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Abstract

Mesoporous silica nanoparticles (MSNP) have proven to be an extremely effective solid support
for controlled drug delivery on account of the fact that their surfaces can be easily functionalized
in order to control the nanopore openings. We have described recently a series of mechanized
silica nanoparticles, which, under abiotic conditions, are capable of delivering cargo molecules
employing a series of nanovalves. The key question for these systems has now become whether
they can be adapted for biological use through controlled nanovalve opening in cells. Herein, we
report a novel MSNP delivery system capable of drug delivery based on the function of β-
cyclodextrin (β-CD) nanovalves that are responsive to the endosomal acidification conditions in
human differentiated myeloid (THP-1) and squamous carcinoma (KB-31) cell lines. Furthermore,
we demonstrate how to optimize the surface functionalization of the MSNP so as to provide a
platform for the effective and rapid doxorubicin release to the nuclei of KB-31 cells.

Introduction

Mesoporous silica nanoparticles1 (MSNP) are versatile, noncytotoxic solid supports for
nanovalve-controlled drug delivery.2 Mechanized silica nanoparticles that are capable of
stimuli-responsive release of cargo molecules are presently under active investigation.3 A
key challenge for these integrated systems is whether they can be designed for biological use
through autonomously controlled nanovalve opening inside cells of interest. Herein, we
report a MSNP delivery system based on the operation of supramolecular nanovalves that
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are tightly closed at physiological pH (7.4) but capable of opening and delivering drugs in
acidifying cellular compartments. We demonstrate how to optimize the system for operation
at certain pH levels for the efficient release of some drug molecules by varying the surface
functionalization of the nanopores. The operation of this autonomous integrated nanosystem
with appropriate design features is demonstrated in human differentiated myeloid (THP-1)
and squamous carcinoma (KB-31) cell lines.

The MSNP employed in this work are ~100 nm spheres containing ordered two-dimensional
hexagonal arrays of tubular pores with diameters of ~2 nm. The nanopores are large enough
to contain common biological dyes and anticancer drugs, yet small enough to be blocked by
macrocyclic organic molecules, such as the cyclodextrins. There is currently much interest3

in developing stimuli-responsive methods for controlling access to and from the nanopores.
These methods range from coating the nanoparticles with polymers4 to controlling
individual nanopores with molecules that undergo large-amplitude motions.2b The latter
offers the highest degree of control because the “gatekeeper” molecules are bonded
covalently inside or at the entrances of the nanopores.3a The MSNP pores also have been
functionalized with nanoimpellers, or supramolecules, including pseudorotaxanes, as well as
molecules, such as bistable rotaxanes and simpler rotaxanes of the “snap-top” variety3a at
the nanopore entrances. These systems respond to physico-chemical stimuli such as light,
oxidation/reduction, enzymes, and changes in pH in order to release the trapped cargo
molecules.5 For in vitro or in vivo biological applications, both external stimuli (such as
light5a) as well as autonomous conditions (for example, intracellular enzymes5b or pH5c–g)
can be used. In this paper, we demonstrate the autonomous activation of supramolecular
nanovalves on mechanized silica nanoparticles initiated by intracellular pH changes without
invasive control.

Experimental Section

Materials

3-Aminopropyltriethoxysilane (APTS, 99%), ammonium chloride (>99%),
cetyltrimethylammonoium bromide (CTAB, 90%), β-cyclodextrin (98%), N,N′-
dicyclohexylcarbodiimide (99%), doxorubicin (98%), FITC-dextran (MW = 70 000),
fluorescein isothiocyanate (FITC, 90%), phorbol-12-myristate-13-acetate (PMA, >99%), 1-
pyreneacetic acid (97%), tetraethyl orthosilicate (TEOS, 90%), and 3-(trihydroxysilyl)propyl
methylphosphonate monosodium aqueous solution (42%) were purchased from Sigma. N-
(2-Aminoethyl)-3-aminopropyltrimethoxysilane (90%) and chloromethyltrimethoxysilane
(90%) were obtained from Gelest. Benzimidazole (98%) was purchased from Fluka.
Apoptosis TUNEL detection kit (Click-iT TUNEL kit), bovine serum albumin (BSA),
DPBS solution, L-glutamine, Hoechst 33342, penicillin, RPMI 1640 medium, streptomycin,
and wheat germ agglutinin were obtained from Invitrogen. Fetal calf serum (FCS) was
purchased from Atlanta Biologicals. Mouse-anti-human mAb (H4A3) was purchased from
Abcam. All reagents were used without further purification. Mono(6-diethylenetriamino-6-
deoxy)-β-cyclodextrin was prepared according to literature procedures.6

