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Abstract Biocompatible mesoporous silica nanoparticles,
containing the fluorescence dye fluorescein isothiocyanate
(FITC), provide a promising system to deliver hydrophobic
anticancer drugs to cancer cells. In this study, we
investigated the mechanism of uptake of fluorescent
mesoporous silica nanoparticles (FMSN) by cancer cells.
Incubation with FMSN at different temperatures showed
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that the uptake was higher at 37°C than at 4°C. Metabolic
inhibitors impeded uptake of FMSN into cells. The
inhibition of FMSN uptake by nocodazole treatment
suggests that microtubule functions are required. We also
report utilization of mesoporous silica nanoparticles to
deliver a hydrophobic anticancer drug paclitaxel to PANC-1
cancer cells and to induce inhibition of proliferation.
Mesoporous silica nanoparticles may provide a valuable
vehicle to deliver hydrophobic anticancer drugs to human
cancer cells.

Keywords mesoporous silica nanoparticle - endocytosis -
hydrophobic drugs - drug delivery - cancer

Introduction

The last decade saw increasing interest in using nano-
particles for biomedical applications, including disease
treatment, diagnosis, tracking, and drug delivery. Research
into rational delivery and targeting of therapeutic and
diagnostic agents is at the forefront of cancer research [1,
2]. Nanoparticles offer great potential to deliver therapeutic
agents into targeted organs or cells and are actively
developed for application in cancer therapy. Among nano-
particles in development, polymeric micelles, polymeric
and ceramic nanoparticles, viral-derived capsid nanopar-
ticles, liposomes, albumin nanoparticles and silica nano-
particles have been widely studied. One application of such
nanocarriers is to encapsulate, covalently attach, or adsorb
therapeutic agents to the nanoparticles to overcome drug
solubility problems. This is of importance, as large portions
of new drug candidates emerging from high-throughput
drug screening initiatives are water insoluble [3]. Another
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application is to use nanoparticles for targeting to specific
cells and organs within the body. This is accomplished by
functionalizing their surface with antibody or appropriate
ligands [4].

Mesoporous silica nanoparticles possess several attrac-
tive features such as large surface areas and porous interiors
that can be used to store various molecules [5]. In addition,
their pore size and environment as well as their size and
shape can be easily modified, making them a suitable
choice as intracellular drug carriers [6]. In our previous
study [7], we successfully incorporated a representative
hydrophobic anticancer drug camptothecin (CPT) into the
pores of fluorescent mesoporous silica nanoparticles
(FMSN) and delivered CPT into a variety of human cancer
cells to induce cell death, demonstrating that mesoporous
silica nanoparticles are promising in overcoming the
insolubility problem of anticancer drugs.

In this paper, we first addressed the mechanism of
uptake of FMSN into cancer cells. Different incubation
temperatures and various chemicals were used to gain
insight into the uptake mechanism. We also examined
whether a hydrophobic anticancer drug paclitaxel can be
delivered into cancer cells by utilizing FMSN as a drug
nanocarrier. Here, we report that FMSN can be taken up by
human cancer cells through energy-dependent endocytosis
mechanism and that FMSN can be used as a delivery
vehicle for paclitaxel.

Experimental
Synthesis of Nanoparticles

All chemicals used for the synthesis of the nanoparticles
were purchased from Sigma-Aldrich and used without
further purification. In a round-bottom flask, 12 pL amino-
propyltriethoxysilane (APTS) was added to a solution of
5.5 mg fluorescein isothiocyanate (FITC) and 3 mL
absolute ethanol and stirred under inert atmosphere. In
another container, 0.5 g cetyltrimethylammonium bromide
(CTAB) was dissolved in a solution of 240 mL distilled
water and 1.75 mL sodium hydroxide (2 M) and stirred
vigorously at 80°C. The solution of FITC-APTS was stirred
for 2 h before adding 2.5 mL tetraethylorthosilicate (TEOS).
Once the temperature of the CTAB solution had stabilized,
the ethanol solution containing TEOS and FITC-APTS was
added. After 15 min, 0.63 mL of 3-trihydroxysilylpropyl
methylphosphonate was added to the mixture. Two hours
later, the solution was cooled to room temperature, and the
particles were filtered and washed with methanol. The
particles were dried at room temperature overnight. To
remove the surfactants from the pores of the particles,
850 mg of particles were dispersed in a solution of 90 mL

methanol and 5 mL hydrochloric acid (12.1 M) and refluxed
for 24 h. The particles were then filtered, washed thoroughly
with methanol, and dried at room temperature.

