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a b s t r a c t

The synthesis of silicalites and Mesoporous Silica Nanoparticles (MSN), which covalently incorporate
original water-soluble photosensitizers for PDT applications is described. PDT was performed on MDA-
MB-231 breast cancer cells. All the nanoparticles showed significant cell death after irradiation, which
was not correlated with 1O2 quantum yield of the nanoparticles. Other parameters are involved and in
particular the surface and shape of the nanoparticles which influence the pathway of endocytosis. Func-
tionalization with mannose was necessary to obtain the best results with PDT due to an active endocytosis
eywords:
anoparticles
esoporous
rganized porosity
ilica
DT

of mannose-functionalized nanoparticles. The quantity of mannose on the surface should be carefully
adjusted as a too high amount of mannose impairs the phototoxicity of the nanoparticles. Fluorescein
was also encapsulated in MCM-41 type MSN in order to localize the nanoparticles in the organelles of the
cells by confocal microscopy. The MSN were localized in lysosomes after active endocytosis by mannose
receptors.

© 2010 Elsevier B.V. All rights reserved.

argeting
annose
. Introduction

Photodynamic therapy (PDT) has emerged as an alternative to
hemo and radiotherapy for the treatment of early diagnosed and
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localized carcinoma (Pinthus et al., 2006). It involves the use of
a photosensitizer (PS) which upon irradiation at a specific wave-
length in the presence of oxygen molecules generates cytotoxic
singlet oxygen and reactive oxygen species (ROS) which lead to irre-
versible destruction of cancer cells. Most of the PS are hydrophobic
and have therefore a limited solubility in water. Nanoparticles have
been developed to avoid this drawback and to improve PDT effi-
ciency. Polymeric, metallic, semiconductor-based or silica-based

nanoparticles have been described and this field has been reviewed
recently (Bechet et al., 2008; Chatterjee et al., 2008; Couleaud et al.,
2010). However, very few examples of nanoparticles encapsulating
the PS through covalent linkage to avoid its premature release from
the nanoparticle have been described (Cheng et al., 2009, 2010;

dx.doi.org/10.1016/j.ijpharm.2010.10.004
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avydenko et al., 2006; Gu et al., 2005; Lai et al., 2008; McCarthy
t al., 2006; Ohulchanskyy et al., 2007; Rossi et al., 2008; Tu et al.,
009). Those nanoparticles mostly possess a silica framework to
ttach the PS through alkoxysilane chemistry. In order to improve
he uptake of the nanoparticles by tumor cells, so called third gen-
ration nanovectors have been also reported (Brevet et al., 2009;
heng et al., 2010; Koo et al., 2006; Kopelman et al., 2005; Reddy
t al., 2006; Ross et al., 2004; Zhang et al., 2007). Their aim is to
arget neoplasic cell membranes with a biomolecule anchored on
he surface of the nanoparticles. Five examples of those vectors
ave been described for PDT applications (Brevet et al., 2009; Cheng
t al., 2010; Koo et al., 2006; Kopelman et al., 2005; Reddy et al.,
006; Ross et al., 2004; Zhang et al., 2007) in vitro and in vivo.
mong the variety of nanoparticles, Mesoporous Silica Nanopar-

icles (MSN) have very recently emerged as promising vectors for
DT applications (Brevet et al., 2009; Cheng et al., 2010; Cheng et al.,
009; Tu et al., 2009). Furthermore MSN were shown to reduce
emolytic activity towards mammalian red blood cells in compar-

son with non porous silica nanoparticles (Slowing et al., 2009).
hus nanoparticles gathering organized porosity, covalent incor-
oration of the PS and targeting of cancer cells with a biomolecule
ould be of high interest for PDT applications. We have synthesized

hird generation vectors with MSN which were proved to have a
igher PDT efficiency than non-functionalized MSN (Brevet et al.,
009). We demonstrated that an active endocytosis pathway was

nvolved in the uptake of the nanoparticles. Water solubility of the
S was brought by anionic sulfonate groups to improve its incor-
oration inside the MSN. We now present our work concerning the
ynthesis of nanoparticles with an organized porosity encapsulat-
ng cationic PS and we compare their cytotoxicity, phototoxicity

ith the nanoparticles encapsulating the anionic PS. MCM-41 type
anoparticles, MSN with a radial porosity (Derrien et al., 2008), and
ilicalite nanoparticles were prepared. The singlet oxygen quan-
um yield production of those nanoparticles was estimated and the
hototoxicity was determined using breast cancer cell line MDA-
B-231. Functionalization of the surface of MCM-41 type MSN

encapsulating anionic PS) with mannose was performed and the
uantity of mannose on the surface was correlated with the PDT
ctivity of the nanoparticles. Finally, fluorescein dye was covalently
ncorporated in MCM-41 type MSN which were functionalized with

annose in order to characterize their endocytosis and subcellular
ocalization in specific organelles.

. Materials and methods

All solvents used were reagent grade. The following reagents
ave been abbreviated: 1,2-dichloroethane (1,2-DCE), dimethyl

ormamide (DMF), 1-hydroxybenzotriazole hydrate (HOBt), 1-(3-
imethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC),
riethylamine (Et3N), diisopropylethylamine (DIPEA). Amino-
ropyltriethoxysilane (APTS), cetyltrimethylammonium bromide
CTAB) tetraethoxysilane (TEOS), fluorescein isothiocyanate
FITC), fetal bovin serum (FBS), 3-(4,5-dimethylthiazol-2-yl)-2,5-
iphenyltetrazolium bromide (MTT), Dulbecco’s modified Eagle’s
edium (DMEM). DMF was distilled under slow argon flow and

ept over 4 Å sieves. Column chromatography was performed with
he indicated solvents using E. Merck silica gel 60 (particle size
.035–0.070 mm). Macherey-Nagel precoated plates (SIL G-200,
mm) were used for preparative thin-layer chromatography.
ields refer to chromatographically and spectroscopically pure
ompounds. 1H NMR spectra were recorded on a Bruker AC-300

pectrometer at ambient temperature using an internal deuterium
ock. Chemical shift values are given in ppm relative to tetram-
thyl silane (TMS). Acidic impurities in CDCl3 were removed by
reatment with anhydrous K2CO3. Quantitative UV–visible spectra
ere obtained using a UVIKON xm SECOMAM spectrometer (molar
harmaceutics 402 (2010) 221–230

extinction coefficient values are given in L mmol−1 cm−1). The
electrospray mass spectra were performed with Water Micromass
ZQ apparatus by infusion in water and the MALDI-TOF mass
spectra with MALDI-TOF Voyager Spec equipped with a N2 Laser
emitting at 337 nm. Transmission Electron Microscopy (TEM)
measurements were carried out with a JEOL 1200 EXII microscope
at 100 kV. Dynamic Light Scattering (DLS) experiments were run
using a Malvern spectrogoniometer, Autosizer 4800, with a 50 mW
laser source operating at 532 nm. The samples were filtered in
absolute EtOH through a 0.8 �m pore size filter. Specific surface
areas were determined by Brunauer–Emmett–Teller (BET) method
on a Micromeritics triStar analyser (using 75 points and starting
from 0.01 as value for the relative pressure) and the average pore
diameters were calculated by the BJH method.