Synthesis of MSNP

In a typical synthesis, cetyltrimethylammonoium bromide (CTAB, 250 mg, 0.7 mmol) was
mixed with NaOH solution (875 µL, 2 M) and H2O (120 mL). The mixture reaction was
heated to 80 °C. Fluorescein isothiocyanate (2.7 mg) was dissolved in absolute EtOH (1.5
mL) and mixed with 3-aminopropyltriethoxysilane (6 µL) for 2 h. After the temperature had
stabilized, tetraethyl orthosilicate (1.2 mL) was mixed with the ethanolic FITC-APTS
solution and added to the CTAB solution. For amine-modified samples, N-(2-aminoethyl)-3-
aminopropyltrimethoxysilane [60 (5% w/w), 90 (7.5% w/w) or 120 (10% w/w) µL] was
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mixed with TEOS-FITC-APTS solution. For phosphonate-coated nanoparticles, 3-
(trihydroxysilyl)propylmethylphosphonate (315 µL) was added to the solution after 15 min.
The solution was stirred vigorously at 80 °C for 2 h. The synthesized nanoparticles were
centrifuged and washed with MeOH.

Synthesis of 1-Methyl-1H-benzimidazole (MBI)-Modified Nanoparticles

Benzimidazole (24 mg, 0.2 mmol) was dissolved in anhydrous N,N′-dimethylformamide
(DMF, 2.2 mL). Tetrabutylammonium iodide (4 mg) and anhydrous NEt3 (0.3 mL) were
added into the solution, followed by adding chloromethyltrimethoxysilane (30 µL). The
solution was heated to 70 °C under N2 for 24 h. The solvent was then removed in vacuo and
the resulting mixture was washed with hexane. The mixture was added to a PhMe/EtOH
suspension (40 mL of PhMe and 1 mL of EtOH) of the as-synthesized MSNP (200 mg). The
suspension was refluxed under N2 for 12 h, centrifuged, and washed with MeOH. The
CTAB surfactants were removed by dispersing the as-synthesized materials in MeOH (60
mL) and concentrated HCl (2.3 mL, 12 M), and refluxed under N2 for 12 h. The materials
were collected by centrifugation and washed with MeOH.

Synthesis of Pyrene-Modified β-Cyclodextrin

Mono(6-diethylenetriamino-6-deoxy)-β-cyclodextrin (1.22 g, 1.0 mmol) and N,N-
dicyclohexylcarbodiimide (0.21 g, 1.0 mmol) were dissolved in DMF (30 mL) in the
presence of a small amount of 4 Å molecular sieves under an atmosphere of Ar. 1-
Pyreneacetic acid (0.26 g, 1.0 mmol) was dissolved in DMF (10 mL) and then added
dropwise into this solution. The reaction mixture was stirred for 2 days in an ice bath and
then for another 2 days at room temperature, before being left to stand for 5 h until no more
precipitate was deposited. The precipitate was removed by filtration, and the filtrate was
poured into acetone (150 mL). The precipitate that formed in acetone was collected by
filtration and subsequently purified on a Sephadex G-25 column with water as eluent. After
the residue had been dried in vacuo, a pure sample (0.66 g, 45%) of mono[6-(1-
pyreneacetamido)diethylenediamino-6-deoxy]-β-cyclodextrin was obtained as a colorless
solid. 1H NMR (500 MHz, D2O, 25 °C, TMS): δ = 2.48–2.61 (m, 8H, NCH2CH2N), 3.58–
3.86 (m, 42H), 4.21 (s, 2H, COCH2Py), 4.95–5.04 (m, 7H), 7.86–8.11 ppm (m, 9H, Py-H);
MS (HR-MALDI): Calcd for C64H93N3O35 m/z 1463.56, found m/z 1462.56 [M+].