Materials Characterization

FMSN were analyzed using scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). For the
TEM analysis, a drop of diluted FMSN solution was
deposited onto copper grid and dried at room temperature.
The images were collected using JEOL JEM-1011 transmis-
sion electron microscopy (JEOL, Japan) operated at 80 kV
with a Gatan digital camera (Gatan, USA). For the SEM
analysis, a drop of diluted FMSN solution was deposited
onto carbon tape, dried at 60°C, and sputtered with gold. The
materials were analyzed using JEOL JSM-6700F Field
Emission Scanning Electron Microscopy (JEOL, Japan).

Cell Culture

Human pancreatic cancer cell line, PANC-1, and hepatoma
cell line, Hepa-1, obtained from the American Type Culture
Collection were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal calf serum
(Sigma), 2% L-glutamine, 1% penicillin, and 1% streptomy-
cin stock solutions, incubated at 37°C under a 5% CO, 95%
air atmosphere. The media were changed every 3 days, and
the cells were passaged by trypsinization before confluence.

Fluorescence and Confocal Microscopy

The fluorescence of FITC was used to monitor cellular
uptake of FMSN. Cells were incubated with FMSN for 3 h
at 37°C under a 5% CO, 95% air atmosphere in an eight-
chamber Lab-Tek chamber slide system with covers (Nalge
Nunc International), washed with phosphate-buffered saline
(PBS), and examined with confocal microscopy (Aex=
470 nm; Carl Zeiss LSM 310 laser scanning confocal
microscopy). To examine the distribution of FMSN within
the cells, the same cells were then incubated with 6 uM of
Acridine Orange (AO; Sigma), which specifically stains
lysosomes/endosomes to red [8], for 1 h in DMEM without
phenol red, washed with PBS, and examined by confocal
microscopy again (Aex=488 nm). The emission light was
passed through a 560-nm short-pass dichroic mirror. The
green emission was passed through a 530-nm bandpass
filter, and the red emission was passed through a 600-nm
longpass filter. Both emissions were simultaneously col-
lected using two photomultiplier tubes.

Immunocytochemistry Cells cultured in chamber slides
were also labeled for the location of lysosomes according
to standard immunocytochemistry procedures. Briefly, after
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treating with FMSN for 3 h, cells were fixed, permeabi-
lized, and blocked before antibody labeling. To label
LAMPI1 (lysosome-associated membrane protein 1) [9],
we used a rat anti-mouse monoclonal antibody (1D4B;
Abcam, Cambridge, MA). Primary antibody was incubated
with the cells for 1 h at room temperature, and then, a 1:500
dilution of secondary antibody (Alexa-594 goat anti-rat
IgG, molecular probes, Eugene, OR) was incubated for 1 h
at room temperature. Slides were mounted in Prolong anti-
fade medium containing DAPI as counterstain (molecular
probes), and then examined with confocal microscopy.

Cell Treatment and Confocal Microscopic Analysis

To determine whether the uptake of FMSN into cancer cells
was energy-dependent, the cells were incubated with
FMSN under different metabolic conditions. The uptake
assay was performed in the presence of sodium azide,
sucrose, bafilomycin A, nocodazole, or brefeldin A. Cells
were seeded on eight-chamber Lab-Tek chamber slides for
24 h, then preincubated at 4°C with either 0.1% sodium
azide, or sucrose (0.45 M), or bafilomycin A (0.05 uM), or
nocodazole (2 pg/ml), or brefeldin A (5 pg/ml) for 10 min.
The FMSN suspension in PBS was then added, and the
cells were incubated for an additional 3 h at 37°C. The
uptake was stopped by washing the cells three times with
cold PBS, and then the cells were fixed with 4%
paraformaldehyde in PBS for 1 h at room temperature and
washed with PBS. The chambers of slides were removed,
and each slide was mounted with fluorescence-free glycer-
ol-based mounting medium (Fluoromount-G; Southern
Biotechnology Associates, USA) by cover glasses. Cells
were analyzed by confocal microscopy (Carl Zeiss LSM
310 laser scanning confocal microscopy).

