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Influence of the synthetic method on the properties of two-photon-sensitive mesoporous organosilica nanoparticles

organosilica (M2PS) NPs. The M2PS NPs porous structure could be tuned from radial to wormlike and MCM-41 types of organization. Besides, the 2PS precursor spatial dispersion was found to be highly dependent of both the 2PS initial concentration and the elaboration process.

As a result, two-photon properties were modulated by the choice of the synthesis, the best results being found in aqueous media at 25 or 80°C (Scheme 1). Finally, the M2PS NPs were used for in-vitro two-photon imaging of cancer cells.

Introduction :

Over the past few years, two-photon-sensitive NPs have attracted a lot of attention for theranostic nanomedicine. [1][2][3][4][5][6][7][8][9][10][11][12][13][14][15][16] Near-infrared (NIR) two-photon excitation is indeed very attractive for its deep-tissue penetration and 3D-spatiotemporal accuracy, which are crucial for site-specific cancer treatment. 17 Among various nanoplatforms, mesoporous silica nanoparticles (MSN) are particularly suited nanomedical devices for their low cytotoxicity, excretion 18,19 , selective endocytosis through the enhanced permeability and retention effect (EPR), and multifunctionality. [20][21][22][23][24][25] The diversity of MSN features arises from their large surface areas, tunable pore size, controllable shape and morphology, and known silicon chemistry. 26,27 Besides, conversely to other non-porous inorganic NPs applied for two-photon nanomedicine, the sol-gel elaboration enables the co-condensation of versatile species with silica precursors to obtain organosilica NPs with high porosity. 28,29 Hence, two-photon fluorophores and photosensitizers (2PS) could be doped 8,13,30 or covalently bound in the material. 2,31 Phase segregation, low doping efficiency of 2PS moieties, as well as the photosensitizer diffusion out of the nanomaterial often make the chemical grafting more attractive. 32 The 2PS concentration and spatial distribution in the NPs will be crucial for the final two-photon properties of each chromophore. 33 The control of many different parameters is thus required for the construction of efficient M2PS NPs.

Herein, we report a study on M2PS NPs designed from three different elaboration processes, in order to investigate the influence of the synthetic method on the properties of the 

Results and discussion

Firstly, the M2PS nanomaterials were designed via various synthetic approaches. Three procedures were compared which involved the co-condensation of a previously reported tetraalkoxysilylated two-photon photosensitizer (2PS) [2][3][4] with the TEOS silica precursor, through sodium hydroxide catalysis with a template of cetyltrimethylammonium bromide. The first approach involved modified Mann's conditions, 34 the six minutes reaction in aqueous media at 25°C. Two materials are compared from this procedure, M2PS-1 and M2PS-2, with 9 and 18 weight percent (wt%) of 2PS respectively (see Table 1). In the second approach, the synthesis was carried out at 80°C in a water/ethanol mixture (5:2, v:v) for 30 minutes; the related compound will be called M2PS-3. The third approach is a modified Lin's reaction, 35 which was performed in aqueous media at 80°C for 1 hour 30 minutes. Higher concentrations of 2PS precursor were used in this procedure, with 44 and 20 wt% of 2PS were obtained for M2PS-4

and M2PS-5 respectively.

Secondly, the structure and morphology of the M2PS nanomaterials were characterized.

Transmission electron microscopy (TEM) images depicted nearly 80 nm nanospheres for all types of M2PS particles, except the 200 nm nanospheres obtained from the water/ethanol mixture for M2PS-3 (Fig. 1A). Dynamic light scattering (DLS) size distributions showed that the best approaches to obtain monodisperse non-aggregated M2PS NPS were in aqueous media at 25°C for low 2PS concentration, or in aqueous media at 80°C for higher concentrations (Fig. 1B). Besides, electron micrographs revealed different types of porous frameworks for each reaction (see Scheme 1 and Fig. 1A). Typically, MCM-41 P6mm structure was obtained with the aqueous route at 25°C for M2PS-1, but the pore organization was very sensitive to the 2PS content. Comparing the same procedure in M2PS-1 and M2PS-2, the increase of the 2PS content from 8 to 16 wt% led to an important structural disorganization, as testified with the small angle X-ray diffraction (XRD) patterns (Fig. 1C). Conversely, the third strategy performed at 80°C retained the MCM-41 hexagonal array of the pores for the M2PS-4 and M2PS-5 materials at high 2PS concentration, as displayed by TEM and XRD patterns, but enlargement of the Bragg peak and the TEM image for M2PS-4 indicated a more slightly disordered structure.

