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In the context of national systematic screenings for cancer,
photodynamic therapy (PDT) has arisen as an alternative to
chemo- and radiotherapy for the non-invasive selective
destruction of small tumors. PDT involves the use of a
photosensitizer which, upon irradiation at specific wave-
lengths, in the presence of oxygen, leads to the generation of
cytotoxic species and consequently to irreversible cell
damage.[1] PDT combined with two-photon excitation
(TPE)[2, 3] in the near-IR region offers new perspectives for
the treatment of solid tumors owing to its increased pene-
tration depth and unique spatial resolution. However, the use
of conventional photosensitizers requires very high excitation
powers[4] (close to the threshold of tissue photodamage)
because of the low two-photon absorption (TPA) cross-
sections (s2) in the biological spectral window (i.e. 700–
1000 nm). The design of novel photosensitizers having much
larger TPA cross-sections is thus crucial. Up until recently,

very few examples of TPE-PDT in vivo with photosensitizers
having large cross-sections have been reported.[5–7] Collins
et al.[7] and Khurana et al.[5] have established that TPE-PDT
using novel biphotonic photosensitizers derived from por-
phyrin dimers was efficient for blood vessel closure in mice.
Starkey et al.[6] confirmed the efficiency of TPE-PDT for the
destruction of breast and lung cancer xenografts in mice down
to a depth of 2 cm, using photosensitizers specifically
engineered for TPE.

To enhance the selectivity towards tumor cells and the
efficiency of PDT, the encapsulation of photosensitizers in
nanoparticles is a promising route that has stimulated
tremendous efforts.[8–10] However, the nanoparticle approach
is still in its infancy for TPE-PDT, as only three relevant in
vitro studies have been reported so far,[11–13] while in vivo
results are still missing. In addition, reported in vitro studies
deal with nanoparticles that have not been functionalized
with targeting biomolecules. The use of biomolecules is
particularly important to increase the therapeutic efficiency
of nanoparticles both in vitro and in vivo.[14, 15] The photo-
sensitizers used for PDT and TPE-PDT are also sensitive to
excitation by UV/visible light; this serious drawback leads to
the prolonged sensitivity of the patient to sunlight and entails
post-treatment precautions.

Mesoporous silica nanoparticles (MSNs) hold great
promise for cancer therapy as they are biocompatible and
preferentially accumulate in tumors.[16–18] Following our ear-
lier work dealing with the elaboration of fluorescent MSNs
with giant TPA cross-sections,[19–21] we report herein on
original MSNs for efficient TPE-PDT. The MSN surface
was postfunctionalized with a mannose derivative in order to
target lectins over-expressed by cancer cells.[14] Incubated
with cancer cells, these MSNs were nontoxic under daylight
illumination. TPE-PDT with these MSNs was investigated in
vitro on human breast and colon cancer cell lines. In vivo
experiments were also performed on athymic mice bearing
xenografted tumors from colon cancer cells.

Here we show that the photosensitizer PS[22] was cova-
lently encapsulated inside MSNs following the method
described earlier[14] for porphyrin derivatives. MSN1, incor-
porating 6850 units of PS per nanoparticle and having a
hydrodynamic diameter of 118 nm, was synthesized. Grafting
of the mannose moiety on the surface yielded MSN1-
mannose (Scheme 1). The TPA properties of PS are retained
in the MSNs (see Table 2 and Figure 2 in the Supporting
Information), with 1200 GM (Gçppert–Mayer units, 1 GM =

10�50 cm4 s photon�1 molecule�1) per PS thus leading to giant
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TPA cross-sections (up to 8 MGM) for a single MSN. In
contrast to PS in solution, MSNs showed no detectable singlet
oxygen emission at 1270 nm when excited either at 430 nm or
in the UV region. Such an effect can be ascribed to light
scattering as well as to the screening effect of the surface
linker groups (see the Supporting Information) for MSN1-
mannose nanoparticles. Both phenomena prevent excitation
of inner PS and explain the absence of toxicity of MSNs under
standard (such as daylight) illumination (vide infra). In
contrast, because of the significant scattering (/ 1/l4) reduc-
tion at long wavelengths and the high contrast between TPA
cross-sections of PS and surface linker groups (see the
Supporting Information), TPE of MSN1-mannose in the
near-IR region is expected to be both effective and selective,
thus opening a promising route for therapy by TPE in the
near-IR region.

