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Nanomechanical systems that are designed to trap and release

molecules from pores in response to a stimulus are currently

the subject of intense investigation.[1–23] Such systems have

potential applications for precise drug delivery. A photo-

activated material, for example, could release a drug under

external control at a specific time and location for photo-

therapy. Nanomaterials suitable for this type of operation

must consist of both an appropriate container and a

photoactivated moving component.

Mesoporous silica made by sol-gel methodology[24–26] is a

very useful container for molecules because the pores of both

particles[24,27] and films[25] are accessible to liquids and gases.

The pores in the silica materials are formed by templating

agents, usually surfactants, that are removed after the

formation of the structure is completed.[24,25] Diffusion of

molecules driven by concentration gradients, including

biomolecules, into and out of the pores has been demon-

strated.[28] Methods have been developed to make tubular

pores whose inner diameters can be varied between about 1

and 10 nm.[29] The pore walls and silica frameworks can readily

be derivatized with a large variety of molecules.[30–32]

Mesoporous silica nanoparticles with an average diameter

of about 200 nm can enter cells and have been used as gene

transfection reagents, cell markers, and carriers of molecules

such as drugs and proteins.[5,33–39]

Photoactivated moving parts based on the photoisome-

rization of azobenzene derivatives have been used in
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conjunction with mesoporous silica.[9–14] The dynamics of

the motion in pores of azobenzene derivatives, with substi-

tuents ranging from hydrogen atoms to dendrimers, has been

studied.[40] The decrease in the size of trans to cis isomers of

azobenzene molecules attached to pore interiors has been

used to regulate the transport of molecules through pores to

electrodes.[13] Of most relevance to this Communication, the

back and forth wagging motion has been demonstrated to act

as a molecular impeller that regulates the release of molecules

from the pores of silica nanoparticles under ‘‘remote control’’

upon photoexcitation.[9,14] Azobenzene-driven release, unlike

that regulated by many other nanomachines, can occur in

aqueous environments.

A second category of molecular machines, called nano-

valves, has been made by attaching various caps and molecular

moving parts to the pore entrances, to control the entrance and

egress of molecules into and from the pores. Examples of caps

include coumarin dimers,[7–9] CdS[5] or gold nanoparticles,[6]

polymeric gels,[1–3] and gold membranes.[4] Valves based on

moving parts that respond to external stimuli have been

demonstrated including trapping and releasing of molecules

by pH,[17] redox,[16] and competitive binding.[15] A completely

reversible nanovalve that can be opened and closed at will has

been used to control release of molecules from �2 nm pores of

mesoporous silica nanoparticles.[16] Examples of non-valved

light-controlled release include photosensitive liposomes[41–44]

and liposomes containing gold particles heated by photo-

excitation,[45] but only one type of valve actuated by light has

been reported.[18] Currently, the majority of these valves

(including the light-driven valve) only function in organic

solvents because the supramolecular recognition and binding

motifs are disrupted by highly polar and hydrogen-bonding

solvents such as water.

Herein we report the use of nanoimpeller-controlled

mesostructured silica nanoparticles to deliver and release

anticancer drugs into living cells upon external command.

Using light-activated mesostructured silica (LAMS) nanopar-

ticles, luminescent dyes and anticancer drugs are only released

inside of cancer cells that are illuminated at the specific

wavelengths that activate the impellers. The quantity of

molecules released is governed by the light intensity and the

irradiation time. Human cancer cells (a pancreatic cancer cell

line, PANC-1 and a colon cancer cell line, SW480) were

exposed to suspensions of the particles and the particles

were taken up by the cells. Confocal microscopy imaging of

cells containing the particles loaded with the membrane-

impermeable dye, propidium iodide (PI), shows that the PI is

released from the particles only when the impellers are photo-

excited (�0.1 W cm�2), resulting in staining of the nuclei. The

anticancer drug camptothecin (CPT) was also loaded into and

released from the particles inside the cells under light

excitation, and apoptosis was induced. Intracellular release

of molecules is sensitively controlled by the light intensity,

irradiation time, and wavelength, and the anticancer drug

delivery inside of cells is regulated under external control.