2.1. Synthesis of porphyrin derivatives

2.1.1. 5-[p-(3-isoindoline-1′,3′-dione-propoxy)-
phenyl]-10,15,20-tri-p-pyridyl-porphyrin 2

Porphyrin 2 was synthesized from aldehyde 1 (6.2 g, 20 mmol)
and 4-pyridinecarboxaldehyde (6.4 g, 60 mmol) which were poured
into refluxing propionic acid (400 mL). Then freshly distilled pyrrole
(5.36 g, 80 mmol) was added dropwise. The reflux was main-
tained for 2 h, and then the crude solution was evaporated to
dryness under vacuum. A first chromatography on silica gel with
a CH2Cl2/EtOH (100/5, v/v) eluent was performed to remove the
tar. A second one performed with CH2Cl2 and increasing amounts
of ethanol (0–10%) allowed separation of the six porphyrins. The
titled porphyrin 2 was eluted as the third fraction with CH2Cl2/EtOH
(94/6, v/v) and obtained after crystallization from CH2Cl2/methanol
as blue powder (0.233 g, 5.7% yield). UV–vis spectrum in CH2Cl2:
�max, nm (DO): 418.5 (1), 514.5 (0.61), 549 (0.31), 589 (0.25), 646
(0.16). 1H NMR (300 MHz, CDCl3) ı 9.05 (m, 6H, meta-pyridine), 8.95
(d, J = 4.7 Hz, 2H, pyrrole), 8.85 (s, 4H, pyrrole), 8.81 (d, J = 5 Hz, 2H,
pyrrole), 8.16 (d, J = 5.8 Hz, 6H, ortho-pyridine), 8.07 (d, J = 8.4 Hz,
2H, meta-phenyl), 7.93 (dd, J = 3.1, 5.4 Hz, 2H, phthalimide), 7.76
(dd, J = 3.0, 5.4 Hz, 2H, phthalimide), 7.12 (d, J = 8 Hz, 2H, ortho-
phenyl), 4.35 (t, 8 Hz, 2H, O–CH2), 4.09 (t, 8 Hz, 2H, N–CH2), 2.40
(m, 2H, CH2), −2.87 (s, 2H, NH).

2.1.2. 5-[p-(3-aminopropoxy)-phenyl]-
10,15,20-tri-p-pyridyl-porphyrin 3

A mixture of porphyrin 2 (0.930 g, 1.13 mmol) and hydrazine
monohydrate (0.71 mL, 23 mmol) was refluxed for 16 h, then stirred
at room temperature for 24 h. Phthalhydrazide was precipitated
by addition of aqueous HCl (10% solution) and filtered. The solu-
tion was neutralized by addition of aqueous NaOH (10% solution)
and the porphyrin was extracted from the aqueous layer with a
CH2Cl2/EtOH (95/5, v/v) mixture. After drying over sodium sul-
fate, filtration and evaporation of the solvents, the porphyrin 3
(0.760 g) was obtained pure as a blue powder in 97% yield and
was used without other purification. UV–vis spectrum in CH2Cl2:
�max, nm (ε L mmol−1 cm−1): 418 (224.9), 515 (13.1), 550 (6.5), 590
(5.4), 647 (4.1). 1H NMR (300 MHz, CDCl3) ı 9.05 (m, 6H, meta-
pyridine), 8.95 (d, J = 4.7 Hz, 2H, pyrrole), 8.85 (s, 4H, pyrrole), 8.81
(d, J = 5 Hz, 2H, pyrrole), 8.16 (d, J = 5.8 Hz, 6H, ortho-pyridine), 8.10
(d, J = 8.4 Hz, 2H, meta-phenyl), 7.31 (d, J = 8 Hz, 2H, ortho-phenyl),
4.38 (t, J = 8 Hz, 2H, O–CH2), 3.09 (t, J = 8 Hz, 2H, N–CH2), 2.14 (m,
2H, CH2), −2.87 (s, 2H, NH).
2.1.3. 5-{p-[3-(2′,5′-dioxo-2′,5′-dihydro-1H-pyrrol-1′-yl)-
N-3-phenoxypropyl)propanamide]-phenyl}-
10,15,20-tri-p-pyridyl-porphyrin 5

Compound 3 (160 mg, 0.23 mmol) was dissolved in methy-
lene chloride (40 mL). HOBt (48 mg, 0.35 mmol), EDC (67 mg,
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.35 mmol), Et3N (48 �L, 0.35 mmol) and 5-(2,5-dioxo-2,5-
ihydro-pyrrol-1-yl)-propionic acid 4 (80 mg, 0.46 mmol) were
dded. The mixture was stirred under argon for 3 h at room
emperature. The end of the reaction was controlled by silica gel
hin layer chromatography eluted by a mixture of CH2Cl2/ethanol,
90/10, v/v). The crude solution was diluted by a mixture of
H2Cl2/ethanol (95/5, v/v) and washed by water (×3), dried over
odium sulfate, filtered and concentrated under vacuum. The crude
roduct was purified by thin layer chromatography (Al2O3) eluted
y a mixture of CH2Cl2/methanol (9/1, v/v). The titled compound
as obtained as blue powder after crystallization from a mixture