Drug Loading

For Hoechst 33342 loading, MBI-modified nanoparticles (50 mg) were mixed with Hoechst
33342 (5 mL) in aqueous solution (1 mM). The suspension was stirred for 12 h before β-
cyclodextrin (200 mg) or pyrene-modified β-cyclodextrin (200 mg) was added. The mixture
was stirred for another 12 h, and the nanoparticles were centrifuged and washed with H2O.

For doxorubicin loading, MBI-modified nanoparticles (10 mg) were mixed with an aqueous
solution (0.25 mL, 4 mg mL−1) of doxorubicin and stirred for 12 h. Then, β-cyclodextrin (40
mg) was added before stirring for another 12 h. The sample was then centrifuged and
washed with H2O.

Assessment of Drug Release

The release profiles were obtained by time-resolved fluorescence spectroscopy, as
previously described.5d Briefly, a probe beam (448 nm, 20 mW for doxorubicin-loaded
samples; 377 nm, 16 mW for Hoechst-loaded samples; 351 nm, 20 mW for pyrene-modified
β-CD) was directed into the water or cell culture medium to excite the dissolved cargo
molecules. The luminescence spectrum of the dissolved cargo was collected in 1 s intervals
over the course of the experiment. 0.1 M HCl was added to decrease the pH to desired value.
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The luminescence intensity at the emission maximum of the dye was plotted as a function of
time to generate a release profile.

Physicochemical Characterization of MSNP Coated with Nanovalves

MSNP coated with nanovalves were characterized for sizes, zeta potentials, and shapes,
respectively. The shapes and porous structures were characterized using transmission
electron microscopy (JEOL JEM 1200-EX, JEOL USA, Inc., Peabody, MA). The
nanoparticle sizes and zeta potentials in pure water, BSA water solution (1 mg mL−1), and
cell culture media were measured by ZetaSizer Nano (Malvern Instruments Ltd.,
Worcestershire, UK). All of the measurements were performed with the nanoparticles
suspended in filtered water or filtered cell culture media at 40 µg mL−1 nanoparticle
concentration.

Cell Culture

THP-1 and KB-31 cells were maintained in 25 or 75 cm2 cell culture flasks in which the
cells were passaged every 2–4 days. THP-1 cells were cultured in RPMI 1640 medium
containing 10% fetal calf serum, penicillin (100 U mL−1), streptomycin (100 µg mL−1), and
L-glutamine (2 mM). Differentiation of THP-1 cells was induced by phorbol-12-
myristate-13-acetate (PMA, 100 nM) for 3 days before conducting cellular experimentation.
KB-31 cells were cultured in DMEM containing 10% FCS, penicillin (100 U mL−1),
streptomycin (100 µg mL−1), and L-glutamine (2 mM).

Lysosomal Localization by Immunocytochemistry

Differentiated THP-1 cells and KB-31 cancer cells were grown on chamber slides and were
treated by FITC-labeled unloaded nanoparticles (40 µg mL−1) for 6 h, before being fixed,
permeabilized, and labeled with a standard immunocytochemistry protocol. LAMP-1
staining was performed by using a 1:500 dilution of mouse-antihuman mAb (H4A3) for 16 h
at 4 °C. This procedure was followed by a TRITC-conjugated 1: 500 dilution of goat-
antimouse secondary antibody for 1 h at room temperature. Cell membranes were costained
with Alexa Fluor 633 conjugated wheat germ agglutinin (WGA, 5 µg mL−1) in PBS for 30
min. Slides were mounted with Hoechst 33342 and visualized under a confocal microscope
(Leica Confocal 1P/FCS) in the UCLA/CNSI Advanced Light Microscopy/Spectroscopy
Shared Facility.

