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Abstract

We report the synthesis of 20-nm-sized mesoporous silica nanoparticles encapsulating three
different porphyrin photosensitizers (PS). Synthesized by the sol-gel method, in the presence of
cetyltrimethylammonium bromide surfactant and tetraorthosilicate as silica source, we developed
those nanoparticles with the aim of treating cancer cells using photodynamic therapy. The colloidal
stability, due to the PEG-silane chain grafted on the surface, was demonstrated at 37
C in cell culture medium. Then, nanoparticles were
functionalized by silylated squarate mannose and used in MCF-7 breast cancer cells for one-photon
therapy. Promising results were obtained after 5 h of incubation.
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Introduction

Mesoporous Silica Nanoparticles have attracted much attention in different fields in the last decade
and particularly for biological applications. The field has been extensively reviewed. [1-29] Indeed
their tunable pore size, flexible functionalization, and high specific surface area [30,31] allowed the
use of MSN in many different applications such as antireflective coatings [32], catalysis, [33]
sensors [34] and biology. [35] The usual size of MSN obtained from classical synthetic methods
leads to diameters of about 100 nm. However the size reduction of MSN with diameters below 50
nm has been the subject of much effort over the last 6 years. Indeed small-sized MSN are particularly
attractive for applications in material science [36] or biology, [37] and the mechanism of their
synthesis has been recently investigated. [38] The pioneering works in down-sizing MSN diameter
were performed by the groups of Kuroda, Huo, Mou, in 2009 [39-41] and by the group of Wiesner
who reached diameter below 10 nm. [42,43] Small-sized MSN were used by Shi and co-workers
[44,45] and others [46] for cancer applications. These nanoparticles conjugated with TAT peptide
were able to target the nuclei of cells in vitro and in vivo and very efficient photodynamic therapy
application [47] was described. In the course of our work on photodynamic therapy with silica-based
particles, [48,49] we were interested in small-sized MSN in order to cross-biological membranes.
We performed the synthesis of mannose-functionalized 20 nm diameter MSN but as the outer
specific surface area increased, the colloidal stability of the particles was difficult to achieve.[50]
Finally we managed to image retinoblastoma cells. In the continuation of this work, we present here
the syntheses and characterizations of mannose-functionalized small-sized MSN possessing
porphyrin photosensitizers in the walls of the MSN towards photodynamic therapy applications.
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Experimental

2.1 Materials and general procedures

ACS reagents grade starting materials and solvents were used as received without further
purification.

Ammonium 4,4'4"-(20-(4-aminophenyl) porphyrin-5,10,15-triyl)tribenzenesulfonate (POR a) and
3-(2,5-dioxo0-2,5-dihydro-1H-pyrrol-1-yl)-N-(3-(4-(10,15,20-tri(pyridin-4-yl)porphyrin-5-yl)
phenoxy) propyl) propanamide (POR b) were synthesized as described [51,49].

5-(amino)-2, 3, 7, 8, 12, 13, 17, 18-(octaethyl) porphyrin was purchased from Pophychem (POR c).
3-((4-(((2R, 38, 4S, 58S, 6R)-3, 4, 5-trihydroxy-6-(hydroxymethyl) tetrahydro-2H-pyran-

2-yl) oxy) phenyl) amino)-4-((3-(trimethoxysilyl) propyl) amino) cyclobutane-1, 2-dione (silylated
squarate mannose, Mannose-Si)) was obtained from a reported procedure by D.Warther et al. (RSC
Adv. 2014, 4,37171-37179).

Cetyltrimethylammonium bromide (CTAB) was purchased from Alfa Aesar, tetraethyl orthosilicate
(TEOS), amino-propyltriethoxy silane (APTS), isocyanatopropyltriethoxy silane (IPTS), (3-
mercapto propyl)trimethoxysilane (MPS) and ammonium hydroxide were purchased from Sigma-
Aldrich. (6-[2-(2-[2-Methoxy-ethoxy]-ethoxy)-ethoxy] hexyl) trimethoxysilane (PEG-Si) and 11-
amino-undecyltrimethoxysilane (NH2-Si) were purchased from SiKEMIA. Ultrapure water was
obtained with a Barnstead™Easypure™RoDi from Thermo Scientific. DLS measurements were
performed on a Vasco Particle Size Analyzer DL135 from Cordouan Technologies and analyzed
with nanoQ software. 'HNMRspectra was recorded on a Bruker AC-300 spectrometer. Chemical
shifts (in 6 units, ppm) are referenced to TMS using DMSO-d¢ (6 = 2.50 ppm) as the internal
standard. IR spectra spectra were recorded on a Perkin-Elmer 100 FT spectrophotometer. UV-visible
spectra were obtained using a Perkin-Elmer spectrometer (molar extinction coefficient value is given
in L mol''cm™). TEM images were taken on a JEOL 1200 EXII, 120 kV.

