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A critical obstacle and challenge for cancer therapy con-
cerns the limited availability of effective biocompatible de-
livery systems for most hydrophobic therapeutic anticancer
drugs. It is particularly important to improve the aqueous
solubility of drugs, as low drug solubility in aqueous media
hampers the ability of drugs to be administered through the
intravenous route. Since many important anticancer agents
have poor water solubility, the development of novel deliv-
ery systems for these molecules without the use of organic
solvents has received significant attention. Nanoparticles
offer great potential and a promising approach to deliver
therapeutic agents into targeted organs or cells and they
have been actively developed for application in cancer ther-
apy.[1,2] We have incorporated a representative hydrophobic
anticancer drug, camptothecin (CPT), into the pores of fluo-
rescent mesoporous silica nanoparticles (FMSNs) and deliv-
ered the drug into a variety of human cancer cells to induce
cell death, a procedure suggesting that the mesoporous
silica nanoparticles might be used as a vehicle to overcome
the insolubility problem of many anticancer drugs.

CPT and its derivatives are considered to be among the
most promising anticancer drugs of the 21st century.[3] Al-
though studies have demonstrated their effectiveness against

carcinomas of the stomach,[4] colon,[5] neck,[6] and bladder,[7]

as well as breast[8] and small-cell lung cancers,[9] and leuke-
mia,[10] in vitro, clinical application of CPT in humans has
not been achieved to date because the poor water solubility
of the drug requires changes to the physicochemical charac-
teristics. The need to formulate water-soluble salts of CPT
(that is, alkaline solutions for intravenous injections) led to
chemical modifications of the molecule with loss of anti-
ACHTUNGTRENNUNGtumor activity and significant alterations in the toxicological
profile of the drug.[10–13] Although derivatives such as irino-
tecan have produced good clinical results,[14] irinotecan was
shown to have far lower cytotoxicity to cancer cells than
CPT (10%), and CPT remains the most potent com-
pound.[15]

Among a variety of drug-delivery systems, mesoporous
silica materials[16] have several attractive features for use in
the delivery of water-insoluble drugs. These particles have
large surface areas and porous interiors that can be used as
reservoirs for storing hydrophobic drugs. The pore size and
environment can be tailored to selectively store different
molecules of interest,[17,18] while the size and shape of the
particles can be tuned to maximize cellular uptake. Unlike
polymer-based nanoparticles, these robust inorganic materi-
als can tolerate many organic solvents.[19] Silica-based mate-
rials have been successfully used as drug-delivery vec-
tors,[20,21] gene transfection reagents,[22] cell markers,[23] and
carriers of molecules.[24] Here, we describe the preparation
of fluorescent mesoporous silica nanoparticles that are
highly stable in aqueous solution and their use for the deliv-
ery of the hydrophobic anticancer drug CPT.

The FMSNs were prepared by using a base-catalyzed
sol–gel process at high temperature with a modification of
published procedures.[23, 25,26] In a typical synthesis, fluores-
cein isothiocyanate (FITC) was first treated with 3-amino-
propyltriethoxysilane (APTS) in ethanol. The mixture was
then added, along with tetraethylorthosilicate, to cetyltri-
ACHTUNGTRENNUNGmethylammonium bromide solution at 80 8C. The surfac-
tants were removed from the pores by refluxing the nano-
particles in acidic methanol, the success of which was con-
firmed by Fourier transform infrared spectroscopy (FTIR;
see Supporting Information). Electron microscopy and X-
ray diffraction (XRD) analysis showed that the particle
shape and hexagonal arrays of the pores in the FMSNs re-
mained intact after the surfactant-removal process (Figure 1).
The nanoparticles were roughly spherical in shape and small-
er than 130 nm in diameter. An average pore diameter of
around 2 nm was observed by using transmission electron mi-
croscopy (TEM) and an interplanar spacing of dACHTUNGTRENNUNG(100)�4 nm
was calculated from the XRD pattern.