Use of Confocal Microscopy To Study Cargo Release from Nanovalve-Coated MSNP

To track cargo release in cells, the cells were placed on chamber slides and exposed to the
FITC-labeled nanoparticles for the indicated time. The doses of Hoechst- or doxorubicin-
loaded MSNP added to THP-1 cells and KB-31 cells were 10 and 50 µg mL−1, respectively.
Confocal images were captured at each time point. Since the cargo release is a proton-
sensitive process, we used NH4Cl (20 mM) to neutralize lysosomal pH. To measure
intranuclear Dox release quantitatively, Image J software (version 1.37c, NIH) was used to
analyze the nuclear fluorescence.

Measurement of Lysosomal pH

A published method7 was used to measure lysosomal/endosomal pH. Since FITC-labeled
dextran is endocytized and accumulates in lysosomes, lysosomal pH values can be
determined by the changes of this compound’s fluorescence spectrum under different pHs7

(4.0 to 7.0). First, FITC-dextran (MW = 70 kD, 10 µg mL−1) was incubated at various pH
values and a fluorescence intensity at 520 nm was measured at excitation wavelengths of
495 and 450 nm, using a microplate reader (Molecular Devices, SpectraMax M5e). A
standard curve was constructed by comparing the fluorescence intensity at the two excitation
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wavelengths (495/450 nm) against solution pH. To measure the lysosomal pH with or
without the lysomal neutralizer, THP-1 and KB-31 cells were placed into 25 cm2 flasks and
incubated with 70 kD FITC-dextran (1 mg mL−1) with or without NH4Cl (20 mM) for 24 h.
To thoroughly remove the extracellular FITC-dextran, the cells were washed five times with
cold PBS (Invitrogen). 5 × 106 cells were harvested and resuspended into cold DPBS (1
mL). Cellular fluorescence of cells at 520 nm was measured at excitation wavelengths of
495 and 450 nm. The 495/450 ratio was used to obtain the pH value from the calibration
curve.

Cytotoxicity of Doxorubicin-Loaded Nanovalve-Coated MSNP in KB-31 Cells

To measure cytotoxicity of doxorubicin-loaded nanoparticles, a MTS cell viability assay
was performed. KB-31 cells were plated at 1 × 104 cells per well in a 96-well plate. To
confirm that proton-sensitive drug release leads to cell killing, the effect of NH4Cl was also
investigated. The cells were treated with doxorubicin-loaded MSNP (3–250 µg/mL) for 80 h
with or without the addition of NH4Cl (20 mM). Cell viability was calculated from the
absorbance readout at 490 nm.

Apoptosis Assay

A TUNEL detection kit was used, according to the manufacturer’s instructions, to study the
protective effect of NH4Cl on doxorubicin-induced apoptosis. Briefly, after treatment with
doxorubicin-loaded nanoparticles in the presence or absence of NH4Cl for 60 h, cells were
washed, fixed, and permeabilized before TUNEL staining. The number of TUNEL positive
cells was assessed in fluorescent microscope (200×). At least three fields were counted by
the same investigator to calculate the percentage of TUNEL positive cells.

Statistical Analysis

Data shown are the mean ± SD for duplicate or triplicate measurements in each experiment,
which was repeated at least three times. Differences between the mean values were analyzed
by the two-sided Student’s t test or ANVOA and results were considered statistically
significant at p < 0.05.