H2Cl2/ethanol/heptane (110 mg, 57% yield). UV–vis spectrum in
H2Cl2: �max, nm (ε L mmol−1 cm−1): 418 (190.6), 516 (13.7), 550
8.3), 591 (7.1), 652 (6.7). 1H NMR (300 MHz, CDCl3) ı 9.04 (d,
= 5.6 Hz, 6H, meta-pyridine), 8.92 (d, J = 5 Hz, 2H, pyrrole), 8.83
s, 4H, pyrrole), 8.80 (d, J = 4.7 Hz, 2H, pyrrole), 8.13 (d, J = 5.7 Hz,
H, ortho-pyridine), 8.10 (d, J = 8.5 Hz, 2H, meta-phenyl), 7.30 (d,
= 8.6 Hz, 2H, ortho-phenyl), 4.32 (t, J = 8 Hz, 2H, O–CH2), 3.92
t, J = 7.4 Hz, 2H, CH2–N), 3.63 (t, J = 7.8 Hz, 2H, CH2–NH–CO),
.62 (t, J = 7 Hz, 2H, CH2–CO–NH), 2.19 (t, 2H, CH2), −2.87 (s, 2H,
H). 13C NMR (300 MHz, CDCl3) ı 170.65 (CON), 169.7 (CO–NH),
58.8 (para-phenyl), 150 (pyridine), 148.4 (meta-pyridine), 135.7
ortho-phenyl), 134.3 (ethylene), 134 (phenyl), 131 (pyrrole), 129.4
ortho-pyridine), 121.6 (meso-C), 117.4 (meso-C), 116.7 (meso-C),
12.8 (meta-phenyl), 66.6 (C–O–), 37.5 (C–NHCO), 34.9 (C–N), 34.3
C–CONH), 29.2 (C–C–O). Electrospray mass spectrum: calc for
51H39N9O4 841.9 found 842.66 M+1.

.1.4. 5-{p-[3-(2′,5′-dioxo-2′,5′-dihydro-1H-pyrrol-1′-yl)-
-3-phenoxypropyl)propanamide]-phenyl}-
0,15,20-tri-methyl-p-pyridynium-porphyrin tri chloride 6

Porphyrin 5 (68 mg, 0.08 mmol) and methyl iodide (1 mL)
ere dissolved in DMF (20 mL) and stirred at room temperature

or 3 h. The crude solution was concentrated under vacuum and
iluted with methanol (10 mL). IRA 400 resin (0.9 g) was added
nd the suspension was slowly stirred for 1.5 h at room tem-
erature. The solution was filtered and evaporated. The titled
ompound was obtained as blue crystals after crystallization from
ethanol/diethyl ether (80 mg, yield 100%). UV–vis spectrum in
eOH: �max, nm (ε L mmol−1 cm−1): 427 (98.3), 518 (12), 557

6.1), 593 (4.1), 652 (2.5). MALDI-TOF mass spectrum: calc for
54H48N9O4Cl3 993.38 found 886.44, M−3Cl−, 887.44, M+H−3Cl−.

.2. Preparation of silicalite nanoparticles

.2.1. Preparation of S9
4.9 mg (4.45 �mol) of porphyrin 8 were stirred with APTS (2 �L,

.5 equiv.) in EtOH (1 mL) overnight at RT. 14 mL of tetrapropylam-
onium hydroxide 1 M in water, 8.4 mL of Si(OEt)4 and 2 mL of H2O
ere then added under stirring. The solution was then heated for

wo days at 80 ◦C in a polyethylene flask, without stirring. The solu-
ion was then centrifuged (20 min 20,000 rpm) then the dispersion
ultrasounds)-centrifugation procedure was repeated two times
H2O). The template was removed by exchange with HCl 12 N/EtOH
10/40, v/v) for 2 h at 60 ◦C, three times. Dispersion-centrifugation
ith H2O (three times), then EtOH (two times) afforded the sili-

alites nanoparticles (225 mg). Specific surface area (100 m2 g−1),
oading of 9 (0.424 �mol g−1). DLS: 92 nm (EtOH).

.2.2. Preparation of S11
4 mg (4.35 �mol) of porphyrin 10 were reacted with isocyanato-
ropyltriethoxysilane (4.5 �L, 5 equiv.) and diisopropylethylamine
3.04 �L, 4 equiv.) in EtOH (1 mL) overnight. 14 mL of tetrapropy-
ammonium hydroxide 1 M in water, 8.4 mL of Si(OEt)4 and 2 mL
f H2O were then added under stirring. The solution was then
eated for two days at 80 ◦C in a polyethylene flask, without stir-
harmaceutics 402 (2010) 221–230 223

ring. The solution was then centrifuged (20 min, 20,000 rpm) then
the dispersion-centrifugation procedure was repeated two times
(H2O). The template was removed by exchange with HCl 12 N/EtOH
(10/40, v/v) for 2 h at 60 ◦C, three times. Dispersion-centrifugation
with H2O (three times), then EtOH (two times) afforded the sili-
calites nanoparticles (288 mg). Specific surface area (300 m2 g−1),
loading of 9 (0.213 �mol g−1), DLS 78 nm (EtOH).

2.3. Preparation of MCM-41 type nanoparticles

2.3.1. Preparation of MSN7
8 mg (6.31 �mol) of porphyrine 6 were dissolved in

1 mL of methanol, 4.3 �L (21.78 �mol) of 3-mercaptopropyl-
trimethoxysilane were added. The reaction was stirred at room
temperature for 12 h. 343 mg (0.95 mmol) of CTAB were dissolved
in 20 mL of 0.2 M NaOH at 25 ◦C. The silylated porphyrin was
added to this mixture. Then 1.75 mL (8 mmol) of TEOS were added
dropwise. After 40 s, 128 mL of deionized water were added to the
mixture. The reaction was stirred for 6 min at 25 ◦C then rapidly
neutralized to pH 7 by addition of 0.2 M aqueous HCl. Nanoparticles
were obtained after centrifugation (10 min, 20,000 rpm), put in
suspension in ethanol under ultrasounds and then centrifuged.
CTAB was extracted with 50 mL of solution of EtOH/HCl 12 N (4/1)
for 2 h at 60 ◦C. After centrifugation, the extraction procedure was
repeated two times, and then nanoparticles were put in suspension
in water and centrifuged, until neutral pH. Specific surface area
(1192 m2 g−1), loading of 7 (4.43 �mol g−1).

2.3.2. Preparation of MSN9
12 mg (0.011 mmol) of porphyrin 8 were dissolved in 1 mL

of methanol, 4.8 �L of aminopropyltriethoxy silane (APTS) were
added. The reaction was stirred at room temperature for 12 h. MSN9
nanoparticles were then prepared as described for MSN7.

Specific surface area (1031 m2 g−1), loading of 9 (0.97 �mol g−1).