The LAMS particles functionalized with azobenzene

molecules were synthesized using modifications of reported

processes.[12,14] In the resulting particles, azobenzene moieties

were positioned in the pore interiors with one end attached
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Scheme 1. Designed pore interiors of the light-activated mesostructured silica (LAMS)

nanoparticles functionalized with azobenzene derivatives. Continuous illumination

at 413 nm causes a constant trans–cis photoisomerization about the N––N bond

causing dynamic wagging motion of the azobenzene derivatives and results in the

release of the molecules through and out of the mesopores.
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to the pore walls and the other end free to undergo

photoisomerization (Scheme 1). The morphology of the

spherical particles with ordered arrays of the pores was

proven by scanning electron microscopy (SEM) and transmis-

sion electron microscopy (TEM) (Figure 1). The X-ray

diffraction pattern exhibited a strong Bragg peak indexed as

{100} at 2u¼ 2.43 8, corresponding to a d-spacing of �3.6 nm.

Analysis of the nitrogen sorption isotherm of the particles

taken at 77 K indicated the Barrett–Joyner–Halenda (BJH)

average pore diameter of 1.9� 0.1 nm, Brunauer–

Emmett–Teller (BET) surface area of 621.19 m2 g�1, and

total pore volume of 0.248 cm3 g�1. It was calculated from

UV-vis spectroscopy that the silica particles contain about

2.4 wt% of the azobenzene derivatives.
Figure 1. Characterization of the surfactant-extracted LAMS particles.

A) Scanning electron microscopy (SEM) and B) transmission electron

microscopy (TEM) images of the particles. Right: magnified portion

of the TEM image.

Figure 2. Time-depe

photoexcited particle

the azobenzene acti
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Controlled expulsion of the pore con-

tents into solution was monitored by

luminescence spectroscopy.[14] Hydrophilic

Rhodamine B was chosen as a probe dye to

verify that the moving parts are able to trap

and release the probe molecules in an

aqueous environment. The fluorescence

emission spectrum of the Rhodamine B

probe molecules that were released from

the particles into water was recorded at one

second intervals. The intensities at the

emission maximum (l� 575 nm) as a

function of time are plotted in Figure 2.

The impellers in the nanopores trap the

probe molecules in the dark and promptly

release them in response to the light

excitation.

Based on the successful operation of the

impeller in water, in vitro studies were

carried out on two human cancer cell lines

(PANC-1 and SW480). To detect the

photoresponsive behavior of the impellers

inside of cells, a membrane-impermeable

dye, PI was chosen as the fluorescent
probe molecule and loaded into the particles following the

same procedure as that used for the Rhodamine B loading.

The cells were cultured overnight on a Lab-Tek chamber slide

system (Nalge Nunc International). After 3 h of incubation in

the dark with a 10mg mL�1 homogeneous suspension of PI-loaded

LAMS containing �0.24mg mL�1 of the azobenzene

machines, the cells were irradiated at 413 nm, a wavelength

at which both cis and trans azobenzene isomers have almost

the same extinction coefficient. The cells were exposed to

three different excitation fluences (�0.01, 0.1, 0.2 W cm�2)

with exposure times ranging from 0 to 5 min. As a control, the

cells were also exposed to 676 nm, a wavelength at which

azobenzene does not absorb, at the same light intensities for

the same amounts of time as in the release experiments. After

irradiation, the cells were again incubated in the dark for

10 min to allow the released PI to stain the nuclei of the cells,

and then examined by confocal microscopy (lex¼ 337 nm; Carl

Zeiss LSM 310 laser scanning confocal microscope).

Confocal fluorescence images of the PANC-1 cells showed

that only after the photoactivation of the azobenzene
ndent release of Rhodamine B dye from the

s into water. The arrow indicates the time at which

vation light was turned on.
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Figure 3. Confocal microscopy images of the photocontrolled staining of the nuclei

of PANC-1 cancer cells. Plasma-membrane-impermeable propidium iodide (PI)

molecules were loaded in the pores of LAMS and the dye-loaded particles were

incubated with the cells for 3 h in the dark. The cells were then exposed to the

activation beam for 1 to �5 min. After further incubation in the dark for 10 min, the

cells were examined with confocal microscopy (lex¼ 337 nm) A) Cells incubated

with the PI-loaded LAMS and illuminated for 0 (a), 1 (b), 3 (c), or 5 min (f) under a

constant �0.2 W cm�2, 413 nm light or with different light intensities (�0.01 (d) or

�0.1 W cm�2 (e) for 5 min with a 413 nm light). B) PANC-1 cells incubated with

the PI-loaded LAMS (g), free PI molecules (h), or empty LAMS (i) were kept in the

dark and exposed to a 413 nm light. C) Cells incubated with the PI-loaded LAMS

were illuminated with �0.2 W cm�2, 676 nm light for 0 (j), 1 (k), or 5 min (l).