It is necessary for efficient cellular uptake of the parti-
cles that the FMSNs remain dispersed and do not aggregate
in the buffer solution. The observed aggregation is caused
by interparticle hydrogen-bonding interactions between the
amine groups (from the unreacted APTS) and the silanols
(Scheme 1A). By modifying only the surfaces of the FMSNs
with trihydroxysilylpropyl methylphosphonate (THMP)
after particle formation,[27] we reduced the aggregation and
increased the stability of the particles in aqueous solution
(Scheme 1B, see Supporting Information).
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The uptake of the nanoparticles by various cancer-cell
lines was observed by using fluorescence and confocal mi-
croscopy. Cancer cells were incubated with FMSNs and then
washed with phosphate-buffered saline (PBS) solution to
remove the nanoparticles that were not taken up by cells.
The emission of the nanoparticles, which were derivatized
with fluorescein molecules, was monitored with fluorescence
microscopy (Figure 2A). To further specify the intracellular

location of the nanoparticles,
Acridine Orange (AO) and
lysoSensor green DND-189
were used to stain the cells
that were incubated with the
FMSNs. AO specifically
stains acidic organelles such
as lysosomes and endosomes
red but stains other cellular
regions green,[28] while lyso-
Sensor specifically stains ly-
sosomes green. The fluores-
cence of the nanoparticles
overlapped mostly with the
red fluorescence of AO (Fig-
ure 2B) and with the green
fluorescence of lysoSensor
(Figure 2C). This result sug-
gests that the FMSNs were
mainly taken up into the
acidic organelles.

The nanoparticles were
loaded with drug molecules
by soaking them in a di-
ACHTUNGTRENNUNGmethylsulfoxide (DMSO) so-
lution of CPT overnight. The
size of the CPT molecule is
approximately 1.3 nmA
0.6 nm, as determined by the
program SPARTAN, and is
small enough to fit into the
pores of the FMSNs. After
the organic solvent was re-
moved by centrifugation and
high vacuum, the loaded
nanoparticles were sonicated
and washed twice with PBS
to ensure that any weakly ad-
sorbed drugs on the surface
were removed (Figure 3).
The release profile in solu-
tion showed negligible re-
lease of CPT when the CPT-
loaded nanoparticles were
soaked in aqueous solution
(see Supporting Informa-
tion). Absorption measure-
ments by UV/Vis spectrosco-
py determined that 50 mg of
the FMSNs could store ap-
proximately 80 nmol of CPT.

A homogeneous suspension of the CPT-loaded FMSN in
PBS was added to PANC-1 cells to determine if the nano-
particles were able to transport the hydrophobic CPT into
the cancer cells. In a control experiment, a suspension of
the same concentration of CPT in PBS was added to the
cells. As CPT emits strong blue fluorescence under UV exci-
tation and its excitation wavelength is different from that of
the FMSNs, we used fluorescence microscopy to monitor

Figure 1. Characterization of the FMSNs. A) Scanning electron microscopy (left) and transmission electron
microscopy (right) images of the FMSNs. B) The nanoparticles show the typical XRD patterns of MCM-41-
type hexagonal mesoporous silica.

Scheme 1. A) Aggregation between the nanoparticles was caused by the interparticle hydrogen bonding
between the surface silanol groups and the amine groups. B) Surface modification with THMP increased
the electrostatic repulsion between the nanoparticles and decreased the aggregation.
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the distribution of the CPT in the cancer cells. The cells that
were treated with CPT-loaded FMSNs showed strong blue
fluorescence (Figure 2D, right) after 3 h of incubation, while
those that were treated with a suspension of CPT in PBS re-
mained nonfluorescent (Figure 2D, left). This observation
indicated that the FMSNs were able to transport and deliver
CPT inside the cancer cells.

Delivery of CPT into the cancer cells led to growth in-
hibition and cell death. This cytotoxic effect of CPT-loaded
FMSNs was tested on several cancer-cell lines. As shown in
Figure 4, nonloaded FMSNs were not toxic to any of the
cells tested, a result indicating good biocompatibility of the
nanoparticles. However, growth inhibition of different
human cancer cells was observed when the cells were treat-
ed with either the suspension of CPT-loaded FMSNs in PBS
or a solution of CPT in DMSO. The survival of three pan-
creatic cancer-cell lines (PANC-1, Capan-1, and AsPc-1), a
colon cancer-cell line (SW480), and a stomach cancer-cell
line (MKN45; Figure 4) was decreased by CPT-loaded
FMSNs. The cytotoxic efficacy of the CPT-loaded FMSNs
was very similar to that of CPT dissolved in DMSO. By con-
trast, CPT suspended in PBS did not show any cytotoxicity
to cancer cells, even at high concentrations. This is consis-
tent with our observation that CPT suspended in PBS was
not taken up by the cells due to its insolubility, while CPT
loaded in FMSNs was quickly taken up (Figure 2D). Thus,
the FMSNs effectively delivered the hydrophobic CPT into
the cancer cells with minimal leakage into the buffer solu-
tion and culture medium.