2.3.3. Preparation of MSN11-3.5
As previously described by Brevet et al. (2009).

2.3.4. Preparation of MSN11-5.8
5 mg (5.44 �mol) of porphyrin 10 were dissolved in 1.5 mL of

ethanol; 6.71 �L (5 equiv.) of isocyanatopropyltriethoxysilane and
3.8 �L (4 equiv.) of diisopropylethylamine were added. The reac-
tion was stirred at room temperature for 12 h. 646 mg (1.8 mmol)
of CTAB were dissolved in 40 mL of 0.2 M NaOH at 25 ◦C. The sily-
lated porphyrine was added to this mixture. After 5 min, 3.5 mL
(15.7 mmol) of TEOS were added dropwise. After 40 s, 260 mL of
deionised water were added to the mixture. The reaction was
stirred for 6 min at 25 ◦C then rapidly neutralized to pH 7 by addi-
tion of 0.2 M HCl. Nanoparticles were obtained after centrifugation
(10 min. 20,000 rpm), put in suspension in ethanol under ultra-
sounds and then centrifuged. CTAB was extracted with 50 mL of
solution of EtOH/HCl 12 N (4/1) for 2 h at 60 ◦C. After centrifuga-
tion, the extraction procedure was repeated two times, and then
nanoparticles were put in suspension in water and centrifuged,
until neutral pH. m = 907 mg. Specific surface area (1129 m2 g−1),
loading of 11 (5.75 �mol g−1).

2.4. Preparation of nanoparticles with radial porosity

2.4.1. Preparation of R11
The monodisperse porphyrin-functionalised MSN with radial
porosity were prepared using a one-pot method. 5 mg (5.44 �mol)
of porphyrin 10 were dissolved in 1.5 mL of ethanol; 6.71 �L
(5 equiv.) of isocyanatopropyltriethoxysilane and 3.8 �L (4 equiv.)
of diisopropylethylamine were added. The reaction was stirred at
room temperature for 12 h to lead to 11. In a typical synthesis
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rocedure 1.36 mmol dodecyltrimethylammonium bromide was
issolved in 100 g solution of water and ethylene glycol. Then func-
ionalized porphyrin 11 was added and the mixture was stirred
t 398 K. After complete micellar solubilisation of the porphyrin
recursor, the addition of 3 mmol of tetramethoxysilane was per-
ormed under vigorous stirring. The mixture was stirred overnight
nd the resulting precipitate was recovered by centrifugation, dried
nd washed in acidic condition (50 mL of solution of EtOH/HCl 12 N
4/1) for 2 h at 60 ◦C) to extract the surfactant. Specific surface area
1115 m2 g−1), loading of 11 (6.70 �mol g−1).

.5. Preparation of MCM-41 type MSN functionalized with NH2

.5.1. Preparation of MSN11-3.5-NH2
As previously described by Brevet et al. (2009).

.5.2. Preparation of MSN11-5.8-NH2
700 mg of MSN11-5.8 were put in suspension in 17 mL H2O.

52 �L of APTS was diluted in 5 mL of EtOH. This solution was added
o the nanoparticles suspension. The pH was adjusted to 7 by addi-
ion of 0.2 M HCl (15 mL). The reaction was stirred at RT for 20 h.
anoparticles were centrifuged (10 min. 20000 rpm) and washed
ith EtOH and dried under vacuum. m = 813 mg. Microanalysis:
C 8,69; % H 2,95; % N 2,41. Loading of 1.8 mmol of APTS per

ram of MSN11-5.8-NH2. Specific surface area (479 m2 g−1, pore
ize 2.4 nm).

.6. Preparation of MCM-41 type MSN functionalized with
annose

.6.1. Preparation of MSN11-3.5-0.1
As previously described by Brevet et al. (2009).

.6.2. Preparation of MSN11-5.8-0.1
16.4 mg of MSN11-5.8-NH2 were put in suspension in

mL EtOH. 1.17 mg of p-[N-(2-Ethoxy-3,4-dioxycyclobut-1-
nyl)amino]phenyl-�-d-mannopyranoside (0.1 equiv./NH2) were
issolved in 500 �L EtOH/H2O 3/2. This solution was added drop-
ise to the suspension of MSN11-5.8-NH2, and then 100 �L of

t3N were added. The reaction was stirred for 15 h. The reaction
as then centrifuged (20 min, 20,000 rpm), redispersed in H2O

nd centrifuged three times, redispersed in EtOH and centrifuged
hree times. m = 11.7 mg of nanoparticles were obtained. Titration
f mannose: 0.16 mmol g−1.

.6.3. Preparation of MSN11-5.8-0.25
150 mg of MSN11-5.8-NH2 were put in suspension in

0 mL EtOH. 27 mg of p-[N-(2-Ethoxy-3,4-dioxycyclobut-1-
nyl)amino]phenyl-�-d-mannopyranoside (0.25 equiv./NH2)
ere dissolved in 10 mL EtOH/H2O 3/2. This solution was added
ropwise to the suspension of MSN11-5.8-NH2, and then 500 �L
f Et3N were added. The reaction was stirred for 18 h. The reaction
as then centrifuged (20 min, 20,000 rpm), redispersed in H2O

nd centrifuged three times, redispersed in EtOH and centrifuged
hree times. m = 134 mg of nanoparticles were obtained. Specific
urface area (526 m2 g−1, pore size 2 nm). Titration of mannose:
.38 mmol g−1.
.6.4. Preparation of MSN11-5.8-0.5
The same procedure as for MSN11-5.8-0.25 with 54 mg

0.5 equiv./NH2) of p-[N-(2-Ethoxy-3,4-dioxycyclobut-1-enyl)
mino]phenyl-�-d-mannopyranoside gave m = 145 mg of nanopar-
icles. Specific surface area (431 m2 g−1, pore size 2 nm). Titration
f mannose: 0.54 mmol g−1.
harmaceutics 402 (2010) 221–230

2.6.5. Preparation of MSN11-5.8-1
The same procedure as for MSN11-5.8-0.25 with 107 mg

(1 equiv./NH2) of p-[N-(2-Ethoxy-3,4-dioxycyclobut-1-enyl)
amino]phenyl-�-d-mannopyranoside gave m = 155 mg of nanopar-
ticles. Specific surface area (285 m2 g−1, pore size 1.9 nm). Titration
of mannose: 0.61 mmol g−1.

2.6.6. Preparation of MSN11-5.8-2
The same procedure as for MSN11-5.8-0.25 with 210 mg

(2 equiv./NH2) of p-[N-(2-Ethoxy-3,4-dioxycyclobut-1-enyl)
amino]phenyl-�-d-mannopyranoside gave m = 141 mg of nanopar-
ticles. Specific surface area (201 m2 g−1, pore size 1.7 nm). Titration
of mannose: 0.74 mmol g−1.