2.2 Preparation of POR1 - POR2 - POR3 (Scheme 1)

PORa [49] and PORD [51] precursors were silylated overnight at room temperature following the
procedure already described. PORc was silylated with isocyanatopropyltriethoxysilane. Briefly:
3.1 mg (5.45 pmol) of the photosensitizer were dissolved in 1 mL of tetrahydrofurane, 4.2 pL (3
eq.) of isocyanatopropyltriethoxysilane and 4.4 uL (5 eq.) of diisoproylethylamine were added. The
reaction was stirred at room temperature for 12 h.

"HNMR POR3 (300 MHz, DMSO): § 7.31(s, 1H, pyrr-CH-pyrr), 7.09(s, 1H, pyrr-CH-pyrr), 6.05(s,
1H, pyrr-CH-pyrr), 5.75(s, 1H, CO-NH-CH,), 4.36(s, 1H, CO-NH-porh), 3.75 (q, *J = 6.8 Hz, 6H,
0-CH,-CH3), 3.60 (t, *J = 6.0 Hz, 16H, CH;-CH,-porph), 1.76 (t, *J = 6.4 Hz, 24H, CH;-CH,-porph),
1.66 — 1.54 (m, 4H, CH,-CH,-CH,-Si), 1.15 (t, 3J = 7.0 Hz, 9H, O-CH,-CH3), 0.66 — 0.54 (t, 3J =
7.0 Hz, 2H, CH,.Si).
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2.3 Synthesis of 20 nm sized mesoporous silica nanoparticles: Intermediary solution (I)

A mixture of 816 mg of CTAB (2.24 mmol; 0.5 eq.), ultrapure water(100 mL) and 1 mL of a freshly
prepared solution of NH4OH 0.2 M (0.2 mmol; 0.04 eq.) was stirred at 50°C for 2 hours at 500 rpm
in a 250 mL three neck round bottom flask. Then, the photosensitizer POR (0.3mL, 1.63*10-*mmol)
was added to the aforementioned solution. After 30 seconds, tetraorthosilicate (ImL) was fastly
added to the mixture and the condensation process was conducted overnight. Afterwards, the
solution was cooled at room temperature and stored without purification.
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2.4 Surface stabilization : PEG-Si chain (MSN-POR-PEG) (Scheme 2)

10 mL of the solution aforementioned (solution | ) was stirred at 50°C at 500 rpm in a Schlenck.
Then, 126 mg of PEG-Si was added and the mixture was stirred overnight at the same temperature.
Once the solution was cooled, purification and extraction of the surfactant was done by dialysis
process (cut off 12 kDa) in a mixture of EtOH/H,O/AcOH: 1/1/0.07 for 24 hours. The operation was
renewed 2 times. The suspension was then dialyzed in EtOH for 3 times for 24 hours and stored at
room temperature in EtOH.

2.5 Surface stabilization and functionalization by Mannose-Si (MSN-POR-Mannose)

MSN-POR-Mannose were functionalized on the surface as described [50]. Briefly, 10 mL of the
solution aforementioned (solution | ) was stirred at 50°C at 500 rpm in a Schlenck. Then, 126 mg of
PEG-Si was added along with a solution of Mannose-Si in DMSO (13 mg in 0.4 mL of DMSO) and
the mixture was stirred overnight at the same temperature. Extraction and purification process was
done as mentioned before.

2.6 Determination of singlet oxygen quantum yield [¢ ( 1O2)]

Excitation occurred with a Xe-arc, the light was separated in a SPEX 1680, 0.22um double
monochromator. The detection at 1270 nm was done through a PTI S/N 1565 monochromator, and
the emission was monitored by a liquid nitrogen-cooled Ge-detector model (EO-817L, North Coast
Scientific Co). The absorbance of the reference solution (Rose Bengal in EtOH ¢ ( 'O2) = 0.681 and
the sample solution ( at 422 nm) were set equal (between 0.2 and 0.5) by dilution.