To check whether the cell death induced by the CPT-
loaded FMSNs was due to the cytotoxicity of the drug, the
mechanism of cell death was investigated. After PANC-1
cells were incubated for 24 h with 1) CPT-loaded FMSNs
suspended in PBS, 2) CPT dissolved in DMSO, or 3) non-
loaded FMSNs suspended in PBS as the control, they were
double stained with propidium iodide and Hoechst 33342.[29]

Nuclear fragmentation and chromatin condensation were
observed in most of the cells treated with CPT-loaded
FMSNs (Figure 5A) and similarly in the cells treated with
CPT in DMSO (Figure 5B), while cells treated with 10%
DMSO, which induced necrosis, were stained red with pro-
pidium iodide (Figure 5D). These results indicate that the
CPT-loaded FMSNs induced apoptotic cell death. Further
confirmation of apoptosis came from the detection of DNA
fragmentation (Figure 5E) and from the Western-blot result
for cleaved caspase-3 in the cells treated with CPT-loaded
FMSNs (Figure 5F).

In summary, we have successfully loaded hydrophobic
anticancer drugs into mesoporous nanoparticles and deliv-
ered them into human cancer cells to induce apoptosis. A
similar anticancer effect was observed for CPT in DMSO
and CPT-loaded FMSNs in PBS, a result suggesting minimal
drug leakage into the buffer solution and cell medium. CPT
remained inside the nanoparticles and was released in the
hydrophobic regions of the cell compartments to exert the
apoptotic effect. At present, about 40% of small-molecule
drugs in the pipeline of pharmaceutical companies have low
water solubility and therefore cannot be administered by
the preferred route or, in some cases, at all.[30] Our results
with CPT suggest that the mesoporous silica nanoparticles
may offer a solution to this problem in drug development.
Mesoporous nanoparticles also offer the possibility of con-
trolled release of anticancer drugs. The pores in the nano-
particles could be closed by constructing an appropriate cap
structure. The ability to control the release of anticancer
drugs provides mesoporous silica nanoparticles with advan-

Figure 2. Uptake of the nanoparticles by cancer cells. A) Upper
panels: normal microscopy images of PANC-1 cells; lower panels:
fluorescence microscopy images after the indicated number of hours.
Similar results were observed in other cell lines (data not shown).
B) PANC-1 cells stained with Acridine Orange (AO, left) and the fluo-
rescence of the nanoparticles within the same cell (right). C) PANC-1
cells stained with lysoSensor green DND-189 (left) and the fluores-
cence of the nanoparticles within the same cell (right). D) Fluores-
cence of CPT after the cells were incubated with CPT-loaded FMSNs
(right) for 3 h. No fluorescence was observed within the cells that
were incubated with a suspension of CPT in PBS (left).

small 2007, 3, No. 8, 1341 – 1346 G 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.small-journal.com 1343



tages over other drug-delivery systems such as PEGylated
liposomal particles or albumin-based nanoparticles. Further
work is necessary to compare and contrast the different
methods in order to improve the solubility of anticancer
drugs with the goal of minimizing toxic effects on healthy
tissues while maintaining antitumor efficacy.

Experimental Section

Synthesis of nanoparticles and loading of CPT: All chemicals
for the synthesis of the nanoparticles were purchased from

Sigma–Aldrich. The FMSNs
were synthesized by first dis-
solving FITC (5.5 mg) in abso-
lute ethanol (3 mL) and then
adding APTS (12 mL). In another
container, cetyltrimethylammo-
nium bromide (CTAB; 0.5 g)
was dissolved in a mixture of
distilled water (240 mL) and
2m sodium hydroxide
(1.75 mL); the solution was
heated to 80 8C and stirred vig-
orously. The solution of FITC–
APTS was stirred under an inert
atmosphere for 2 h before tet-

Figure 3. Schematic representation of the CPT-loaded FMSNs (�130-nm diameter). The 2-nm-diameter
pores (not drawn to scale) of the nanoparticles were derivatized with FITC and filled with CPT drug mole-
cules, and the FMSNs surface was modified with THMP.