2.7. Preparation of FITC-functionalized MCM-41 type MSN

2.7.1. Preparation of MSN-FITC
10 mg (2.57 × 10−2 mmol) of fluoresceine isothiocyanate

(FITC) were dissolved in 1.5 mL of absolute ethanol. 5.33 �L
(2.57 × 10−2 mmol) of APTS were added. The reaction was stirred
at room temperature for 12 h. 686 mg (15.6 mmol) of CTAB were
dissolved in 40 mL of 0.2 M NaOH at 25 ◦C. The preceding solution
was added to this mixture. Then 3.5 mL (1.57 mmol) of TEOS
were added dropwise. After 40 s, the mixture was diluted with
260 mL of deionised water at 25 ◦C. The reaction was stirred
for 6 min at 25 ◦C then rapidly neutralized to pH 7 by addition
of 0.2 M HCl. Nanoparticles were obtained after centrifugation
(10 min, 20,000 rpm). Nanoparticles were dispersed in EtOH then
centrifuged. Surfactant was removed by extraction with NH4NO3
solution (0.75 mg NH4NO3 dissolved in 150 mL of 95% ethanol) for
15 min at 60 ◦C. After centrifugation, the extraction procedure was
repeated two times. UV–vis titration gave a loading of 1.97 �mol
of FITC per gram of MSN-FITC.

2.8. Preparation of FITC-functionalized MCM-41 type MSN
with NH2

2.8.1. Preparation of MSN-FITC-NH2
400 mg of MSN-FITC were put in suspension in 10 mL H2O.

626 �L of APTS was diluted in 5 mL of EtOH. This solution was
added to the nanoparticles suspension. The pH was adjusted to 7
by addition of 0.2 M HCl. The reaction was stirred at RT for 20 h.
Nanoparticles were centrifuged (10 min, 20000 rpm) and washed
with EtOH and dried under vacuum.

Microanalysis: %C 5.78, %H 3.29, %N 1.58. Loading of 1.13 mmol
of APTS per gram of MSN-FITC-NH2.

2.9. Preparation of FITC-functionalized MCM-41 type MSN with
mannose

2.9.1. Preparation of MSN-FITC-0.1
100 mg of MSN-FITC-NH2 were put in suspension in 5 mL EtOH.

7.11 mg (1.8 × 10−2 mmol) of p-[N-(2-Ethoxy-3,4-dioxycyclobut-
1-enyl)amino]phenyl-�-d-mannopyranoside were dissolved in
5 mL EtOH/H2O (50/50). This solution was added dropwise to the
suspension of NP. 500 �L of triethylamine (Et3N) were added and
the suspension was stirred for 18 h. After centrifugation (10 min,
20,000 rpm), nanoparticles were washed with water (3 cycles),
then with EtOH twice. They were dried under vacuum. Titration
(resorcinol/H2SO4) gave 0.035 mmol of mannose per gram of MSN-
FITC-0.1.
2.9.2. Preparation of MSN-FITC-0.5
MSN-FITC-0.5 were prepared as described for MSN-FITC-NH2

0.1, 35.5 mg (0.9 × 10−4 mol) of p-[N-(2-Ethoxy-3,4-dioxycyclobut-
1-enyl)amino]phenyl-�-d-mannopyranoside were utilized. Titra-
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ion (resorcinol/H2SO4) gave 0.087 mmol of mannose per gram of
SN-FITC-0.5.

.10. Determination of singlet oxygen quantum yield [˚(1O2)]
DeRosa and Crutchley, 2002)

Excitation occurred with a Xe-arc, the light was separated in
SPEX 1680, 0.22 �m double monochromator. The detection at

270 nm was done through a PTI S/N 1565 monochromator, and the
mission was monitored by a liquid nitrogen-cooled Ge-detector
odel (EO-817L, North Coast Scientific Co). The absorbance of the

eference solution (Rose Bengal in EtOH ˚(1O2) = 0.681 and the
ample solution (at 418 nm) were set equal (between 0.2 and 0.5)
y dilution.

.11. Cell culture conditions and phototoxicity assay

Human breast cancer cells (MDA-MB-231) were maintained
n Dulbecco’s modified Eagle’s medium (DMEM) supplemented

ith 10% of fetal bovine serum (FBS), phenol red, glutamine and
0 �g mL−1 gentamycin, in humidified atmosphere at 37 ◦C and 5%
O2.

Cancer cells were seeded into 96-well plates at 2 × 104 cells/well
n 100 �L of culture medium and allowed to grow for 24 h. Then
ells were incubated 24 h with or without 20 �g mL−1 of nanoparti-
les. After incubation with nanoparticles, cells were washed twice,
aintain in fresh culture medium and then submitted or not

o laser irradiation (630–680 nm; 6 mW cm−2) for 40 min. Two
ays after irradiation, MTT assay was performed to evaluate the
ytotoxicity of nanoparticles. Briefly, cells were incubated in the
resence of 0.5 mg mL−1 MTT during 4 h to determine mitochon-
rial enzyme activity. Then MTT precipitates were dissolved in
50 �L ethanol/DMSO (1:1) solution and absorbance was read at
40 nm.

.12. Confocal analysis of fluorescent nanoparticles

Stock solutions of nanoparticles were dissolved in EtOH at the
oncentration of 1 mg mL−1 and were further added in serum free
ulture medium at 20 �g mL−1. All compounds were protected
rom light throughout the experiment and their fluorescence activ-
ties were regularly verified.

The day prior to the experiment, MDA-MB-231 cells were
eeded onto bottom glass dishes (World Precision Instrument,
tevenage, UK) at a density of 106 cells/cm2. On the day of the
xperiment, cells were washed once and incubated in 1 mL red-free
edium containing fluorescent labeled nanoparticles at a concen-

ration of 20 �g mL−1 for 24 h. 30 min before the end of incubation,
ells were loaded with Hoechst 33342 (Invitrogen, Cergy Pontoise,
rance) for nuclear staining at a final concentration of 5 �g mL−1.

For the lysosome labeling, 3 h before the end of the experiment,
0 nM of lysotracker red DND-99 (Invitrogen) was added to phenol
ed-free DMEM. Before visualization, cells were washed gently with
henol red-free DMEM. Cells were then scanned with a LSM 5 LIVE
onfocal laser scanning microscope (Carl Zeiss, Le Pecq, France),
ith a slice depth (Z stack) of 0.67 �m.