2.5. In vitro one-photon photodynamic therapy (PDT) experimental settings

MCF-7 human breast cancer cells were cultured in Dulbecco’s modified Eagle’smedium (DMEM)
supplemented with 10% fetal bovine serum and 50 pg.mL-1 gentamycin. All cells were allowed to
grow in humidified atmosphere at 37°C under 5% CO2. For in vitro phototoxicity, MCF-7 cells
were seeded into a 384 multiwell glass-bottomed plate (thickness 0.17 mm), with a black polystyrene
frame, 2000 cells per well in 50 pL of culture medium, and allowed to grow for 24 h. NPs were then
dispersed under ultrasounds in PBS at a concentration of 1 mg.mL-1 and cells were then incubated
for 5 h with or without nanoparticles at a final concentration of 80 pg.mL-1 in supplemented DMEM.
After incubation with NPs, cells were washed twice, maintained in fresh culture medium, and then
submitted (or not) to laser irradiation. After 2 days, the MTS assay was performed and was corrected.

3. Results and discussion

3.1 Syntheses of mesoporous silica nanoparticles of 20 nm diameter

Firstly, nanoparticles were synthesized by the sol-gel procedure at 50°C overnight in the presence
of TEOS and silylated porphyrins POR 1-3 (solution I). Then, 10 mL of the solution were stirred
overnight with PEG-Si at 50°C and then were dialyzed for 6 days in order to remove the surfactant.
MSN-POR-PEG were obtained. DLS analysis confirmed the non aggregation of the nanoparticles.
DLS and TEM of MSN-PORI1-PEG are depicted in figure la. PEG-Si allowed stabilizing the
nanoparticles. We obtained monodisperse solution of nanoparticles with a hydrodynamic diameter
of 20 nm. TEM image showed nanoparticles of 18 nm which was in agreement with DLS
measurements (Fig. 1d). The same results were obtained with POR 2 (Fig. 1b; le) and POR3 (Fig.

Ic; 1)
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Figl. a-c) DLS of MSN-POR1-PEG, MSN-POR2-PEG and MSN-POR3-PEG after dialysis. d-f) TEM images
of the corresponding MSN-POR-PEG nanoparticles. Images showed an homogenous size of nanoparticles
(scale bar: 200 nm).

The MSN were also functionalized with PEG and mannose following a procedure recently
described. The MSN-POR2-Mannose were analyzed by Dynamic Light Scattering (DLS) at 37 ° C,
to study their stability at physiologic temperature (Fig. 2). On top, nanoparticles were firstly tested
in saline conditions with PBS at 25 °C and then at 37°C for 40 min. Therefore 1 mL containing 10
mg/mL of MSN-POR2-Manniose were added to 1 mL of PBS and the suspension was homogenized
by sonication and allowed to stay for 24 hours at room temperature.

On the bottom, their stability was studied in a mixture of cell culture medium (GIBCO) with 20%
fetal bovine serum, 100 U mL! of penicillin and 100 gmL™ of streptomycin. According to that, 500
uL of the nanoparticles solution were diluted in 500 puL of the cell culture medium and treated as
mentioned before. As it can be observed, the size distribution is similar at 25°C and 37°C and the
prepared MSN were stable in the cell culture medium.
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Fig.2. DLS of MSN-POR2-PEG-Mannose. a-b) Measurements in PBS at 25°C and 37°C.c-d) Measurements
in cell culture medium at 25°C and 37°C.

The specific surface area and pore characteristics of MSN-POR?2 after dialysis were examined using
the nitrogen adsorption desorption measurements. As shown in Fig.3a, NPs present typical IV
isotherm characteristics with defined step at a relative pressure of 0.4. It can be observed an
hysteresis at 0.8 corresponding to the interparticle aggregates. This phenomenon is confirmed by
BJH analysis of pore size (Fig. 3b). The first band at 2.5 nm corresponds to the pore size and the
second and third band at 5 nm and 9.6 nm respectively, corresponds to the space between
nanoparticles. The specific surface area was 840 m*/g and the pore volume was 1.28 cm’/g.
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Fig.3. a) The N2 adsorption-desorption isotherms and b) the pore distribution of NPs.