Alternatively, a radial porosity was obtained on M2PS-3 NPs in the water/ethanol mixture (Fig. 1A,1C). The mesoporous structure of the materials was validated by the nitrogen-adsorptiondesorption technique. The BJH transform indicated pore diameters from 2.1 to 2.6 nm (see Table 2); high BET surface areas were found for all samples, ranging from 500 to 700 m²/g (Fig. S1 to S5). Thus, both the size and the porosity of the M2PS nanomaterials make them suitable nanocarriers for nanomedicine applications. Thirdly, the efficiency of the 2PS encapsulation in the nanomaterials was found to be highly dependent on the synthetic route. UV-Visible spectroscopy demonstrated the successful encapsulation of the 2PS molecules in the silica framework of all M2PS NPs (Fig. S6 andS7).

Solid state nuclear magnetic resonance (NMR) 29 Si and 13 C CPMAS spectra (Fig. S8) further supported that assertion. Besides, as shown in Table 1 with the comparison of the 2PS wt% in the NPs and in the reactants, the efficacy of the 2PS condensation was higher than that of TEOS.

Interestingly, highly organically functionalized M2PS NPs could be designed with both syntheses at 80°C. However, the usefulness of the M2PS-3 nanocarriers (water/ethanol mixture) is greatly impoverished, as we shall see with the photophysical properties. The 2PS spatial distribution in the silica was then studied by absorption and emission of fluorescence, since this factor affects directly the photophysical properties of the NPs. The emission spectra (Fig. 2A) and the fluorescence quantum yields (Table 3) of the M2PS compounds were measured and compared to those of the 2PS molecular reference (2PS-Ref, see structure Fig. S9). The most fluorescent NPs were found to be M2PS-1, M2PS-4, and M2PS-5, the latter having a quantum yield two to four times larger than the formers. A bathochromic effect was also observed on the 2PS band, as seen in the normalized spectra (Fig. 2B). The most red-shifted band corresponds to the synthesis performed in the water/ethanol mixture, with an absorption maximum at 469 nm; then follows the aqueous mixture at 25°C (max = 453-455 nm), and finally the aqueous reaction at 80°C (max ≈ 448-450 nm). Such an observation was consistent with the absorption spectra of the M2PS NPs (Fig. S7). These results are the direct outcome of the spatial dispersion of the 2PS molecules in the mesoporous silica matrices, with an important aggregation 36 of the 2PS for the M2PS-3 material. Thus we expected to obtain poorer two-photon properties on material having the most red-shifted 2PS emission bands. Indeed, the aggregation of 2PS moieties via - stacking interactions or condensation generally leads to increased non-radiative de-excitation rates and therefore to a quenching of the fluorescence, as well as to a decrease of the two-photon absorption properties. 37 Finally, the two-photon photophysical properties of the M2PS nanocarriers were investigated. The two-photon absorption cross-sections (2) were determined between 700 and 900 nm by investigating their two-photon excited fluorescence, and as anticipated M2PS-1, M2PS-4, and M2PS-5 displayed the highest cross-sections (see Table 3, and Fig. 3). It should be noticed that M2PS-1, M2PS-4, and M2PS-5 also exhibit the largest quantum yields (11, 26, and 41%, respectively), while their maximum cross-sections ranged from 110 to 200 GM. In the case of the synthesis at 25°C, the increase of the 2PS concentration from 8% (M2PS-1) to 16% in M2PS-2 leads to a decrease of both the fluorescence and the two-photon absorption cross-section, from 11 to 8%, from 110 to 80 GM. On the other hand, comparing M2PS-3 (reaction in water/ethanol) with M2PS-5 (synthesis in water at 80°C), which both have 20% of photosensitizer, drastically different properties were obtained. Indeed, the latter exhibits a twophoton brightness ( max F) of 82 GM, which is 40 times larger than that of the former (2 GM, see Fig. 3B). Furthermore, for a given reaction, the 2PS threshold for optimum properties was different, in the first synthetic approach, 8% was the maximum, whereas in the third approach the 2PS content could be increased at least up to 25 % without quenching the properties.