Figure 4. Cell-growth inhibition assay. ~: nonloaded FMSNs in PBS;
&: CPT in PBS; *: CPT in DMSO; ^: CPT-loaded FMSNs in PBS. The
concentration of FMSNs is shown on top of each figure, while the
concentration of CPT in DMSO, in PBS, or loaded in FMSNs, is shown
under each figure.

Figure 5. Apoptosis induced by CPT-loaded FMSNs. PANC-1 cells were
incubated for 24 h with A) CPT-loaded FMSNs, B) CPT in DMSO,
C) FMSNs, or D) 10% DMSO and were then stained with propidium
iodide/Hoechst 33342. E) DNA fragmentation assay. PANC-1 cells
were treated with 1) PBS, 2) CPT in PBS, 3) CPT in DMSO, or 4) CPT-
loaded FMSNs in PBS. F) Western-blot result. Ctrl: control; CPT/H2O:
CPT in water; CPT/DMSO: CPT in DMSO; CPT/FMSNs: CPT-loaded
FMSNs. The first antibodies used are caspase-3 and cleaved cas-
pase-3.
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raethylorthosilicate (TEOS; 2.5 mL) was added. Once the temper-
ature of the CTAB solution had stabilized, the ethanol solution
containing TEOS and FITC–APTS was added. After 15 min, 3-trihy-
droxysilylpropyl methylphosphonate (0.63 mL) was slowly added
to the mixture. After 2 h, the solution was cooled to room tem-
perature and the particles were filtered and washed with metha-
nol by using a fritted funnel. The particles were allowed to dry at
room temperature overnight. To remove the surfactants from the
pores of the particles, the particles (850 mg) were dissolved in a
mixture of methanol (90 mL) and 12.1m hydrochloric acid (5 mL)
and the solution was refluxed for 24 h. The particles were then
filtered and washed thoroughly to remove the surfactants and
unbound FITC.

To load drug molecules into the pores of the particles, the
FMSNs were soaked in a concentrated solution containing the
drug. Typically, the FMSNs (50 mg) were stirred in a solution con-
taining camptothecin (CPT; 5 mg) and DMSO (3 mL). After 24 h,
the mixture was centrifuged and the supernatant was removed.
By using UV/Vis spectroscopy, the absorption measurements of
the original solution and the supernatant were compared to de-
termine the amount of CPT that was loaded inside the FMSNs.
The drug-loaded FMSNs were dried under vacuum to remove
trace DMSO and then sonicated and washed twice with PBS
(pH 7.4) solution to remove CPT that was adsorbed on the sur-
face and not inside the pores.

Cell culture: Human cancer-cell lines PANC-1, AsPC-1, Capan-
1 (pancreatic), MKN45 (gastric), and SW480 (colon) were ob-
tained from the American Type Culture Collection and were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM; GIBCO)
or RPMI-1640 medium (Cellgro) supplemented with 10% fetal
calf serum (Sigma), 2% l-glutamine, 1% penicillin, and 1%
streptomycin stock solutions. The media were changed every
three days, and the cells were passaged by trypsinization before
confluence.