TPE-PDT experiments were performed with MSN1-
mannose using three distinct cancer cell lines (breast cancer
cell lines MCF-7 and MDA-MB-231, and the colon cancer cell
line HCT-116). As evident in Table 1, the photodynamic
therapeutic potential of the MSNs functionalized with
mannose (MSN1-mannose) is clearly higher than that of
unfunctionalized nanoparticles (MSN1). This can be
explained by the presence of mannose receptors on MCF-
7[23] and MDA-MB-231[14] breast cancer cells. The most
important cytotoxic effect was observed with the colorectal
cancer cell line (HCT-116). The high interest for lectin
targeting for this type of cancer[24] is demonstrated here
(Figure 3 in the Supporting Information) by the 2–5-fold
higher uptake of fluorescein-labeled mannose-functionalized
MSN (MSN-FITC-mannose)[25] in HCT-116 cells relative to
that of MCF-7 and MDA-MB-231 cells and normal fibro-
blasts, and by the finding of a typical overexpression of one of
the mannose receptors, MRC2 (mannose receptor C-type 2),
in these cells. Note that PDT efficiency depends on the
incubation time with MSN1-mannose, since after 24 h of
incubation (and irradiation as described above) 100 % of the
MCF-7 cells were lysed (Figure 1a). Interestingly, as a
consequence of the highly confined excitation provided by
TPE using focused excitation, cell death was observed only in
the irradiated area, and neighboring MDA-MB-231 cells were

not affected (Figure 1b). Importantly, the nanoparticles were
found to be nontoxic without irradiation (Table 1) while
irradiation alone did not damage the cells (data not shown).
In addition, no cell death was observed when the cells were
exposed to daylight up to 4 h, indicating that multifunction-
alized MSNs are nontoxic under standard illumination con-
ditions (see Table 4 and Figure 4 in the Supporting Informa-
tion). These characteristics open a new avenue for improved
PDT protocols using multifunctionalized MSNs that act as
potent photosensitizers only under TPE in the NIR, allowing
high spatial precision of cell lyses while reducing unwelcome
effects such as sensitization under daylight exposition.

Scheme 1. a) Synthesis of 1 and b) Synthesis of nanoparticles MSN1-
mannose.

Table 1: In vitro photodynamic efficiency.[a]

With irradiation Living cells [%]

treatment MCF-7 MDA-MB-231 HCT-116
control 100�17 100�17 100�11
MSN1 64�18[b] 67�6[b] 50�6[b]

MSN1-mannose 44�4[c] 33�15[c] 27�10[c]

Without irradiation Living cells [%]

treatment MCF-7 MDA-MB-231 HCT-116
control 100�6 100�4 100�6
MSN1 105�10 105�10 99�2
MSN1-mannose 101�8 101�8 98�3

[a] Two breast cancer cell lines (MCF-7 and MDA-MB-231) and a colon
cancer cell line (HCT-116) were incubated for 4 h with 20 mg mL�1 of
MSN1 or MSN1-mannose. After renewal of the culture medium, cells
were irradiated at 760 nm (3 � 1 s) using a confocal microscope
equipped with a mode-locked Ti:sapphire laser generating 100 fs wide
pulses at a rate of 80 MHz. The laser beam was focused by a microscope
objective lens (10 � , NA 0.4). The wells were irradiated at 760 nm by
three successive scans of 1 s duration each at an average power of
80 mW. The surface of the scanned areas was 1.5 � 1.5 mm2 (mean
energy of 10.6 J cm�2). Living cells were determined by MTT assay 2 days
after irradiation. Values represent the mean� standard deviation of three
experiments. [b, c] Statistically different (Student’s t test): [b] p<0.05
from control, [c] p<0.01 from MSN1.