Results and Discussion

A nanovalve delivery system was designed to meet a specific criterion; i.e., the nanovalve
must be closed tightly at pH 7.4—the pH of blood—but self-open in acidifying endosomal
compartments, such as lysosomes. In order to achieve this objective, it is necessary to
construct stalks that can be attached covalently to the nanopore openings and, in turn, will
bind a capping agent, capable of blocking the nanopore openings reversibly. The interaction,
a function of the binding constant, must be pH-dependent and change from a large value at
pH 7.4 to a small one in response to mild endosomal acidification conditions that will trigger
the release of the cap. After experimentation with a number of pH-responsive nanovalve
components, a series of aromatic amines were chosen as the stalk and β-cyclodextrin (β-CD)
as the cap. The β-CD ring encircles the stalks (Figure 1a) as a result of noncovalent bonding
interactions under neutral pH conditions and effectively blocks the nanopore openings and
traps the included cargo molecules. Lowering of the pH leads to protonation of the aromatic
amines, followed by β-CD cap release and cargo diffusion from the nanopores.

Two cell lines were chosen for in vitro biological testing: THP-1 because differentiated
THP-1 are macrophage-like and ingest particulate matter in a lysosomal compartment; and
KB-31 because it is a doxorubicin-responsive cervical cancer cell that can be used to test
effective drug delivery by the mechanized MSNP. In order to achieve the attachment and
release of the β-CD caps in the lysosomes of these cells, it was necessary to develop a
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nanovalve system that responds to the acidification level (pH < 6) that is attainable in the
LAMP-1-positive endosomal compartments of THP-1 and KB-31 cells. After a range of
aromatic amines that exhibit different pKa values (Table 1) were tested, the N-
methylbenzimidazole (MBI) stalk (Figure 1b) was chosen as the best candidate. Upon
protonation, the mechanized MSNP release their β-CD caps without causing any
cytotoxicity.

The nanovalves were attached covalently to MSNP, composed of ~100 nm primary
nanoparticles with uniform pore size ~2 nm, as indicated by TEM (Figure 1c). The MBI
stalks were synthesized and attached covalently to the MSNP surfaces by means of a
postsynthesis protocol (Figure 1a). The attachment was confirmed by 13C-CPMS NMR
and 29Si-CPMS NMR spectroscopies (Supporting Information, Figure S1). The
assynthesized nanoparticles exhibited a hydrodynamic radius of 900 nm in H2O as a result
of aggregation. Optimal dispersion of the nanoparticles was achieved by sonication in a 1
mg mL−1 solution of BSA in H2O. This procedure is quite effective for nanoparticle (~200
nm) dispersal and ultimately yields negatively charged nanoparticles (zeta potential −7 to
−9 mV), most likely as a result of the absorption of proteins from the medium (Supporting
Information, Table S1). The nanoparticle size remains stable over 24 h in the complete cell
culture medium.

In order to verify the functioning of the nanovalve system at appropriate pH conditions, the
functionalized MSNP were first of all loaded by soaking in concentrated solutions of
Hoechst 33342 dye or the fluorescent chemotherapeutic agent, doxorubicin. The
nanoparticles were then capped with β-CD in a concentrated aqueous solution and washed
carefully. The release of the trapped fluorescent molecules was tested in H2O at pH 7.0 and
monitored by time-resolved fluorescence spectroscopy. The capped and loaded
nanoparticles were placed in the corner of a cuvette and the surrounding liquid was stirred
gently. A probe beam was used to illuminate the liquid above the nanoparticles and to excite
the fluorescent molecules as they escaped the nanoparticles. The nanovalves remain closed
at pH 7 with no cargo leakage as shown in Figure 2, but upon decreasing the pH to 5, the
fluorescent guest molecules were released. In order to demonstrate that this process is
accompanied by β-CD release, the β-CD caps were labeled with pyrene. These fluorescent
caps were monitored by fluorescence spectroscopy so as to be able to follow their release
into the supernatant (Figure 2a). The rapid release curve shows that β-CD release precedes
the release of the Hoechst dye.