The amount of photosensitizer and the targeting biomolecule was determined by quantitative
analysis of the intensity of the absorption spectra bands. The UV-Visible absorption spectra of 1
ml of MSNs solutions (ImL in EtOH contains 10 mg of MSN) and POR are shown in Fig. 4. The
quantity of porphyrin was determined using the Soret band at 420 nm and the quantity of Mannose
was determined at 340 nm, using the beer Lambert law (Table 1). The first spectra group of the
anionic porphyrin (POR 1), MSN-PORI1-PEG and MSN POR 1-Mannose are presented in figure 4A.
We observed that the soret and Q bands of PORI1 are not shifted after encapsulation in agreement
with well dispersed and non-aggregated POR1 in MSN. UV-Vis spectra of POR2, MSN-POR2-
PEG, MSN-POR2-Mannose are presented in fig 4B. Comparing the spectra of MSN-POR2 with
POR2, a modification of the Q bands was observed. This is probably due to the formation of
aggregates of POR2 inside the nanoparticles. The concentration of POR2 in MSN is indeed three
times more important than POR1. In Figure 4C, UV-Vis spectra of POR 3 and the corresponding
MSNss are depicted. At420 nm, a red shift of the Soret band was observed and it can be also observed
that the four Q bands of POR3 are changed in two Q bands when POR3 was encapsulated in MSN.
The disparition of two Q bands is due to the formation of the dication of the porphyrin by the
treatment with AcOH during the dialysis process (Fig. 4D). With the addition of acid, the symmetry
of porphyrin is changed from a D2h wich is corresponding to a free-base porphyrin, to a D4h
symmetry wich is corresponding to the attachment of protons to the two imino nitrogens of the
pyrrole rings of the porphyrin.
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Fig. 4.a-b-c) UV spectra in EtOH of the different porphyrins and their materials and d) schema of protonation

of the free base porphyrin ¢ under acidic conditions.

Porph. [c] (nmol/g NPs)

Mannose [c] (umol/g NPs)

MSN-POR 1-Mannose 1 14
MSN-POR 2-Mannose 3 11
MSN-POR 3-Mannose 0.1 5

Table 1. Quantification of porphyrin and mannose in NPs.

The quantum yield of singlet oxygen production obtained by ' O, phosphorescence measurements
in EtOH, with Rose Bengal used as standard reference, was calculated to be 43% for MSN-PORI1 -
Mannose and 47% for MSN-POR2-Mannose (Fig. 5). Therefore, MSN-POR2-Mannose were

subsequently used for PDT of MCF-7 breast cancer cells.
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Fig.5. Determination of MSN-POR 1-Mannose and MSN-POR2-mannose singlet oxygen quantum yields (A ex
=422 nm) using Rose Bengal as reference in EtOH.

3.2 Phototoxicity

Breast cancer cells (MCF-7) were incubated with the photo-activable MSN-POR2-Mannose at 80pug
mL-! for 5 h at 37°C and irradiated for 10 min (A= 420 nm) or not. The MTT assay was the performed
after two days to assess the citotoxicity of the nanoparticles (Fig. 6). The nanoparticles were not
cytotoxic at 80pg mL"' in the dark. After irradiation, MSN-POR2-Mannose showed
photocytotoxicity wich is in agreement with ' O, formation. Cell death was observed after 3 hours
of incubation wich confirmed a rapid cellular uptake of the MSN.
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Fig.6. PDT of MSN-POR2-Mannose (irradiated at 420 nm) on breast cancer cells. MSN concentration of 80
pg mL

Conclusion

20 nm mesoporous silica nanoparticles covalently encapsulating porphyrin photosensitizers have
been successfully prepared by the sol gel procedure in presence of CTAB and TEOS. The surface
of the nanoparticles was functionalized with PEG or PEG and mannose. The stability of the prepared
nanoparticles was demonstrated by DLS analyses at 25°C and 37°C in PBS and in culture medium.

9
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MSN-POR1-Mannose and MSN-POR2-Mannose were able to produce singlet oxygen and
preliminary PDT experiments with MSN-POR2-Mannose were successfully performed on breast
cancer cells.
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