Figure 1. TPE-PDT efficacy with MSN1-mannose. a) Confluent MCF-7
cells were irradiated at 760 nm for 3 s after the indicated times of
treatment with MSN1-mannose (20 mgmL�1). Error bars represent
standard deviation. b) An optical microscope image of MDA-MB-231
cancer cells incubated for 24 h with MSN1-mannose (20 mgmL�1) and
then submitted to two-photon irradiation only on a part of the well.
Cell death was observed after 2 days and occurred in the irradiated
area only. Scale bar, 25 mm.
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Based on in vitro results, we then examined TPE-PDT in
vivo, on nude mice bearing HCT-116 xenografts. Twelve mice
were subcutaneously injected in the flank with HCT-116 cells.
Fifteen days after cancer cell injection, three uniform mice
groups (4, 4, 3) bearing subcutaneous tumors with a mean
tumor volume of 27 mm3 were selected. Three mice were
injected intravenously with 200 mL of saline solution (0.9%
NaCl) and eight mice with MSN1-mannose (16 mgkg�1).
Three hours later, four of the eight mice injected with MSN1-
mannose were anesthetized and tumors were submitted to
two-photon irradiation at 760 nm for three periods of 3 min
and light was focused on three different tumor areas. The
xenografts were localized at a tissue depth between 1 and
4 mm.

Thirty days after treatment, the mice were sacrificed, and
the tumors were removed and measured. Results reported in
Table 2 and Figure 2 showed a strong reduction in tumor
weight (ca. 70%) for the four mice treated with MSN1-
mannose and submitted to TPE-PDT in comparison to the
tumors of the three mice treated with saline solution alone

and the four mice treated with MSN1-mannose but not
submitted to subsequent irradiation. No mortality was
observed for the 30 days following the injection of MSN1-
mannose, suggesting that these nanoparticles are not toxic
except in the tumor area under TPE. After sacrifice of the
mice, we examined the development of clinically detectable
macrometastases connected with the invasive potential of
HCT-116 cancer cells. As shown in Table 2, MSN1-mannose
treatment followed by TPE-PDT prevented macrometastasis
formation in liver and colon in comparison to the groups of
mice treated with saline alone or with MSN1-mannose
without irradiation. This effect can most probably be related
to the decrease of the subcutaneous tumor growth and of its
associated neoangiogenesis, both of which delay the spread of
cancer cells and subsequent distal metastasis.

As MSN1-mannose may induce subsequent damage in the
organs involved in their clearance, systemic and organ-
specific toxicities were investigated. The renal clearance of
the MSN1-mannose, evaluated by silicon detection by induc-
tively coupled plasma mass spectrometry (ICP-MS), was
maximal at 7–8 days and the cumulative recovery in urine
after 13 days superior to 80% of the injected Si (Figure 3a).

The weights of the mice treated with MSN1-mannose
were not statistically different from those of the control mice;
for both groups the weight ratios of liver, spleen, kidney over
body weight were comparable (see Table 5 in the Supporting
Information). Conventional biomarkers representative for
tissue functionality and/or systemic inflammation such as
creatinine (renal function), ALT (liver function), and TNFa

and IL-6 (systemic toxicity) appeared unmodified over the
two weeks following nanoparticle injection (Figure 3b–e).
Histological examinations of livers, spleens, and kidneys
indicated no apparent abnormalities or lesions 14 days after
MSN1-mannose treatment (Figure 3 f).

In conclusion, we have described the first example of
tumor treatment using carbohydrate-functionalized MSNs
phototriggered by two-photon irradiation in the near IR and
without toxicity under standard (daylight) illumination. This
study demonstrated that a single injection was sufficient to
target these nanoparticles to the tumor area while two-photon
irradiation in the near IR induced a major reduction of the
tumor size. In addition, this protocol was shown to impair the
development of metastases associated with the spread of
cancer without apparent systemic toxicity. This therapeutic
approach holds great promise and appears particularly
appropriate for the minimally invasive ablation of small
localized solid tumors (prostate and colon cancers, retino-
blastoma, head and neck cancers) whose detection has
dramatically increased with routine cancer screening pro-
grams.[27] A focal and targeted TPE-PDT could thus provide
an alternative to conventional more invasive or harsher
therapies (such as surgery and radiotherapy) for organ-
confined and low-grade diseases.[28]

Table 2: Effect of TPE-PDT on tumor and metastasis formation.[a]

Treatment Mice
group

Tumor
weight [g]

Mice with metastases
to liver to colon

control 3 1.39�0.49 3 2
MSN1-mannose 4 1.33�0.72 2 2
MSN1-mannose
+ 2 hn irradiation

4 0.40�0.28[b] 0 0

[a] Measurements[26] were made 30 days after treatment with saline
solution (control) alone or with MSN1-mannose (dose= 16 mgkg�1)
followed (or not) by laser irradiation at 760 nm, 3 � 3 min at 80 mW
(mean energy of 3 � 640 Jcm�2 for a surface of 1.5 � 1.5 mm2). For tumor
weight, values represent mean�standard deviation. The number of
mice in each group developing liver or colon metastases (>2 mm) is
indicated. [b] p<0.05 statistically different from control (t test).