Loading Anticancer Drug in the Pores of FMSN

To load the paclitaxel drug molecules into the pores of the
nanoparticles, 25 mg of FMSN were soaked in a solution
containing 1 mg paclitaxel (Sigma-Aldrich, USA) and
2 mL DMSO. After 24 h, the mixture was centrifuged,
and the supernatant was removed completely. The pacli-
taxel-loaded FMSN was dried under vacuum to remove
trace DMSO. The paclitaxel-loaded FMSN were washed
and sonicated with PBS two times, and the supernatants
were collected for absorbance measurement. The concen-
tration of paclitaxel in the supernatants that represents
weakly adsorbed drug molecules was calculated by mea-
suring the absorbance of paclitaxel at 273 nm. To measure
the amount of paclitaxel that is stored inside FMSN, the
paclitaxel-loaded FMSN were then resuspended in metha-
nol and sonicated thoroughly to remove the paclitaxel from

the pores of FMSN (paclitaxel has high solubility in
methanol). After centrifugation, the supernatant was col-
lected, and the process was repeated two more times to
completely remove the drug from the pores of FMSN. The
concentration of paclitaxel in the supernatant was calculat-
ed by measuring the absorbance of paclitaxel at 273 nm.
The amount of paclitaxel adsorbed outside of FMSN was
less than 5% of the amount that was stored inside FMSN.

Cell Growth Assay

Cells were cultured in 96-well plates (3,000 cells/well) with
fresh DMEM at 37°C in a 5% C0O,/95% air atmosphere for
24 h, then washed with PBS, and the medium was changed
to a fresh medium along with paclitaxel in DMSO,
paclitaxel-loaded FMSN in PBS, unloaded FMSN, or
paclitaxel suspended in PBS at the indicated concentrations.
The cells were washed with PBS, 24 h later, to remove
paclitaxel and FMSN that were not taken up by the cells and
continued incubating in DMEM for an additional 48 h. WST-
8 solution (cell counting kit-8, Dojindo Molecular Technol-
ogies, Inc.), 10%, was then added to cells and incubated for
another 2 h. The absorbance of each well was measured at
450 nm with a plate reader. As the absorbance is proportional
to the number of viable cells in the medium, the viable cell
number was determined using a prepared calibration curve.

Cell Morphology Analysis

Cells were seeded in eight-chamber Lab-Tek chamber for
24 h, washed with PBS, and then the medium was changed to
a fresh medium along with paclitaxel in DMSO, paclitaxel-
loaded FMSN in PBS, FMSN or paclitaxel suspended in
PBS at the indicated concentrations. After 24 h, the medium
was changed to fresh DMEM, and incubation was continued
for an additional 24 h. The cells were then washed with PBS
and analyzed by light microscopy.

Statistical Analysis
All results are expressed as means+SD. Statistical compar-
isons were made using Student’s ¢ test after analysis of

variance. The results were considered to be significantly
different at P value<0.05.

Results and Discussion
Characteristics and Cellular Uptake of FMSN
Mesoporous silica nanoparticles provide a promising

vehicle to deliver anticancer drugs to cancer cells. The
nanoparticles used in this study were less than 130 nm in
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Fig. 1 Characterization of
FMSN. a Transmission electron
microscopy image and b Scan-
ning electron microscopy image
(SEM) of FMSN

diameter and contained pores that were around 2 nm in
diameter. Approximately 750 pores are present per particle.
Figure 1 shows electron microscopy analysis of the
morphology of the nanoparticles and the hexagonal arrays
of the pores. FITC dyes were covalently bonded within the
pores of the nanoparticles to enable the monitoring of
FMSN by using fluorescent microscopy. In addition, the
surface of FMSN was modified with inert and hydrophilic
phosphonate group to prevent aggregation caused by the
interparticle hydrogen bonding interaction between the
anionic silanol groups and the unreacted cationic amine
groups. Preparation of FMSN is described in the Experimental
section and in our previous publication [7].

Uptake of FMSN by cancer cells was observed using
confocal microscopy. Cancer cells were incubated with
FMSN and then washed with PBS to remove nanoparticles
that were outside the cell. The fluorescence of the nano-
particles, which were derivatized with fluorescein, was
monitored by confocal microscopy. Figure 2 shows
intracellular location of FMSN in PANC-1 (A) and Hepa-
1 cells (B). PANC-1 cells were treated with FMSN
followed by staining with Acridine Orange. This dye
specifically stains lysosomes red and the whole cell green
(Fig. 2a, left panel). Location of FMSN was identified by
their green fluorescence (Fig. 2a, right panel). As shown in
Fig. 2a, the green fluorescence of FMSN overlapped with
the red fluorescence of Acridine Orange, indicating that
FMSN are taken into lysosomes shortly after they are taken
up by cells. Similar results were observed in Hepa-1 cells as
shown in Fig. 2b. In this case, we used an antibody against
LAMPI1 (lysosome associated membrane protein 1) to
detect lysosomes. Red fluorescence from LAMPI in
Hepa-1 cells overlapped with the green fluorescence from
FMSN, resulting in a yellow composite staining pattern as
shown in Fig. 2b (fusion).