The distributions of fluorescent nanoparticles were analyzed
y CLSM using nucleus and lysosome markers. Merged images of
uorescent nanoparticles and lysosome marker allow the deter-
ination of the nanoparticle level into lysosomes. The image

hreshold was obtained for both channels and the extent of true co-

ocalization (yellow pixels in merged image) was analyzed using
he Manders overlap co-localization coefficient with green chan-
el (co-localization module, Zeiss MicroImaging). A value of 1 is
igh co-localization and a value of 0 is low co-localization. Co-

ocalization coefficient represents the sum of co-localizing pixels
harmaceutics 402 (2010) 221–230 225

(in merged image) as compared to the overall sum of pixels above
the threshold in the red channel (lysosomal marker). Thus, this
coefficient generates normalized scores in which the effect of lyso-
some quantity is substantially reduced. A value of 1 indicates a
high quantity of nanoparticles into lysosomes, whereas a value of
0 indicates the absence of nanoparticles into lysosomes.

2.13. Statistical analysis

Statistical analysis was performed using the Student’s t-test to
compare paired groups of data. A P-value of <0.05 was considered
to be statistically significant.

3. Results and discussion

3.1. Syntheses of porphyrin derivatives

The syntheses of two cationic photosensitizers 7, 9 possess-
ing three methyl-pyridinium groups were performed. Porphyrin
7 was prepared as follows: compound 1 (1 equiv.) obtained
by the method described by Dick et al. (1992) from para-
hydroxybenzaldehyde and 2-(4-bromobutyl)isoindoline-1,3-dione
under Williamson’s conditions, was condensed, by standard Adler’s
procedure, with para-pyridinaldehyde (3 equiv.) and pyrrole
(4 equiv.) to give after purification by chromatography porphyrin 2
in 5.7% yield. (Perrée-Fauvet et al., 1996) Derivative 3 (Scheme 1)
was obtained from compound 2 by treatment with hydrazine in
water and reflux in quantitative yield.

The reaction of porphyrin 3 and acid 4 in the
presence of 1-hydroxybenzotriazole hydrate (HOBt), 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC)
and triethylamine as coupling agents in methylene chloride gives
compound 5 in 57% yield. This last compound was treated by
methyl iodide to give quantitatively, after treatment with IRA
400 resin, chloride salt of water-soluble porphyrin 6 (Scheme 2).
Porphyrin 6 was silylated into porphyrin 7 by reaction with
mercaptopropyltrimethoxysilane in methanol.

Porphyrin 8 was synthesized as described previously (Sutton
et al., 2002). Porphyrin 8 was silylated by reaction with amino-
propyltriethoxysilane in EtOH (Scheme 3).

Silylated anionic porphyrin 11 was prepared from porphyrin
10 as described (Brevet et al., 2009) (Scheme 4) and was used to
compare its behavior with silylated cationic porphyrins 7 and 9.

All porphyrins were characterized by 1H NMR and UV–visible
spectroscopy, compound 5 by electro spray mass spectroscopy and
compound 6 by MALDI-TOF mass spectroscopy.

3.2. Syntheses of silica-based nanoparticles with organized
porosity

Different kinds of nanoparticles were synthesized: silicalites S9,
S11, MCM-41 type nanoparticles MSN7, MSN9, MSN11 and MSN
with radial porosity R11. Silicalite nanoparticles were obtained by
in situ encapsulation of silylated porphyrin 9 for S9 or 11 for S11
following a recently described synthesis (Lerouge et al., 2009) and
the template was removed by treatment with a solution of HCl
12 N in EtOH at 60 ◦C. Those nanoparticles were highly crystalline
as shown by X-ray diffraction (data not shown). Dynamic light
scattering (DLS) showed diameters of 92 nm and 78 nm for S9 and
S11 respectively. The N2 adsorption–desorption BET confirmed the
organized microporosity with specific surface areas of 100 m2 g−1
and 300 m2 g−1 respectively. Titration by UV–visible spectroscopy
showed loading of 0.424 �mol of 9 per gram of S9 and 0.213 �mol
of 11 per gram of S11. The quantum yield of singlet oxygen pro-
duction obtained by 1O2 phosphorescence measurements in EtOH,
with Rose Bengal used as the standard reference, was calculated to
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e 31% for S11 and was too low to be calculated for S9. MSN7, MSN9,
SN11 were synthesized by in situ encapsulation of porphyrins 7, 9,

1 respectively following recently described methods (Brevet et al.,
009; Lebret et al., 2008). The surfactant was removed as above.
ET confirmed the organized mesoporosity of MSN7 and MSN9
ith specific surface areas of 1192 m2 g−1 and 1031 m2 g−1, pore
iameters of 2 nm and 2.3 nm respectively. TEM showed an average
iameter of 130 nm for MSN7 and MSN9. Titration by UV–visible
pectroscopy showed loading of 4.43 �mol of 7 per gram of MSN7
nd 0.97 �mol of 9 per gram of MSN9. The quantum yield of sin-
let oxygen production was calculated to be 58% for MSN7 and 60%
or MSN9. Concerning MSN 11 two batches of nanoparticles were
repared. The first batch (MSN11-3.5) was described in our pre-
ious work (Brevet et al., 2009) with 3.50 �mol of 11 per gram of
anoparticles. For the second batch (MSN11-5.8) we slightly mod-

fied the conditions of synthesis (hydrolysis of the triethoxysilane
oiety) to get a higher content of porphyrin inside the MSN. Titra-

ion by UV–visible spectroscopy showed loading of 5.80 �mol of
1 per gram of nanoparticles, BET showed a specific surface area of

129 m2 g−1 and pore diameters of 2.5 nm. As the specific surface
rea was higher than with MSN11-3.5, the porphyrin moiety was
ainly located in the walls of the silica framework due to its water

olubility. TEM showed average diameters of 100 nm. Another type
f mesoporous silica nanoparticle R11 with radial porosity was pre-

able 1
haracteristics of nanoparticles.

Nanoparticles S9 S11 MSN7

BET (m2 g−1) 100 300 1192
Pore diameter (nm) – – 2.0
Porphyrin (�mol g−1) 0.42 0.21 4.43
TEM/SEM (nm) 90 80 130
11
NH4

+ NH4
+

porphyrine 11

pared as well. The synthesis conditions were different from that of
MCM-41 type nanoparticles (TMOS was used as the silica source
and dodecyltrimethylammonium bromide was used as the surfac-
tant). The surfactant was eliminated as above. BET confirmed the
organized mesoporosity with a specific surface area of 1115 m2 g−1

and a pore diameter of 2.4 nm. SEM showed an average diameter
of 150 nm for R11. Titration by UV–visible spectroscopy showed
loading of 6.70 �mol of 11 per gram of R11. The quantum yield of
singlet oxygen production was calculated to be 65% for R11, the
highest obtained with the nanoparticles. Table 1 summarizes the
characteristics of the nanoparticles.