Scale bar: 30 mm.
impellers was the PI released from the LAMS, resulting in

staining of the cell nuclei (Figure 3). When the cells were

irradiated for 5 min with 413 nm light of �0.2 W cm�2 beam

intensity, the nuclei were stained red, but negligible staining of

the nuclei was observed in the cells kept in the dark. For cells

excited with a decreased intensity, �0.1 W cm�2, the nuclei

were stained to a lighter red, and no staining was observed

from �0.01 W cm�2 irradiation, which did not activate the

impellers enough to enable them to release much PI

(Figure 3A, d–f). When exposed to different excitation times

of up to 5 min under constant fluence of�0.2 W cm�2 at 413 nm,

the nuclei were stained increasingly redder with increasing
small 2008, 4, No. 4, 421–426 � 2008 Wiley-VCH Verlag GmbH & Co. KGaA
activation time (Figure 3A, a–c,f)), verifying

that the amount of PI released is directly

related to the total number of photons

absorbed. The cells were not stained when

the LAMS were irradiated at 676 nm (�0.2

W cm�2) because that wavelength is not

absorbed by the impellers (Figure 3C). These

results prove that the impeller operation can be

regulated by the light intensity, excitation time,

and specific wavelength, and that these con-

trollable factors directly affect the amount of

the pores’ contents that is released. When cells

were incubated with free PI that were not

loaded into the particles, cell staining did not

occur (Figure 3B, h), proving that the free PI

molecules cannot enter the cells. The staining

of the nuclei is thus caused only by the PI that is

carried into the cells by the LAMS and released

from the particles when they are photoexcited.

Similar results were obtained in experi-

ments using colon cancer cells SW480 (Sup-

porting Information). Staining of the nuclei

was caused by illuminating the LAMS with

�0.2 W cm�2, 413 nm light. The LAMS parti-

cles function controllably in multiple cell types.

To test the ability of the LAMS to transport

and then controllably release drug molecules

inside cancer cells, the particles were loaded

with the anticancer drug camptothecin

(CPT). A 10 mg mL�1 homogeneous suspension

of the drug-loaded particles was added to the

cancer cells. After 3 h of incubation in the dark,

the cells were irradiated with �0.1 W cm�2,

413 nm light for various excitation times (0 to

10 min). The power density of �0.1 W cm�2

was chosen for this experiment based on the PI

cell staining results. For the confocal cell

imaging measurements, the irradiated cells

were again incubated for 48 h in the dark and

then stained with a 1:1 mixture solution of PI

and Hoechst 33342 dye to investigate the cell

death. As control experiments, cells incubated

with empty LAMS particles and cells without

any treatment were exposed to the excitation

light.

Cell death was induced under photocontrol.

In the absence of light excitation, the CPT
remained in the particles and the cells were not damaged

(Figure 4C, l). Illumination, however, promptly expelled the

CPT from the particles, causing cancer cell apoptosis that is

demonstrated by nuclear fragmentation and chromatin

condensation[46–48] (Figure 4A). The cell nuclei all fluoresced

blue from the Hoechst 33342 dye while no red fluorescent cell

nuclei stained by the PI dye were detected, confirming that the

cell death did not result from cellular membrane damage but

from apoptosis by the released CPT inside of the cells. The

cells containing empty LAMS particles (no CPT) that were

exposed to the excitation beam for 10 min did not undergo cell

death, indicating that the LAMS particles are biocompatible
, Weinheim www.small-journal.com 423
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Figure 4. Light-triggered delivery of the anticancer drug camptothecin (CPT) inside

PANC-1 cancer cells to induce apoptosis. CPT molecules were loaded into the

pores of the LAMS and a homogeneous suspension of the CPT-loaded particles

(10 mg mL�1) was added to the cells that were incubated in Lab-Tek chamber slides

for 3 h in dark. The cells were then irradiated under �0.1 W cm�2, 413 nm light

for 1 to 10 min, again incubated in the dark for 48 h, and double-stained with

propidium iodide/Hoechst 33342 solution (1:1). A) CPT-loaded particles were

incubated with cancer cells and illuminated for 1 (a), 3 (b), 5 (c), or 10 min (d–f).

B) As a control, cells (with no particles) were exposed to the light for 10 min (g),

and cells including the CPT-unloaded LAMS were exposed for 5 (h) or 10 min (i).