Curiously, the doxorubicin release was slow and incomplete compared to that of the Hoechst
dye. This observation raises the possibility that the cationic nature of this chemotherapeutic
agent (pKa = 8.2) causes it to interact electrostatically with the negatively charged Si–O−

groups in the MSNP nanopores and thus are held relatively tightly to the nanoparticles. In
order to alleviate this problem and obtain more rapid and complete release of doxorubicin,
the next step in the design strategy was to modify the MSNP surface to prevent electrostatic
interactions (Supporting Information, Figure S2a). Positively charged ammonium groups
were attached to the MSNP surface by a cocondensation method.3a Optimization of the
release was achieved by testing a series of concentrations of the ammonium groups to find
the cationic density at which the increase in electrostatic interactions—limiting the loading
capacity of doxorubicin—is outweighed by an optimal rate of release. Figure S2b
(Supporting Information) shows the loading yield of MSNP with different surface
modifications. The MSNP at an ammonium concentration of 7.5% (w/w) show a moderate
doxorubicin loading (1.7%, w/w): they can, however, release doxorubicin rapidly so that the
MSNP yield the maximum drug delivery per unit time (Supporting Information, Figure
S2c). Thus, functionalization with 7.5% ammonium was used in all subsequent experiments
for doxorubicin delivery. Figure 2b shows the improved pH-dependent release profiles of
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doxorubicin from the ammonium-modified compared to unmodified MSNP (Figure 2a). The
fine-tuning of the MSNP pores to optimize cargo specific drug delivery is another important
design feature of our system.

In order to prove that the nanovalve integrated system remains functional under biologically
relevant conditions, including the presence of buffered salts and growth supplements,
Hoechst and doxorubicin release were tested in THP-1 and KB-31 cell culture media. The
respective release profiles in RPMI 1640 (THP-1) and DMEM (KB-31) are similar to those
in H2O, and are shown in Supporting Information, Figure S3a and S3b. The flat baselines
and the typical release curves demonstrate that the nanovalve remains operational under
culture media conditions.

In order to determine whether the pH-responsive function is maintained intracellularly, it
was necessary to demonstrate that MSNP are taken up and capable of localizing in
acidifying endosomal compartments. This objective was accomplished by coincubating the
FITC-labeled MSNP with THP-1 and KB-31 cells, followed by conducting confocal
microscopy in which the late endosomal and lysosomal compartments were stained with
TRITC-labeled anti-LAMP-1 antibody. Imaging of both cell types demonstrated >80%
colocalization of the green-labeled nanoparticles with the red-labeled lysosomes (Figure 3a).
The lysosomal pH values in these cells were determined by measuring the ratios of
fluorescence of FITC-dextran at two excitation wavelengths (495/450 nm) and comparing
that to a standard pH curve to calculate lysosomal pH.7 The pH values in the acidifying
endosomal compartments of THP-1 and KB-31 cells decreased (Figure 3b) to 4.6 ± 0.2 and
5.2 ± 0.1, respectively. Introduction of the lysosomal pH neutralizer,8 NH4Cl, elevated
(Figure 3b) these values to pH 6.1 ± 0.4 and pH 6.2 ± 0.3 in THP-1 and KB-31 cells,
respectively. Thus, NH4Cl treatment provides a way of confirming the role of the acidifying
intracellular microenvironment for cargo release.

In order to verify these operational limits, confocal microscopy was used to follow the
kinetics of Hoechst dye and doxorubicin release in THP-1 and KB-31 cells, respectively.
Hoechst-loaded, FITC-labeled MSNP are efficiently taken up (Figure 4a) in THP-1 cells. At
the earlier times (1 and 3 h), the Hoechst dye is retained in the nanoparticles that localize in
the perinuclear regions as fluorescent blue dots, suggesting that the MSNP delivery system
does not leak (Figure 4a). However, this visual image changed after 6 h when the Hoechst
dye was released to the nuclei of THP-1 (Figure 4a) and KB-31 (not shown). This release
was accompanied by the disappearance of the blue dots in the perinuclear region, while the
FITC-labeled nanoparticles could still be visualized at this site for up to 36 h. Moreover,
NH4Cl treatment was quite effective at confining the Hoechst dye and FITC-labeled
nanoparticles to the perinuclear regions without observable nuclear staining (Figure 4a, right
panel). To quantitatively measure Hoechst release to the nucleus, Image J software was used
to quantify the nuclear fluorescence intensity (Figure 4b). The results confirmed a
statistically significant decrease in dye release to THP-1 nuclei by NH4Cl treatment. Similar
results were observed when the cells were treated by bafilomycin,9 another lysosomal pH-
neutralizer that inhibits V-ATPases at lysosomal surface10 (not shown).

