RT

» MISNs
Growth

(

e e

Weakly
alkaline

environment

Reaction time
Fast process

® e
‘.. "... ® 9 .... )
o —— ... 00 4
- LS ® o0
Hydrogen bonds Many nuclei

".qf‘

Large polydisperse MSNs \

. -e
- L
s E
. .. . ’. ..‘
x ™ .‘ SANSCo 5
.."J.‘ | w

Growth mechanism

& W

Monomer addition

Particle
aggregation
Small monodisperse MSNs