C) Untreated cells (j), cells incubated with CPT-unloaded (k) or -loaded

(l) LAMS were kept in the dark for 48 h. Scale bar: 30 mm.

424
with the living cells (Figure 4B, h and i). The �0.1 W cm�2,

413 nm activation light beam did not affect the cell survival

(Figure 4B, g). CPT suspended in PBS was not taken up by the

cells due to its insolubility and thus did not kill the cells. These

observations demonstrate that cancer cell apoptosis is caused

only by the CPT released from the LAMS particles inside cells

under external photocontrol.

To further confirm that cell death was caused by the

cytotoxicity of the CPT expelled from the particles, quanti-

tative measurements of cell viability were made for another set

of the same samples (10 mg mL�1 particles incubated with

cells) placed in 96-well plates. After incubation with LAMS

with and without CPT loading and illumination with
www.small-journal.com � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, We
�0.1 W cm�2, 413 nm, the cells were kept

in the incubator for an additional 72 h. The

number of surviving cells was then counted

using a cell counting kit from Dojindo

Molecular Technologies, Inc.[39] The result

showed that the cell death induced by CPT

only occurred under light illumination, and

that the cell death rate increases with longer

cell illumination time, which is consistent

with the cell morphologic observations. The

surviving cells decreased to about half after

10 min of photoexcitation of the impellers

(Figure 5). At a higher concentration

(100 mg mL�1) of the particles, cell survival

decreased more dramatically; only �40% of

the PANC-1 cells and �14% of the SW480

survived the released CPT after 10 min

of light excitation (Figure 5).

In summary, we demonstrated that the

biocompatible nanoimpeller-based delivery

system regulates the release of molecules

from nanoparticles inside of living cells. This

nanoimpeller system may open a new avenue

for drug delivery under external control at a

specific time and location for phototherapy.

Manipulation of the machine is achieved by

remote control by varying both the intensity

of the light and the time that the particles are

irradiated at the specific wavelengths where

the azobenzene impellers absorb. The CPT

loading (�0.6 wt%) in the LAMS was higher

than that for underivatized mesostructured

silica,[39] possibly because of the hydrophobic

molecular interactions between azobenzene

moieties and CPT. When excited at 413 nm,

the continuous photoisomerization of the

azobenzene acts as an impeller and expels

CPT out of the pores. The light intensity

needed to activate the impellers, �0.1

W cm�2 at 413 nm, does not damage the

cells. The action of the LAMS is monitored

by release of PI and the consequent staining

of the cell nuclei, and by the release of CPT

that induces apoptosis. The delivery and

release capability of light-activated meso-

structured silica particles containing mole-
cular impellers is the first step towards a novel platform for the

next generation of nanotherapeutics with both spatial and

temporal external control.
Experimental Section

Synthesis of Light-Activated Mesostructured Silica Nanoparti-

cles: The chemicals for the particle synthesis were purchased

from Sigma–Aldrich. The bifunctional modification strategy[31,32]

was used to incorporate 4-phenylazoaniline (4-PAA) into the

interiors of the particle pores. Organosilane molecules containing
inheim small 2008, 4, No. 4, 421–426



Figure 5. In vitro cytotoxicity assay. 5000 PANC-1 or SW480 cancer

cells were incubated with different concentrations of CPT-loaded or

unloaded particles in 96-well cell-culture plates. After incubation for

72 h following the light excitation, the numbers of surviving cells were

counted using the cell counting kit. The viability is shown as the

percentage of the viable cell number in treated wells compared to

untreated wells. All experiments were performed in triplicate, and the

results are shown as the mean�SD. Here, LAMS refers to cells

treated with 10 or 100mg mL�1 LAMS. CPT refers to whether the CPT was

loaded (þ) or absent (�) in the LAMS. Light refers to whether the

cells were exposed to blue light (wavelength 413 nm) for 0, 1, 3, 5,

or 10 min, followed by incubation for 72 h.
azobenzene moieties were first generated via coupling reaction

of 4-PAA (0.142 g) with isocyanatopropylethoxysilane (ICPES)

(0.71 mL) linker in ethanol (5 mL) under N2 for 4 h. In another

flask, the templating agent dodecyltrimethylammonium bromide

(DTAB) (1 g), NaOH (2 M, 3.5 mL), and deionized H2O (480 mL)

were stirred for 30 min at 80 -C. To this surfactant solution,

tetraethylorthosilicate (TEOS) (4.67 g) and the ethanol solution

containing the azobenzene machines were slowly added and

vigorously stirred. After 2 h the particles were filtered and washed

with MeOH. The surfactant was extracted by stirring 1 g of the

particles in MeOH (100 mL) with concentrated HCl solution (1 mL)

for 6 h at 60 -C.