Energy-Dependent Endocytosis of FMSN by Cells

A number of processes including phagocytosis and endo-
cytosis could account for the uptake of nanoparticles into
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cells. To further characterize the mechanism of uptake of
FMSN, the cells were first incubated with FMSN at 37°C
or 4°C. As shown in Fig. 3, the lower temperature (4°C)
significantly impeded cellular uptake of FMSN in PANC-1
cells, compared with the uptake at 37°C. This result raised

Fusion

Fig. 2 Uptake of FMSN by cancer cells. a PANC-1 cells stained with
Acridine Orange (leff) and the fluorescence of the nanoparticles within
the same cell (right). The red fluorescence showed the location of
lysosomes. b After incubation of Hepa-1 cells with FMSN for 3 h,
location of FMSN was compared with that of LAMPI that was
determined by using anti-mouse monoclonal antibody (1D4B) and
secondary antibody (Alexa-594 goat anti-rat [gG). Nuclei were stained
with DAPI
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Fig. 3 Confocal laser scanning
microscopy images of FMSN
taken up by cancer cells. PANC-
1 cells were incubated at 37°C
or 4°C for 30 min, and then the
uptake was examined. Nuclei
were stained with DAPIL. Left
panel: nuclei; middle panel:
FMSN; right panel: merged im-
age. Cell periphery is indicated
by dotted lines

DAPI

FMSN

Fusion

the possibility that FMSN enter cells in an energy-
dependent manner. To further investigate this point, effects
of different metabolic inhibitors on the uptake of FMSN
into cells were examined. The cells were incubated with
several metabolic inhibitors, such as sodium azide [10],
sucrose [11], and bafilomycin A [12], FMSN were added,
and the cells were cultured. Uptake of FMSN was
examined using confocal microscopy. As shown in Fig. 4,
preincubation with different metabolic inhibitors, including
sodium azide (which depletes intracellular ATP), sucrose
(which suppresses coated pit function), and bafilomycin A
(which inhibits the v-ATPase function), suppressed the
uptake of FMSN into PANC-1 cells. Sodium azide is
widely used as an inhibitor of cellular respiration, decreas-
ing intracellular ATP concentration. Thus, its inhibition of
the uptake of FMSN suggested that the uptake was an
energy-dependent process. Clathrin-coated pits are the
primary plasma membrane location [13] involved in the
uptake of molecules through endocytosis. The hypertonic
environment induced by sucrose, which disrupts coated-pit
function, impeded FMSN uptake, suggesting that the
uptake process involved clathrin-mediated endocytosis.
The proton pump vacuolar ATPase (V-ATPase) energizes
plasma membranes in mammalian cells [14]. Pretreatment
with bafilomycin A which is a strong V-ATPase inhibitor
completely suppressed the uptake of FMSN, indicating that
the uptake occurred through a V-ATPase-dependent trans-
port mechanism.

To investigate the effect of other endocytosis inhibitors,
the microtubule depolymerizer nocodazole [15] or the
plasma membrane polarity inhibitor brefeldin A [16] was
preincubated with PANC-1 cells before the addition of
FMSN. As shown in Fig. 4, while brefeldin A did not show

any effect on FMSN uptake, nocodazole significantly
disrupted the uptake, suggesting that a dynamic microtu-
bule network, which is important for vesicular transport, is
necessary for FMSN uptake.

Significance of the energy-dependent endocytosis on the
uptake of silica-based nanoparticles has been reported with
silica nanoparticles that are different from the FMSN used
in this study. Chung TH et al. [17] reported an actin-
dependent endocytosis of mesoporous silica nanoparticles
in 3T3-L1 cells. Using the organic fluorescent dye,
rhodamine B, Kim et al. [18] showed that silica-overcoated
magnetic nanoparticles were taken up by AS549 cells
through energy-dependent endocytosis. Gemeinhart et al.
[19] reported that dense silica nanoparticles were internal-
ized by an endosome-lysosomal route in Chinese hamster
ovarian cells. Xing et al. [20] used rhodamine 6G
isothiocyanate (RITC)-doped silica-coated nanoparticles to
show an energy-dependent endocytic process by HelLa
cells. Taken together, these studies demonstrated the
importance of temperature and energy-dependent endocy-
tosis in the uptake of FMSN into human cancer cells.