While studying doxorubicin release in KB-31, these cells also efficiently took up FITC-
MSNP to the perinuclear regions within 3 h, whereupon there was observable drug release
(red fluorescence) to the nucleus (Figure 4c). This release was followed by progressive
nuclear changes that reflect the pharmacological effect of the drug, including the formation
of apoptotic bodies by 60 h and nuclear fragmentation by 80 h. Again, this visual image was
dramatically changed by NH4Cl treatment, a situation which led to most of the drug being
retained inside the nanoparticles and little or no evidence of nuclear staining and cell death
(Figure 4c, right panel). This visual impression was further confirmed by Image J software
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analysis which showed a statistically significant decrease in nuclear doxorubicin staining in
the NH4Cl-treated cells (Figure 4d). A MTS assay was also performed to confirm that
NH4Cl treatment does indeed have the ability to interfere in cytotoxicity (Figure 4e). While
the MSNP nanovalve-functionalized MSNP were devoid of cytotoxicity at nanoparticle
doses as high as 250 µg/mL, the doxorubicin-loaded nanoparticles resulted in apoptosis that
can be confirmed by TUNEL staining11 (Supporting Information, Figure S4). NH4Cl
treatment interfered in the induction of programmed cell death (Figure S4, Supporting
Information). Nondrug loaded MSNP, fitted with nanovalves, do not exert detectable
cytotoxicity in either KB-31 cells or the 3T3 normal fibroblast cell line (Figure S5,
Supporting Information). This observation is in accordance with the low toxicity of the MBI
compound used to construct the nanovalve.12

Conclusion

In summary, we demonstrate pH-sensitive nanovalve-functionalized MSNP that function as
a drug delivery vehicle in cells. The N-methylbenzimidazole stalks with the optimized pKa
endow the nanovalves with the capability of binding the β-CD ring strongly at pH 7.4 and
trapping dye and drug molecules in the nanopores. Deprotonation at pH <6, as in acidifying
endosomal compartments, causes dissociation of the β-CD caps and release of the cargo
molecules. By modifying the interior of the silica surface, the rate of release of the positively
charged doxorubicin molecules was increased. Nanoparticles loaded with Hoechst dye and
the anticancer drug doxorubicin were efficiently taken up into acidifying endosomal
compartments in THP-1 and KB-31 cells. Doxorubicin release from within the LAMP-1
positive endosomal compartments results in apoptotic cell death in KB-31 cells. The fact
that drug release and cell killing can be inhibited by lysosomal pH neutralizer supports the
hypothesis that the cargo release is caused by lysosomal acidification. The development of
pH-sensitive MSNP, functionalized with nanovalves, could improve the efficacy and safety
of drug delivery13 for chemotherapeutic agents, for example.14 We are currently conducting
animal studies to demonstrate the efficacy and its improved safety profile of this drug
delivery system in human tumor-bearing mouse models. To further improve the targeting
capability of the drug delivery system based on mechanized MSNP in vivo, additional
surface modifications using conjugating ligands, such as transferrin and folic acid, are also
being carried out in our laboratories at this time.
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Figure 1.

