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Lung cancers, malignant mesotheliomas (MM), and fibrosis are
devastating diseases with limited treatment strategies, in part due
to poorly-effective drug delivery to affected areas of lung. We hy-
pothesized that acid-prepared mesoporous spheres (APMS) (1-2 pm
diameter, 40 A pore size) might be effective vehicles for pulmonary
chemotherapeutic drug delivery. To assess this, APMS, chemically
modified with different surface molecules (lipid, a linker having a
terminal amine group, a thiol group, or tetraethylene glycol [TEG]),
were evaluated for uptake and possible cytotoxic effects after in
vitro administration to murine alveolar epithelial Type Il (C10) and
human mesothelioma (MM) cells and after intrapleural or intranasal
administration to C57BIl/6 mice. APMS coated with TEG (APMS-TEG)
were most efficiently taken up by C10 and MM cells. The mechanism
of cell uptake was rapid, actin-dependent, and did not involve
clathrin- or caveolae-mediated mechanisms nor fusion of membrane-
bound APMS with lysosomes. When injected intrapleurally in mice,
APMS-TEG were taken up by both CD45-positive and -negative cells
of the diaphragm, lung, and spleen, whereas APMS administered
by the intranasal route were predominantly in lung epithelial cells
and alveolar macrophages. After intrapleural or intranasal adminis-
tration, APMS were nonimmunogenic and nontoxic as evaluated
by differential cell counts and lactate dehydrogenase levels in bron-
choalveolar and pleural lavage fluids. In the treatment of lung and
pleural diseases, APMS-TEG may be useful tools to deliver chemo-
therapeutic drugs or molecular constructs.
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Nanoparticles, defined as particles of less than 0.1 pm in diame-
ter, have been proposed in the treatment of a number of diseases
(1-3). However, due to their small size, many of these particles
can enter cell organelles and disrupt normal cell functions (2,
3). In addition, various particles in the nano-scale range also
have systemic effects as they are dispersed by the systemic circu-
lation, and may also cross the blood-brain barrier (1-3). Thus,
there are general concerns regarding potential toxic and systemic
effects of nanoparticles after administration. To circumvent
these problems, we developed a novel fine particle for the deliv-
ery of various drugs and other molecules. We hypothesized that
targeted drug delivery of respirable fine particles (defined as
0.1-2.5 pm diameter) (4) intranasally or intrapleurally would
be nontoxic and beneficial in a number of airway and pleural
diseases.
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CLINICAL RELEVANCE

The research presented introduces a novel method (APMS)
of delivering drugs or constructs to cells in the treatment
of lung and pleural diseases. Acid-prepared mesoporous
spheres enter cells via a rapid, actin-dependent mechanism,
which is not membrane-bound.

Acid-prepared mesoporous spheres (APMS) are amorphous
silica-based particles created synthetically (5-7). Unlike crystal-
line silica, amorphous silica is not associated with the develop-
ment of lung disease and is nontoxic after administration via a
number of routes in vivo or in vitro (8). