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In this work, we focused on mesoporous silica nanoparticles (MSN) for one photon excitated pho-
todynamic therapy (OPE-PDT) combined with drug delivery and carbohydrate targeting applied on
retinoblastoma, a rare disease of childhood. We demonstrate that bitherapy (camptothecin delivery and
photodynamic therapy) performed with MSN on retinoblastoma cancer cells was efficient in inducing
cancer cell death. Alternatively MSN designed for two-photon excited photodynamic therapy (TPE-PDT)
were also studied and irradiation at low fluence efficiently killed retinoblastoma cancer cells.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Retinoblastoma (RB), a rare disease, is the most common pri-
mary intraocular tumor of childhood (Doz, 2006; Houston et al.,
2011) with an incidence of 1 for 15,000-20,000 births. The disease
isassociated with a mutation of the RB gene, RB1 in about 40% of the
patients with bilateral RB (Aerts et al., 2006; Friend et al., 1986). The
mutation is also present in 15% of the patients with unilateral RB.
The vital prognosis related to RB itself is excellent, with cure rates
greater than 95% in industrialized countries. However, due to the
risk of secondary malignant neoplasms occurring years after treat-
ment, long-term survival in patients with the RB1 gene mutation is
reduced, which represent the leading cause of death in patients

* Corresponding authors. Tel.: +33 (0)4 67 14 45 01; fax: +33 (0)4 67 14 38 52.
E-mail addresses: mireille.blanchard-desce@u-bordeaux1.fr
(M. Blanchard-Desce), Marcel.garcia@inserm.fr (M. Garcia),
durand@univ-montp2.fr (J.-O. Durand).

0378-5173/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.ijpharm.2012.04.056

with hereditary RB (Aerts et al.,, 2004; Wong et al., 1997). The
current therapeutic treatments available to cure patients with RB
include enucleation or conservative treatment using, cryotherapy
(Shields et al., 1993) local thermotherapy (Lumbroso et al., 2002;
Murphree et al.,, 1996) or brachytherapy (Shields et al., 2001b).
To reduce tumor size, primary chemotherapy is often necessary
and further makes the tumor accessible to conservative treatment
(Chantada et al., 2005; Levy et al., 1998; Murphree et al., 1996;
Rodriguez-Galindo et al., 2003; Shields et al., 2001a). The potential
risks of late effects associated with chemotherapy and carboplatin
include increased risk of second cancer in patients with RB1 gene
mutation, as well as short-term important side effects. External-
beam radiotherapy is increasingly restricted due to the risk of late
effects, such as secondary sarcoma (Kleinerman et al., 2005). In
this context, more efficient treatments allowing to decrease the
dosage of the anticancer drug and to deliver it at the tumor site
to avoid side-effects are of importance. Furthermore, an approach
which would combine drug delivery with another therapy such
as photodynamic therapy (PDT) (which is non mutagenic), would
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further improve the treatment of RB. For this purpose, tremendous
efforts have been devoted to nanoparticles. In this field, meso-
porous silica nanoparticles (MSN) are highly promising due to their
interesting properties (Rosenholm et al., 2010; Slowing et al., 2010)
(monodispersity, high specific surface area, tunable pore size and
diameter, versatile functionalization). We have demonstrated the
potential of MSN for bi-therapy in vitro by combining OPE-PDT (one
photon excitation-PDT), drug delivery, and targeting with galac-
tose (Gary-Bobo et al., 2012). We showed that those MSN led to a
dramatic enhancement of cancer cell death compared to separate
treatments. To further enhance the precision of PDT, particularly for
small tumors where focal therapy is needed, two-photon excitation
(TPE) combined with PDT is of current interest (Collins et al., 2008;
Khurana et al., 2009; Starkey et al., 2008). Indeed TPE-PDT offers
new perspectives due to the unique properties it provides such as
3D spatial resolution and increased penetration depth. We (Gary-
Bobo et al.,2011) and others (Cheng et al., 2011) have very recently
designed MSN for TPE-PDT in vitro and in vivo. Combined with tar-
geting with mannose, the MSN were very efficient for TPE-PDT
on breast and colon cancer cells (Gary-Bobo et al., 2011). Further-
more, mannose or galactose-functionalized porphyrins have been
demonstrated to be efficient for OPE-PDT in vitro (Laville et al.,
2006) and in vivo (Lupu et al., 2009), probably due to an active
endocytosis involving lectins at the surface of Y-79 RB tumor cells.
Therefore, in connection with these works, we present here our
results with MSN combining OPE-PDT, camptothecin (CPT) delivery
and targeting with mannose or galactose on retinoblastoma cells
Y-79. We also studied TPE-PDT on these cells with MSN encapsu-
lating a photosensitizer engineered for TPE and functionalized with
mannose on the surface.

2. Material and methods
2.1. Synthesis of MSN

MSN-FITC (Hocine et al., 2010), MSN-FITC-man (Hocine et al.,
2010), MSN-FITC-gal (Gary-Bobo et al., 2012), MSN-PS-gal (Gary-
Bobo et al, 2012), MSN-PS-gal-CPT (Gary-Bobo et al, 2012),
MSN-2hv (Gary-Bobo et al., 2011), MSN-2hv-man (Gary-Bobo
etal., 2011), were already prepared and used in our previous work.

Synthesis of MSN-PS-man. The synthesis was already described
in reference Brevet et al. (2009). Briefly.

2.1.1. Preparation of MSN-PS

5.4 mg (5.87 pmol) of anionic porphyrin were dissolved in 1 mL
of ethanol. 7.25 pL (5 eq.) of isocyanatopropyltriethoxysilane and
4.1 nL (4 eq.) of diisopropylethylamine were added. The reaction
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 silylated
porphyrin was added to this mixture and 3.5mL (15.7 mmol) of
tetraethoxysilane (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 HCI. Nanoparticles were obtained after centrifugation
(10 min, 20,000 rpm), put in suspension in ethanol under ultra-
sounds and then centrifuged. Specific surface area (860 m2g-1),
loading of PS (5.12 wmolg1).

2.1.2. Preparation of MSN-PS-NH,

500 mg of MSN-PS were put in suspension in 10 mL H,O under
ultrasounds for 1h. Then we added dropwise 800 L of amino-
propyltriethoxysilane APTS (2.76eq.). This solution was stirred
for 1 min and after the pH was adjusted to 7 by addition of 0.2 M
HCI. The reaction was stirred at RT for 20 h. Nanoparticles were
centrifuged (10 min, 20,000 rpm) and washed with EtOH and dried
under vacuum.

Microanalysis: % C: 10.59; % H: 3.30; % N: 1.84.
Loading of APTS: 1.38 mmolg~1.

2.1.3. Preparation of MSN-PS-man

200mg of MSN-PS-NH; were put in suspension in 10 mL
EtOH. 55mg (0.14mmol) of p-[N-(2-ethoxy-3,4-dioxycyclobut-
1-enyl)amino]phenyl-a-D-mannopyranoside were dissolved in
10mL of a mixture EtOH/H,0 (3/2, v/v). This solution was added
dropwise to the suspension of nanoparticles. 500 L of triethy-
lamine were added and the suspension was stirred for 15 h at room
temperature. After centrifugation (10 min, 20,000 rpm), nanopar-
ticles were washed one time with water and with EtOH. CTAB
was extracted with 30 mL of solution of EtOH (96%)/NH4NO3
(0.03mol L-1) for 1h under ultrasounds. After centrifugation, the
extraction procedure was repeated two times, and then nanopar-
ticles were washed three times in EtOH. They were dried under
vacuum.

Surface area (860 m?2 g—1); pore diameter (2.5 nm); pore volume
(0.57 cm3 g~1); loading of mannose (0.276 mmolg—1).

2.1.4. MSN-PS-man-CPT

30 mg of MSN-PS-man were suspended and stirred in a solu-
tion of camptothecin (3 mg, 8.6 wmol) in 1.8 mL DMSO overnight
at room temperature. After centrifugation (10 min, 25,000 rpm)
nanoparticles were washed with water, centrifuged (2 cycles) and
dried under vacuum.

Titration (UV-vis) gave 11.22 pumol g~! camptothecin loaded in
the MSN.

2.2. Cell culture conditions

Humanretinoblastoma (Y-79) cancer cells were purchased from
ATCC (American Type Culture Collection, Manassas, VA). Cells were
cultured in RPMI culture medium supplemented with 20% fetal
bovine serum, 100UmL~! penicillin and 100 wgmL-! strepto-
mycin and allowed to grow in humidified atmosphere at 37°C
under 5% CO,.

2.3. TPE-PDT, OPE-PDT and phototoxicity measurement

For TPE irradiation, Y-79 cells were seeded into 384 multi-well
glass bottom (thickness 0.17 mm), with a black polystyrene frame,
2000 cells per wellin 50 p.L culture medium and allowed to grow for
24 h. Cells were then incubated for 24 h with or without 20 g mL~!
MSN. After incubation with MSN, cells were submitted or not to
laser irradiation. Two-photon irradiation was then performed on
a confocal microscope equipped with a mode-locked Ti:sapphire
laser generating 100 fs wide pulses at a 80 MHz rate. The laser beam
is focused by a microscope objective lens (10x, NA 0.4). The wells
were irradiated at 760 nm by 3 scans of 1.25s each at an average
power of 80 mW (measured with a thermoelectric optical energy
meter) and the surface of the scanned areas was 1.5 mm x 1.5 mm
(mean energy of 10.6] cm~—2).

For monophotonic irradiation, Y-79 cells were seeded into 96-
well plates at 2 x 104 cells per well in 100 pL culture medium and
allowed to grow for 24 h. Then cells were incubated for 24 h with or
without 20 wg mL~1 MSN. After incubation, cells were submitted or
not tolaserirradiation for 30 min (650 nm; 50 mW cm~2,90] cm~2).

Two day after irradiations (one or two photon), a MTS assay was
performed to evaluate the phototoxicity of MSN. Briefly, MTS assay
was performed by adding 20 pL of 3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
salt (CellTiter 96 Aqueous One Solution Reagent from Promega)
solution. Cells were incubated 3h at 37°C and the absorbance
was read at 490 nm in a plate reader to determine the formazan
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Scheme 1. Structures of MSN-FITC, MSN-PS, MSN-2hv, MSN-FITC-man, MSN-PS-man and MSN-2hv-man nanoparticles. The carbohydrate moiety (a-D-mannose, man)

was covalently anchored on the surface of the MSN.

concentration, which is proportional to the number of living
cells.

2.4. Cytotoxicity assay for drug delivery

For these experiments, Y-79 cells were seeded into 96-well
plates at 2 x 10%cells per well in 100 uL culture medium and
allowed to grow for 24 h. Then cells were incubated at differ-
ent times with or without 20 ugmL-! MSN. To evaluate the
cytotoxicity of MSN, a MTS assay was performed as previously
described.

2.5. Confocal analysis of fluorescent MSN

Two days prior to the experiment, Y-79 cells were seeded onto
bottom glass dishes (World Precision Instrument, Stevenage, UK)
previously coated for 1h at 37°C with polylysine 50 pg mL~! for
cell adherence, at a density of 106 cellscm=2. 24 h after seeding,
cells were treated with 20 wgmL-! fluorescent labeled MSN. On
the day of the experiment, cells were washed once and incubated in
1 mLred-free medium. Thirty minutes before the end of incubation,
cells were loaded with Hoechst 33342 (Invitrogen, Cergy Pontoise,
France) for nuclear staining at a final concentration of 5 wgmL-1.
For membrane labeling, a Vybrant lipid-raft labeling kit (Invitrogen)
was used as described by the manufacturer. Before visualization,
cells were washed gently with phenol red-free DMEM. Cells were
then scanned with a LSM 5 LIVE confocal laser scanning microscope
(Carl Zeiss, Le Pecq, France), with a slice depth (Z stack) of 0.67 pm
(Vezenkov et al., 2010).

2.6. 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

The nanoparticles used
Schemes 1 and 2.

MSN-FITC nanoparticles were used for confocal experiments in
order to analyze the endocytosis of the MSN. MSN-PS nanoparti-
cles were studied for both one photon PDT and one photon PDT
combined to drug delivery. MSN-2hv nanoparticles were used for
two-photon PDT experiments.

in this study are depicted in

3.1. Internalization and subcellular localization of functionalized
MSN by confocal microscopy

The cell distribution of MSN-FITC, MSN-FITC-man and MSN-
FITC-gal in Y-79 cells was studied. MSN-FITC, MSN-FITC-man and
MSN-FITC-gal were incubated for 16 h with Y-79 cells and then
nucleus and membranes were stained as described in experimental
section (Fig. 1).

Merged image showed that MSN functionalized with galac-
tose or mannose, were efficiently internalized in comparison with
unfunctionalized ones (Fig. 1). The addition in culture medium of
an excess of mannose or galactose inhibits near totally this intra-
cellular uptake demonstrating that these MSN were captured by
a specific endocytosis involving mannose or galactose receptors.
These results are consistent with the work of Griegel et al. (1989)
who established that human retinoblastoma cells express sugar
receptors that exhibit a preferential affinity for galactose and man-
nose residues.

3.2. Monosaccharide-functionalized MSN and drug delivery

The pores of MSN-PS-gal and MSN-PS-man were loaded with
camptothecin following the method originally developed by Zink
and Tamanoi (Lu et al., 2007) to lead to MSN-PS-gal-CPT and MSN-
PS-man-CPT. To study the cytotoxicity induced by these MSN, Y-79
cell lines were treated with MSN at 20 ugmL-! and cell viabil-
ity was monitored by using MTS assay. We have first verified that
20 wg mL~! MSN without camptothecin were not cytotoxic for cells
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(data not shown). Results showed that MSN-man-CPT and MSN-
gal-CPT induced 35% and 34% of cell death respectively, after 3 days
of incubation (Table 1). These results confirmed the previous stud-
ies (Gary-Bobo et al., 2012; Liong et al., 2008; Lu et al., 2007) who

Nuclei

showed the potential of MSN for drug delivery with poorly water-
soluble drugs, and demonstrated the efficiency of camptothecin
delivery in Y-79 cells line by MSN functionalized with carbohy-
drates.

Membranes Merged

B . .. .
MSN-FITC-man
+Mannose

o . . .

MSN-FITC-gal
+ Galactose

Fig. 1. Confocal microscopy images of living Y-79 retinoblastoma cells, incubated

for 16 h with MSN-FITC or MSN-FITC-man or MSN-FITC-gal, in presence or absence of

10 mM mannose or galactose. Merged pictures demonstrated the localization of MSN inside the cells at 37 °C. Images are representative of at least 3 independent experiments.
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Table 1

Cytotoxic effect of MSN-camptothecin on human retinoblastoma cells. Y-79 cells
were incubated with MSN for 1, 2 or 3 days. The level of cell death (%) was measured
by the MTS assay.

Living Y-79 cells (%) Days

0 1 2 3
MSN-man-CPT 100 + 4 87 +4 74+ 3" 65+ 5
MSN-gal-CPT 100 + 4 90 + 2 76 +£3° 66 + 2

Data are mean + SD of 3 independent experiments.
" p<0.05 statistically different from control.

3.3. Combining PDT and drug delivery in the same MSN

We next examined targeted MSN combining drug delivery and
OPE-PDT (Fig. 2). Cells were treated with photo-activable nanopar-
ticles functionalized with mannose or galactose and containing
or not camptothecin. For this experiment, Y-79 cells were incu-
bated for 24h with 20 wgmL-! MSN and irradiated for 30 min
(650 nm; 50mW cm~2). A MTS assay was performed 2 days after
irradiation to assess the induced cytotoxicity. We have verified that
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Fig. 2. Additional effect of PDT and drug delivery on retinoblastoma cells. Y-79 cells
were incubated or not (control) with 20 ug mL-! of (A) MSN-PS-man or MSN-PS-
man-CPT; or (B) MSN-PS-gal or MSN-PS-gal-CPT for 24 h and then submitted to
laser irradiation (A =650 nm, 90] cm~2). Cells were allowed to grow for 2 days and
cell viability was quantified. Data are mean+ SD of 3 independent experiments.
*p <0.05 statistically different from control.
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Fig. 3. TPE photodynamic efficiency on retinoblastoma cell line. Y-79 cells were
incubated for 24 h with 20 pgmL-! MSN-2hv or MSN-2hv-man and then irradi-
ated at 760 nm, for 3x 1.25s. Living cells are measured by MTS assay 2 days after
irradiation. Values represent means +SD of 3 experiments. Statistically different
(Student’s t test): *p <0.05 from control.

20 pg mL~! MSN-PS were not toxic in the dark and that irradiation
alone was not toxic for cells (data not shown).

As shown in Fig. 2, monophotonic irradiation of Y-79 treated
with MSN-PS-man induced 28% cell death. In contrast, when irra-
diated, MSN-PS-man-CPT induced 58% of cell death (Fig. 2A). The
same experiment was realized with MSN-PS-gal and MSN-PS-
gal-CPT. Results showed that MSN-PS-gal and MSN-PS-gal-CPT
induced 40% and 68% of cell death, after irradiation respectively.
These data demonstrate the high therapeutic potential of a syner-
gistic use of drug delivery and PDT using the same MSN. This may
represent an alternative strategy in the context of poorly responsive
tumors to current therapies.

3.4. Mannose-functionalized MSN for TPE-PDT

TPE-PDT experiments using MSN functionalized or not with
mannose were performed on the retinoblastoma Y-79 cell line.
Cells were seeded in a 384-multiwell plate with 0.17 mm glass
bottom and incubated with low concentrations of MSN-2hv and
MSN-2hv-man (20 pg mL-1) for 24 h. Two-photon irradiation was
then performed on a confocal microscope equipped with a mode-
locked Ti:sapphire laser at 760 nm by 3 scans of 1.25s each at an
average power of 80 mW (as described in Section 2) and the sur-
face of the scanned areas was 1.5 mm x 1.5 mm (mean energy of
10.6Jcm~2). Two days after irradiation, the percentage of living
cells was determined by MTS enzymatic assay.

The nanoparticles were found to be non toxic without irra-
diation and irradiation alone did not damage the cells (data not
shown).

As shown in Fig. 3, the photodynamic therapeutic potential of
the MSN functionalized with mannose is clearly higher (67% of cell
death) than that of unfunctionalized ones (30% of cell death) prob-
ably due to an active endocytosis of MSN-2hv-man by Y-79 cells
involving mannose receptors. This result is consistent with pre-
vious data indicating that mannosylated porphyrins were more
efficient than non-functionalized ones for OPE-PDT in vitro and
in vivo and the involvement of mannose receptors was postulated
(Laville et al., 2006; Lupu et al., 2009).

In our study, TPE-PDT with MSN-2hv-man led to a better effi-
ciency compared to OPE-PDT with MSN-PS-man. This effect could
be due to two different pathways of cancer cell death. Indeed the
photosensitizers and excitation modes are different which could
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lead to two different mechanisms of PDT. The production of reac-
tive oxygen species and singlet oxygen with type I and type Il
mechanisms are known to be involved with OPE-PDT (Robertson
etal., 2009). With TPE-PDT, Houde and co-workers (Mir et al., 2008)
based on an interesting study of copper and zinc phthalocyanines
have concluded that the triplet T, excited state of a photosensi-
tizer can be populated by TPE, which could lead to a type IIl process
involving the production of reactive species.

4. Conclusion

Treatment studies on RB Y-79 cell line were carried out using
multifunctionalized MSN anchored with carbohydrates. Confocal
microscopy efficiently demonstrated the active endocytosis of the
MSN which was mediated through carbohydrate receptors. TPE-
PDT was performed using especially designed MSN for TPE and very
promising results were observed with MSN functionalized with
mannose, since a strong cell death was obtained after only a short
irradiation at a low fluence. Alternatively, MSN allowing OPE-PDT
combined with camptothecin delivery demonstrated a significant
therapeutic synergy of these approaches to kill cancer cells. Thus,
these data provide new evidences of the potential of functionalized
and targeted MSN for the treatment of retinoblastoma and could
lead to propose a non-invasive therapy with reduced side-effects.
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