Dye Loading Procedure: The probe molecules, Rhodamine B or

propidium iodide, are loaded into the mesopores by soaking and

stirring �20 mg of the particles in aqueous solution of the dye

(1 mM) at room temperature for 12 h. The suspensions of particles

in aqueous dye solution were then centrifuged for �10 min, and

the supernatant was decanted. The particles were suspended

again in deionized water and sonicated for at least 10 min. This

step was repeated at least twice to thoroughly remove the dyes

adsorbed onto the particle surface. The particles were then dried

at room temperature.

Anticancer Drug Loading Procedure: A solution of dimethyl-

sulfoxide (DMSO) (0.6 mL) containing CPT molecules (1 mg) was

prepared, and LAMS particles (10 mg) were added. After stirring

the suspension for 24 h, the mixture was centrifuged for 10 min

and the supernatant solution removed. The CPT-loaded LAMS
small 2008, 4, No. 4, 421–426 � 2008 Wiley-VCH Verlag
particles were then dried under vacuum. To determine the amount

of CPT molecules loaded in the LAMS, the drug-loaded LAMS were

suspended and sonicated with DMSO (4 mL), placed in a quartz

cuvette as in the release experiment, and irradiated by �0.2

W cmS2, 413 nm light for 10 min. The DMSO suspension of the

particles was then centrifuged and the UV-vis absorption spectrum

of the supernatant solution containing the released CPT molecules

was measured. The concentration of CPT calculated from the

absorbance was �0.09 mM. To confirm that most of the loaded

CPT molecules were released from the particles, the supernatant

taken out for the absorbance measurement was placed back into

the cuvette with the centrifuged particles, excited for 50 min,

and the absorbance measurement was repeated. It was determined

that about 0.12 mg of CPT molecules was loaded into 20 mg of the

particles.

Spectroscopic Setup for Controlled Release Experiments: The

Rhodamine B-loaded particles were carefully placed on the bot-

tom of a cuvette filled with deionized H2O. The liquid above

powder was monitored continuously by a 10 mW, 530 nm probe

beam. The LAMS powder was activated with a 10 mW, 457 nm

excitation beam. Both the cis and trans azobenzene isomers

absorb at that wavelength with a conversion quantum yield of

about 0.4 for trans to cis and 0.6 for cis to trans.[40] The release

profiles are obtained by plotting the luminescence intensity at the

emission maximum as a function of time.

Cell Culture: PANC-1 and SW480 Cells were obtained from the

American-type culture collection and were maintained in Dulbec-

co’s modified Eagle’s medium (DMEM) (GIBCO) and Leibovitz’s

L-15 medium (Cellgro), respectively, supplemented with 10% fetal

calf serum (Sigma, MO), 2% L-glutamine, 1% penicillin, and 1%

streptomycin stock solutions with regular passage.

Cell Death Assay: Cell death was examined by using the

propidium iodide and Hoechst 33342 double-staining method.

The cells incubated on a Lab-Tek chamber slide system were

stained with propidium iodide/Hoechst 33342 (1:1) for 5 min

after treatment with CPT-loaded LAMS or free LAMS particles

followed by light irradiation, and then examined with fluorescence

microscopy. The cell survival assay was performed by using the

cell-counting kit from Dojindo Molecular Technologies, Inc. Cancer

cells were seeded in 96-well plates (5000 cells per well) and

incubated in fresh culture medium at 37 -C in a 5% CO2, 95% air

atmosphere for 24 h. After incubation with LAMS with and without

CPT loaded and illumination with �0.1 W cmS2, 413 nm light, the

cells were kept in the incubator for an additional 72 h. The cells

were then washed with PBS and incubated in DMEM with 10%

WST-8 solution for another 2 h. The absorbance of each well was

measured 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 prepared

calibration curve (Dojindo Co.).

Statistical Analysis: All results are expressed as mean values

W the standard deviation (SD). Statistical comparisons were made

by using Student’s t-test after analysis of variance. The results

were considered to be significantly different at a P value <0.05.

Keywords:

drug delivery . mesopores . molecular machines . nano-
particles
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