Consequently, the modulation of the two-photon properties of M2PS NPs could be done by an appropriate choice of the elaboration process. [c] Maximum two-photon action cross-section (two-photon brightness) per chromophore. 

Conclusions

In summary, we report a study of the properties of organically modified mesoporous silica NPs for two-photon excitation. The modulation of the two-photon properties was found to be highly dependent on the synthetic approach used, which directly affected the spatial distribution of the photosensitizers. Furthermore, the threshold of the photosensitizer maximum concentration varied according to the elaboration method, the best results being observed with a modified Mann's reaction in aqueous media at 25°C for low concentration, whereas the Lin's method at 80°C in water was preferred at higher concentrations. Hence, M2PS nanomaterial was used for in-vitro two-photon fluorescence imaging. This study highlights the intricacies implied in the design of efficient NIR two-photon-sensitive nanomaterials for various applications such as nanomedicine.

Experimental

Materials

Tetraethoxysilane, cetyltrimethylammonium bromide, sodium hydroxide, ammonium nitrate and tetrahydrofuran were purchased from Sigma-Aldrich. Absolute ethanol was purchased from Fisher Chemicals. R. Norma Pure.

Apparatus

Absorption spectra were recorded on a Hewlett-Packard 8453 spectrophotometer and fluorescence data were collected on an Edinburgh Instruments (FLS920) fluorimeter.

Fluorescence quantum yields were measured in ethanol using quinine bisulfate in aqueous H2SO4 (0.5 M) as a reference (F = 0.546). Mass spectrometry was carried out at the Laboratoire de Spectrometrie de Masse (Lyon, France) with a Thermo-Finnigan MAT95 apparatus in electronic impact ionization mode. Dynamic light scattering analyses were performed using a Cordouan

Technologies DL 135 Particle size analyzer instrument. 29 Si and 13 C CPMAS solid state NMR sequences were recorded with a VARIAN VNMRS300, using Q8MH8 and adamantane references respectively. TEM analysis performed on a JEOL 1200 EXII instrument. SEM analysis performed on a FEI Quanta FEG 200 instrument.

Synthesis

M2PS-1 NPs. A mixture of cetyltrimethylammonium bromide (345 mg, CTAB), and sodium hydroxide (20 mL, 0.2 M) was stirred at room temperature during 50 minutes at 700 rpm in a 250 mL three neck round bottom flask. Then, the stirring speed was changed to 1000 rpm. TEOS

(1.6 mL) was added and after 40 seconds water (260 mL) was poured out. Afterwards, an ethanolic solution of the 2PS precursor (n0 = 9.0 10 -5 mol, in 1 mL EtOH) was added. The solution was then heated using a hair drier (from T0=25 °C to T'=27 °C over 1-2 minutes), in order to trigger the condensation process. After 5 minutes 30 seconds of reaction, a solution of hydrochloric acid (0.2 M, ca 36 mL ) was added to reach pH 6.9. Fractions were gathered in polypropylene tubes and collected by centrifugation for 15 minutes at 21 krpm. The sample was then extracted twice with an ethanolic solution of ammonium nitrate (6 g.L -1 ), and washed three times with ethanol, water, and ethanol. Each extraction involved a sonication step of 30 minutes at 50 °C; the collection was carried out in the same manner. The as-prepared material was dried under air flow for few hours.

M2PS-2 NPs.