3.3. Phototoxicity

Human breast cancer cells (MDA-MB-231) were incubated with
the photo-activable nanoparticles at 20 �g mL−1 for 24 h at 37 ◦C
and irradiated for 40 min (630–680 nm; 6 mW cm−2) or not.

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay (Mosmann, 1983), as described in experimental

part, was then performed after two days to assess the cytotoxicity
of the nanoparticles (Table 2).

The nanoparticles were not cytotoxic at 20 �g mL−1 in the dark.
After irradiation, all the nanoparticles showed photocytotoxic-
ity which is in agreement with 1O2 formation. Nevertheless, R11

MSN9 MSN11-3.5 MSN11-5.8 R11

1031 860 1129 1115
2.3 2.2 2.5 2.4
0.97 3.50 5.80 6.70

130 100 100 150
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Table 2
Cell viabilities (% control) of MDA-MB-231 breast cancer cells.

Nanoparticles S9 S11 MSN7 MSN9 MSN11-3.5 MSN11-5.8 R11

No irradiation% of living cells 98 ± 4 96 ± 5 99 ± 4 103 ± 6 97 ± 4 103 ± 9 98 ± 3
Irradiation% of living cells 48 ± 5* 55 ± 6* 52 ± 7* 43 ± 5* 64 ± 4* 40 ± 8* 73 ± 4*

1 58 60 58 46 65

C d 1O2 quantum yield (%) was assayed as described in experimental part.
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Scheme 5. Functionalization of MSN11

Fig. 1. Effect of incubation time on the cytotoxicity of nanoparticles on MDA-MB-
231 cancer cells. Cells were incubated or not (�) with 20 �g mL−1 of MSN11-3.5 (�)

T
F

C
M
o

Quantum yield of 1O2 production (EtOH ± 5%) Not calculable 3

ells were incubated for 24 h with nanoparticles, submitted or not to irradiation, an
* p < 0.05 statistically different from control.

howed the lowest photocytotoxicity whereas its 1O2 quantum
ield was the highest of the tested nanoparticles. S9 is highly
hototoxic, but, even if we could observe the characteristic phos-
horescence of 1O2 at 1270 nm in ethanol, it was not possible to
stimate properly the quantum yield due to both the low porphyrin
harge and the high diffusion.

The 1O2 quantum yield of MSN11-3.5 was higher than that of
SN11-5.8, (which may be due to porphyrin aggregation with
SN11-5.8) but the photoactivity of MSN11-5.8 was higher. The

fficiency of PDT is thus not only correlated with 1O2 quantum yield
roduction, as already observed by Vicente and colleagues (Hao
t al., 2008) with a carboranyl-chlorin derivative where the quan-
um yield of 1O2 production was very low (10%) and the PDT activity
f the chlorin was high. The authors suggested that other mecha-
isms of cell death than 1O2 production occurred (electron transfer

rom the triplet state). In our case, the pathway of endocytosis of
he nanoparticles could have an important impact on the PDT effi-
acy as well. The surface and shape of the nanoparticles are different
or crystalline silicalite, MCM-41 type nanoparticles or mesoporous
anoparticles with radial porosity and this has been demonstrated
o have an important biological effect (Hu et al., 2009; Huang et al.,
010; Slowing et al., 2009), particularly on cellular uptake and cell
unction (Huang et al., 2010).

.4. Functionalization of MCM-41 type nanoparticles with NH2
nd mannose, phototoxicity

In order to improve the selectivity of the nanoparticles for cancer
ells, MSN11-3.5 and MSN11-5.8 nanoparticles were functional-
zed with aminopropyltriethoxysilane (1.5 mmol g−1, (Brevet et al.,
009) and 1.72 mmol g−1 respectively) leading to nanoparticles
SN11-3.5-NH2 and MSN11-5.8-NH2. Squarate mannose was then

rafted to target mannose receptors at the surface of cancer cells
Scheme 5). Mannose (0.1 equiv. of mannose per NH2 group) was
eacted with MSN11-3.5-NH2 to lead to MSN-11-3.5-0.1 (Brevet
t al., 2009) with a quantity of mannose of 0.18 mmol g−1. Con-
erning MSN11-5.8-NH2, a grafting study of squarate mannose
as performed between 0.1 and 2 equiv. of mannose per NH2 to
etermine the optimum amount of mannose on the surface of

SN11-5.8-X (X: equivalent number of squarate mannose varying

rom 0.1 to 2) to get the highest efficiency during PDT experiments
Table 3).

PDT experiments were first performed with MSN11-3.5,
SN11-3.5-NH2, MSN11-3.5-0.1 at different times of incubation

able 3
unctionalization and cytotoxic effect of MSN11 anchored with increasing mannose conc

Nanoparticles MSN10-0.1 MSN10-0.25

Titration of mannose (mmol g−1) 0.16 0.38
No irradiation % living cells) 98 ± 6 104 ± 4
Irradiation (% living cells) 27 ± 7** 56 ± 8*

ells were incubated with 20 �g mL−1 of nanoparticles covered with different concentratio
TT assay was performed two days after irradiation. Values represent the percent of livi

f three independent experiments.
* p < 0.05 statistically different from control.

** p < 0.05 statistically different from other MSN.
or MSN11-3.5-NH2 (�) or MSN11-3.5-0.1 (�) at different times and then, submitted
to laser irradiation (40 min; 6 mW cm−2). MTT assay was realized two days after
irradiation. The remaining living cells were expressed as a percent of non-irradiated
control cells. Data are mean ± SD of three independent experiments.

(1 h, 6 h, 24 h). Results showed that 24 h of incubation were nec-
essary to get high PDT efficiency. Unfunctionalized MSN11-3.5
were less efficient than MSN11-3.5-NH2. The best results were
obtained with MSN11-3.5-0.1 which induced 99% of cell death
(Brevet et al., 2009) with a 24 h of incubation (Fig. 1). This effect
is clearly due to differences in the endocytosis pathway of the
nanoparticles. Indeed the uptake of MSN without functionaliza-

tion on the surface has been demonstrated to be mediated by
a clathrin-pitted mechanism (Huang et al., 2005). Clathrin is a
protein that coats the vesicles which are going to be part of the
cell membrane. These vesicles form domains of the plasma mem-

entrations on MDA-MB-231 cancer cells.