Delivery of Hydrophobic Anticancer Drug Paclitaxel
to Cancer Cells by FMSN

Many anticancer drugs have poor water solubility, which
hampers the ability of drugs to be administered via the
intravenous route. Therefore, development of novel deliv-
ery systems for these drugs without resorting to the use of
organic solvents is critical for cancer therapy. We have
previously used FMSN to deliver a hydrophobic anticancer
agent camptothecin into cancer cells to induce apoptosis
[7]. To investigate whether this can be applied to other
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Control Sodium azide

sucrose

Bafilomycin A

Nocodazole Brefeldin A

Fig. 4 Confocal microscopy images of FMSN uptake in the presence
of several metabolic inhibitors. PANC-1 cells were preincubated with
metabolic inhibitors at the concentration indicated in the Experimental
section and were then incubated with FMSN at 37°C for 1 h. Cells
were fixed and observed with confocal microscopy. Nuclei were
stained with DAPI

drugs, we have tested whether another hydrophobic drug
paclitaxel can be delivered to cancer cells by FMSN.

By soaking FMSN in a concentrated paclitaxel/DMSO
solution, the drug molecules can enter the pores. After the
organic solvent was removed by centrifugation and high
vacuum, the hydrophobic drugs would be retained inside
the pores. Because delivering paclitaxel into cancer cells is
expected to lead to growth inhibition and cell death [21],
the cytotoxic effects of paclitaxel-loaded FMSN was
examined. Growth inhibition of PANC-1 cells was ob-
served with the cells treated with the suspension of
paclitaxel-loaded FMSN in PBS. The extent of inhibition
was comparable to that observed using paclitaxel dissolved
in DMSO (Fig. 5a). In addition, we observed morphologic
change of the cells treated with paclitaxel-loaded FMSN in
PBS or paclitaxel dissolved in DMSO. Cells became round
and smaller upon the treatment (Fig. 5b). These results are
consistent with the effects of paclitaxel, which hyper-

stabilizes microtubule structure and causes morphologic
changes in addition to its growth inhibitory effects.

As shown in Fig. 5a, empty FMSN did not cause
inhibition of proliferation of PANC-1 cells. Also, we did
not observe any cytotoxic effects of FMSN with other
pancreatic cancer cell lines Capan-1 and AsPc-1, a colon
cancer cell line SW480 and a stomach cancer cell line
MKN45 [7]. In addition, FMSN did not cause cytotoxic
effects in a macrophage cell line RAW264.7 (data not
shown), in contrast to other nanoparticles such as ZnO and
cationic nanospheres that cause cytotoxic effects. These
results suggest that the mesoporous silica nanoparticles

a Concentration of FMSN (pg/ml)
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Fig. 5 Cell growth inhibition assay. a PANC-1 cells were treated with
empty FMSN in PBS (filled triangles), paclitaxel in DMSO (filled
squares), paclitaxel in H,O (filled circles), or paclitaxel-loaded FMSN
in PBS (ex mark), and the percentage of viable cells was compared to
control wells without treatment (¥-axis). The concentration of FMSN
is shown on ftop of each figure (ug/ml), while that of paclitaxel in
DMSO, in PBS, or loaded in FMSN (pg/ml), is shown under each
figure (nM). b Representative images of PANC-1 cells. PANC-1 cells
were treated with 4 1.15 pg/ml of empty FMSN, B 1 nM paclitaxel in
DMSO, C 1 nM paclitaxel in H,O, or D 1.15 mg/ml of paclitaxel-
loaded FMSN for 24 h, and then were observed with light microscopy
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themselves are not toxic to cultured mammalian cells. Other
studies also point to biocompatibility of silica nanoparticles
in human cells [22-24].

Together with our previous study demonstrating the
successful loading of camptothecin and delivery into
pancreatic cancer cells, FMSN have now been shown to
serve as a delivery vehicle for two representative hydro-
phobic anticancer drugs, camptothecin and paclitaxel. It
will be interesting to investigate whether this method is
applicable to other anticancer drugs. Because the low water
solubility of anticancer drugs is frequently encountered in
the development of effective therapy for cancer, our studies
suggest that the mesoporous silica nanoparticles offer a
solution to this problem in drug development.

Conclusion

In this study, we have shown that fluorescent mesoporous
nanoparticles (FMSN) are efficiently taken up by human
cancer cells and that this cellular uptake requires energy use
and temperature-dependent endocytosis. Work is ongoing
to further define the endocytosis pathway utilized by the
nanoparticles. We have also shown that a hydrophobic
anticancer drug paclitaxel can be stored in FMSN and
delivered to human cancer cells resulting in the inhibition
of proliferation of these cells. These results point to the
useful feature of FMSN as a valuable vehicle for anticancer
drugs. We are currently attaching nanovalves to FMSN so
that the stored anticancer drugs can be released in a
controlled manner. We believe the utilization of FMSN
will provide a promising avenue for the development of an
effective delivery system for cancer therapy.
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