A mixture of cetyltrimethylammonium bromide (345 mg, CTAB), and sodium hydroxide (20 mL, 0.2 M) was stirred at room temperature during 50 minutes at 700 rpm in a 250 mL three neck round bottom flask. Then, the stirring speed was changed to 1000 rpm, TEOS (1.6 mL) was added along with an ethanolic solution of the 2PS precursor (n0 = 1.3*10 -4 mol, in 1 mL EtOH). After 40 seconds, water (260 mL) was poured out. The solution was then heated using a hair drier (from T0=25 °C to T'=27 °C over 1-2 minutes), in order to trigger the condensation process. After 5 minutes 30 seconds of reaction, a solution of hydrochloric acid (0.2 M, ca 36 mL) was added to reach a pH of 6.9. Fractions were gathered in polypropylene tubes and collected by centrifugation for 15 minutes at 21 krpm. The sample was then extracted twice with an ethanolic solution of ammonium nitrate (6 g.L -1 ), and washed three times with ethanol, water, and ethanol. Each extraction involved a sonication step of 30 minutes at 50 °C in order to remove the CTAB surfactant; the collection was carried out in the same manner. The asprepared material was dried under air flow for few hours. 

M2PS-3

M2PSScheme 1 .

 1 Scheme 1. Modulation of the two-photon properties of M2PS NPs via various synthetic pathways. Typical TEM images of the NPs porous framework are presented for each reaction.

Figure 1 .

 1 Figure 1. TEM images (A), DLS size distributions (B), and small angles XRD patterns of M2PS-1 to M2PS-5 NPs (C).

  Elemental analysis by combustion measurements of the NPs. [b] Determination based on the nitrogen wt% in the condensed 2PS moieties (O1.5Si-R-SiO1.5).

Figure 2 .

 2 Figure 2. Fluorescence emission spectra of M2PS NPs (A), and the associated normalized spectra in ethanol (B).

  Quinine bisulfate standard at 0.5 M in H2SO4. [b] Maximum two-photon absorption cross-section per chromophore.

Figure 3 .

 3 Figure 3. Two-photon absorption cross sections of M2PS NPs (A), and the corresponding two-photon brightness spectra in ethanol (B).

Figure 4 .

 4 Figure 4. Two-photon in vitro imaging of M2PS-3 NPs on living MCF-7 cells demonstrating the cellular uptake of the nanocarriers. Arrows pointed nanoparticles located inside the cells. Scale bar 20 m.

M2PS- 4 M2PS- 5

 45 photon excited fluorescence spectroscopy was performed using a mode-locked Ti:sapphire laser generating 150 fs wide pulses at a 76 MHz rate, with a time-averaged power of several hundreds of mW (Coherent Mira 900 pumped by a 5 W Verdi). The laser light is attenuated using a combination of half-wave plates and a Glan-laser polariser and the excitation power is further controlled using neutral density filters of varying optical density mounted in a computercontrolled filter wheel. After five-fold expansion through two achromatic doublets, the laser beam is focussed by a microscope objective (10X, NA 0.25, Olympus, Japan) into a standard 1 cm stirred absorption cuvette containing the sample. The applied average laser power arriving at the sample was between 0.5 and 15 mW, leading to a time-averaged light flux in the focal volume on the order of 0.1-1 mW/μm 2 . The generated fluorescence is collected in epifluorescence mode, through the microscope objective, and reflected by a dichroic mirror (675dcxru, Chroma Technology Corporation, USA). Residual excitation light is removed using a barrier filter (e650-2p, Chroma) and the fluorescence is coupled into a 600 μm multimode fiber by an achromatic doublet. The fiber is connected to a compact CCD-based spectrometer

  

Table 1 .

 1 2PS weight per cent determination in M2PS NPs.

Table 2 .

 2 Textural properties of M2PS NPs.

	Sample	M2PS-1 M2PS-2 M2PS-3 M2PS-4 M2PS-5
	SBET (m²/g)	713	647	603	503	677
	Dpore (nm)	2.0	2.3	2.3	2.5	2.6

Table 3 .

 3 Photophysical properties of M2PS NPs in ethanol.
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