Fluorescence and confocal microscopy: The fluorescence of
the nanoparticles at an excitation wavelength of 470 nm was
used to confirm the cellular uptake of the FMSN. PANC-1, Capan-
1, and AsPc-1 cancer cells were incubated with FMSNs for vari-
ous time periods and then washed with DMEM medium and PBS
to wash off the nanoparticles that did not enter the cells. The
cells were then monitored by fluorescence microscopy with an
excitation wavelength of 470 nm. To examine the location of the
FMSNs within the cells, Acridine Orange (AO; Sigma) and lyso-
Sensor green DND-189 (Invitrogen) were used to monitor the ly-
sosomes and endosomes. Cells were cultured overnight on a
Lab-Tek chamber slide system (Nalge Nunc International). After
the cells were incubated with FMSNs for 3 h, they were washed
with PBS and examined with via confocal microscopy (lex=
470 nm; Carl Zeiss LSM 310 laser-scanning confocal micro-
scope). The same cells were then incubated with 6 mm AO or
1 mm lysoSensor green DND-189 for 1 h in DMEM without phenol
red, washed with PBS, and examined again by confocal micro-
scopy (lex=488 and 440 nm). The emission of the FMSNs was
passed through a 560-nm short-pass dichroic mirror. The green
emission was passed through a 530-nm band-pass filter and the
red emission was passed through a 600-nm long-pass filter; the
emissions were simultaneously collected by using two photo-
multiplier tubes. CPT exhibits intense blue fluorescence under
UV light. This property allows the use of fluorescence to study

the distribution of CPT inside the cells. PANC-1 cells were incu-
bated with CPT-loaded FMSNs or CPT suspended in PBS
(100 nm) for 3 h, washed three times with PBS, and then exam-
ined by fluorescence microscopy under UV light.

Cell death assay: The cytotoxicity assay was performed by
using a cell-counting kit from Dojindo Molecular Technologies,
Inc. Cancer cells were seeded in 96-well plates (5000 cells
well�1) and incubated in fresh culture medium at 37 8C in a 5%
CO2/95% air atmosphere for 24 h. The cells were then washed
with PBS and the medium was changed to a fresh medium con-
taining the CPT in DMSO, CPT-loaded FMSNs in PBS, FMSNs or
CPT suspended in PBS at the indicated concentrations. After
24 h, the cells were washed with PBS to remove the CPT and
FMSNs that were not taken up by the cells, and the cells were
then incubated in fresh medium for an additional 48 h. The cells
were washed with PBS and incubated in DMEM with 10% WST-8
solution for another 2 h. The absorbance of each well was mea-
sured at 450 nm with a plate reader. Since the absorbance is
proportional to the number of viable cells in the medium, the
viable cell number was determined by using a previously pre-
pared calibration curve (Dojindo Co.).

Apoptosis assay: Cell death was also examined by using the
propidium iodide and Hoechst 33342 double-staining method.
The cells were stained with propidium iodide/Hoechst 33342
(1:1) for 5 min and then examined with fluorescence microscopy.
A DNA fragmentation assay was also performed. PANC-1 cells
were treated for 24 h with 1) 100 nm CPT in PBS, 2) 100 nm CPT
loaded in FMSNs (suspended in PBS), or 3) 64 mgmL�1 nonload-
ed FMSNs in PBS. The cells were then washed twice with ice-
cold PBS and collected by trypsinization. The cell pellets were re-
suspended in tris(hydroxymethyl)aminomethane (Tris)/ethylene-
diaminetetraacetate (EDTA) buffer (500 mL; 20 mm Tris–HCl at
pH 8.0, 20 mm EDTA) containing 0.1% sodium dodecylsulfate
(SDS) and 0.5 mgmL�1 proteinase K at 50 8C for 2 h and then
treated with RNase A (0.02 mgmL�1) for 30 min at 37 8C. DNA
was extracted by using phenol/chloroform and ethanol precipita-
tion and was dissolved in distilled water, separated on a 2%
agarose gel, and stained with ethidium bromide.

Western blot analysis : Proteins were separated by gel elec-
trophoresis on a polyacrylamide gel containing SDS and then
transferred to nitrocellulose membranes. The membranes were
blocked with Tris-buffered saline (TBS) containing 5% (w/v)
skimmed milk. After being washed with TBS containing 0.1%
Tween 20 (Sigma), the membranes were incubated overnight at
room temperature with caspase-3 antibody (BD Science) and
cleaved caspase-3 antibody (Cellsignaling) diluted with TBS.
After being washed, the membranes were incubated for 2 h at
room temperature with the second antibody (Santa Cruz Biotech-
nology, CA). Bands were detected with an ECL system (Amer-
sham Pharmacia Biotech K.K., UK).

Statistical analysis: All results are expressed as mean values
� the standard deviation (SD). Statistical comparisons were
made by using Student’s t-test after analysis of variance. The re-
sults were considered to be significantly different at a P value
<0.05.
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