Figure 2. Effect of TPE-PDT on tumor growth. Photographs of tumors
described in Table 2. Tumors were dissected from mice 30 days after
treatment with saline (control) or MSN1-mannose (16 mgkg�1) fol-
lowed (or not) by TPE-PDT as described. Scale bars, 2 cm.
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Experimental Section
TPE-PDT in vitro: For cell culture, MDA-MB-231 and MCF-7 human
breast cancer cells and normal human fibroblasts (ATCC) were
routinely cultured in Dulbecco�s modified Eagle�s medium (DMEM)
supplemented with 10% fetal bovine serum and 50 mgmL�1 genta-
mycin. HCT-116 human colorectal cancer cells (ATCC) were cultured
in McCoy culture medium supplemented with 10% fetal bovine
serum and 50 mgmL�1 gentamycin. All these cell types were allowed
to grow in humidified atmosphere at 37 8C under 5% CO2.

For in vitro phototoxicity, MDA-MB-231, MCF-7, and HCT-116
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 mL
of culture medium, and allowed to grow for 24 h. Cells were then
incubated for 4 h with or without 20 mgmL�1 of MSNs. After
incubation with MSNs, cells were washed twice, maintained in fresh
culture medium, and then submitted (or not) to laser irradiation;

scanned area: 1.5 � 1.5 mm2. The entire area of the well was irradiated
at 760 nm by three scans of 1 s duration. The average power delivered
to the sample was measured with a thermoelectric optical energy
meter and was 80 mW. The laser beam was focused by a microscope
objective lens (10 � , NA 0.4).

For kinetic experiments, MCF-7 cells were incubated for 2, 4, and
24 h with or without 20 mgmL�1 of MSN1-mannose. After incubation,
cells were washed twice, maintained in fresh culture medium, and
then submitted (or not) to laser irradiation.

TPE-PDT in vivo: Animal experiments were approved and
conducted in accordance with local and national authorities for the
care and use of laboratory animals. For in vivo photodynamic therapy
experiments, 12 female Swiss nude mice (six-weeks-old; from Charles
River) were xenografted in the flank by a subcutaneous injection of
100 mL of a monocellular suspension containing 106 HCT-116 cells
and a reconstituted extracellular matrix (Matrigel 5 mgmL�1). Fifteen
days after cancer-cell injection, 11 mice were injected intravenously in

Figure 3. Renal clearance and biocompatibility of MSN1-mannose. a) Renal clearance of nanoparticles was evaluated over a period of two weeks
after intravenous injection of 16 mg kg�1 MSN1-mannose. Silicon concentration was determined at different times in the urine of mice injected
with nanoparticles (n = 5, MSN-treated group, &) and in mice injected with PBS (n = 5, control group, ^) by ICP-MS. b–e) Toxicity evaluation of
MSN1-mannose. The concentrations of several biological markers for systemic toxicity were evaluated in control (^) and MSN1-mannose-treated
mice (&) described in (a). b) Creatinine activity was evaluated in urine. Expression of IL-6 (c) and TNFa (d) was quantified in serum by specific
ELISA immunoassays, and expression of ALT (alanine aminotransferase was quantified by enzymatic assay. Error bars in (a–e) indicate standard
deviation. f) Hematoxylin- and eosin-stained sections from paraffin-embedded tissues of control and treated mice were examined by a pathologist.
Scale bars, 50 mm.
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the tail vein, with 200 mL of physiological serum added (or not) with
MSN1-mannose (16 mgkg�1). Three hours after the injection, four
mice, which had been injected with MSN1-mannose, were anesthe-
tized (2,2,2-tribromoethanol), and their tumors were submitted to
two-photon irradiation at 760 nm through a 1 mm glass slide for three
periods of 3 min (separated by 3 min lag time) at three different areas
of the tumor. Thirty days after this treatment, the mice were sacrificed
and tumors were removed and measured.
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