A graphical representation of the pH responsive MSNP nanovalve. (a) Synthesis of the stalk,
loading of the cargo, capping of the pore, and release of the cap under acidic conditions.
Based on our calculations,15 the maximum number of stalks per nanopore is 6, and the
maximum number of fully assembled nanovalves per nanopore is 4. The average nanopore
diameter of the MSNP is around 2.2 nm, and the periphery diameter of the secondary side of
β-cyclodextrin is ~1.5 nm. Thus, for a cargo with diameter >0.7 nm, a single nanovalve
should be adequate to achieve effective pH-modulated release. (b) Details of the protonation
of the stalk and release of the β-cyclodextrin. (c) TEM image of capped MSNP. The scale
bar is 100 nm.
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Figure 2.

Release profiles of cargo molecules and the cyclodextrin. (a) Fluorescence intensity plots for
the release of Hoechst dye, doxorubicin, and the pyrene-labeled cyclodextrin cap released
from MSNP. (b) Release profiles of doxorubicin from ammonium-modified (7.5%, w/w)
nanoparticles showing the faster and larger response compared to the unmodified MSNP
(Figure 2a).
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Figure 3.

Cellular uptake and lysosomal pH measurements in THP-1 and KB-31 cells. (a) Confocal
microscopy images showing FITC-labeled MSNP uptake into the LAMP-1+ compartment in
THP-1 and KB-31 cells. The yellow spots in the merged image show the colocalization of
the nanovalve MSNP with LAMP-1 positive compartment. The colocalization ratio, as
determined by Imaging J software, indicates >80% colocalization of the green-labeled
nanoparticles with the red-labeled lysosomes. (b) Measurement of lysosomal pH in THP-1
and KB-31 cells prior to and after NH4Cl treatment (*p <0.05). The dashed line indicates
that a threshold pH (6.0) is required for nanovalve opening. Since NH4Cl treatment elevates
the pH to above this threshold, it eliminates the microenvironment that is required for cargo
release.
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Figure 4.

Confocal images of THP-1 and KB-31 cells incubated with MSNP containing Hoechst dye
and doxorubicin drug for the indicated times. (a) Hoechst-loaded, FITC-labeled MSNP are
efficiently taken up in THP-1 cells. In early time points (1 and 3 h), Hoechst was retained in
nanoparticles localized in the perinuclear region. The gradual disappearance of blue dots in
perinuclear region and gradual increase in nuclear staining indicate the release of Hoechst
dye from the nanoparticle to the nucleus. By 36 h, most of dye was released. NH4Cl
effectively prevented Hoechst release. (b) Quantitative analysis of the nuclear Hoechst
fluorescence signal was determined by Image J software in cells with or without NH4Cl
treatment. (c) KB-31 cancer cells effectively endocytosed the doxorubicin-loaded FITC-
MSNP at 3 h. This action is followed by doxorubicin release to the nucleus, induction of
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cytotoxicity and appearance of apoptotic bodies by 60 h (arrow in Figure 4c), followed by
nuclear fragmentation after 80 h. However, with NH4Cl treatment, most of the doxorubicin
was confined to the nanoparticles and hence there was no observable cell death. (d)
Quantitative analysis of the nuclear doxorubicin fluorescence signal was determined by
Image J software with or without NH4Cl treatment. (e) Doxorubicin-loaded MSNPs, fitted
with a pH nanovalves, inhibited KB-31 viability efficiently as determined by a MTS assay.
Doxorubicin-induced cytotoxicity was partially inhibited by NH4Cl treatment.
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Table 1

Optimization of the Operational pH Conditions of MSNP Fitted with Different Stalks To Define
Physiologically Responsive Nanovalvesa

a
(a) The pKa values were calculated by Advanced Chemistry Development (ACD/Labs) Software V8.14 for Solaris (©1994–2010 ACD/Labs). (b)

The pKa of MBI-β-CD is highlighted in red and represents the stalk chosen for the reported experiments. The release pH increases as the pKa value

of the aromatic group chosen for the stalk goes up. Biocompatible MBI was chosen because the nanovalves are closed tightly in neutral condition
but self-open in acidifying endosomal compartments.
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