MSN10-0.5 MSN10-1 MSN10-2

0.545 0.61 0.74
98 ± 4 106 ± 5 102 ± 4

64 ± 8* 64 ± 10* 73 ± 10*

ns of mannose for 24 h and then, submitted to laser irradiation (40 min; 6 mW cm−2).
ng cells as compared to untreated control considered as 100%. Data are mean ± SD
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Fig. 2. Confocal microscopy images of living MDA-MB-231 breast cancer cells incu-
bated with nanoparticles. To visualize intracellular nanoparticles, cells were stained
with nucleus and lysosome markers. (A) Co-localization of nanoparticles functional-
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Scheme 6. Functionalization of MSN-FITC with mannose.

rane (pits). A caveolae dependent mechanism of endocytosis with
mino-functionalized MSN has been demonstrated (Slowing et al.,
006). Caveolae are protein and lipid rich structures of 50–100 nm
hich allow invagination of the plasma membrane and endocytosis

f the amino-functionalized MSN. This mechanism is clathrin inde-
endent. The uptake of MSN11-3.5-0.1 is mediated by mannose
eceptors (Brevet et al., 2009) over-expressed at the cell membrane
nd this later way of endocytosis seems to be the most efficient.
fter 24 h of incubation of MSN11-3.5-0.1 by this pathway of endo-
ytosis then irradiation, all the cancer cells were killed.

.5. Phototoxicity of MCM-41 type nanoparticles with different
oading of mannose

From 0.1 to 2 equiv. of squarate mannose were then reacted with
SN11-5.8-NH2 (Table 2) and the amount of anchored residues
as titrated by resorcinol/H2SO4 (Park et al., 2008).

The photodynamic activity of MSN11-5.8-0.1 to MSN11-5.8-2
as estimated on MDA-MB-231 cancer cells. Table 3 shows that
igh mannose concentrations anchored at MSN surface impair the
oxicity of the nanoparticles. The presentation and density of the
igand in the recognition by lectins is known to strongly influence
he binding process (De la Fuente and Penades, 2006). In our case,
he loss of efficiency could be due to an excessive steric hindrance,
educing a possible clustering effect (Ballut et al., 2009) between
annose on the nanoparticles and lectins. Thus a low amount of
annose of 0.16–0.18 mmol g−1 is critical to get high efficiency for

DT experiments.

.6. FITC-functionalized MCM-41 type nanoparticles, confocal
icroscopy studies

In order to analyze the cell distribution of MSN functionalized
r not with squarate mannose, we incorporated fluorescein isoth-
ocyanate (Lin et al., 2005) (FITC) instead of porphyrin derivatives
nside the MSN (Scheme 6). Indeed FITC is suitable for the use of
onfocal microscopy to localize the nanoparticles inside the organ-

tes of the cells. MSN-FITC were prepared using a procedure similar
o the preparation of MSN7. They were then grafted with amino-
ropyltriethoxysilane to lead to MSN-FITC-NH2.

�-Mannose was then grafted on the surface of MSN-FITC-NH2.
wo kinds of nanoparticles were synthesized with 0.1 and 0.5 equiv.

able 4
uantification of nanoparticles localized into lysosomes.

Nanoparticles MSN-FITC MSN-F

Manders coefficient 0.94 0.85
Co-localization coefficient 0.29 0.46

ells were incubated with 20 �g mL−1 of MSN-FITC functionalized or not with mannose f
f nanoparticles in lysosomes with a value of 1 for full co-localization. Co-localization c
ellow pixels) as compared to the total lysosome area (overall sum of red pixels).
ized or not with mannose with the lysosome marker after 24 h of incubation at 37 C.
(B) Co-localization of nanoparticles functionalized with mannose in the absence or
presence of 10 mM mannose. Data are from one representative of three independent
experiments.

of mannose per NH2 respectively. Titration gave 0.035 mmol of
mannose per gram of MSN-FITC-0.1 and 0.087 mmol of mannose
per gram of MSN-FITC-0.5.

The cell distribution of MSN internalized by cancer cells was
studied using FITC labelled nanoparticles (MSN-FITC; MSN-FITC-
NH2; MSN-FITC-0.1; MSN-FITC-0.5). MSN functionalized or not
with mannose were incubated for 24 h with MDA-MB-231 cells and
then nucleus and lysosomes were stained with Hoechst 33342 and
lysotracker respectively as described in Section 2 (Fig. 2). Merged
image of lysosomes and MSN-FITC showed that MSN-FITC-0.1
were more efficiently internalized and located in lysosomes, than
MSN-FITC-NH2 and than unfunctionalized MSN-FITC. In addition
MSN-FITC-0.5 are less addressed to lysosomes than MSN-FITC-0.1
confirming that a too high concentration of mannose anchored
at MSN surface impairs the internalization (Fig. 2A). The inter-
nalization of MSN-FITC-0.1 was also analyzed in presence or in
absence of a mannose excess. Fig. 2B shows that a pre-incubation
in culture medium with a mannose excess induces a strong
decrease in the internalization of MSN-FITC-0.1 demonstrating that

their localization into the lysosomes of cancer cells is due to an
active endocytosis involving mannose receptor recognition. Co-
localization values as reported in Table 4, indicated the higher
lysosomal location of MSN-FITC-0.1.

ITC-NH2 MSN-FITC-0.5 MSN-FITC-0.1

0.91 0.98
0.69 0.82

or 24 h. Manders coefficient indicates the degree of co-localization (yellow/green),
oefficient represents the relative level of nanoparticles in lysosomes (co-localized
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. Conclusion

In conclusion, we have described the synthesis of water-soluble
orphyrins for covalent encapsulation in silica-based nanoparti-
les with organized porosity. All the synthesized nanoparticles
ere efficient for PDT on breast cancer cells MDA-MB-231. The

DT efficiency of the nanoparticles was not only correlated with
he quantum yield production of singlet oxygen but is rather
etermined by cellular uptake and subcellular localization of the
anoparticles in the organelles. The most efficient pathway consists
f functionalizing the surface of the nanoparticles with �-mannose
n order to get an active endocytosis of the nanoparticles by can-
er cells. The quantity of mannose is critical and a too high density
f carbohydrates on the surface of the nanoparticles impairs the
enetration inside the cells. The nanoparticles are localized in the

ysosomes after active endocytosis by mannose receptors. The data
emonstrates that the optimization of the different parameters
f these multifunctional nanoparticles is a relevant prerequisite
efore their in vivo PDT application.
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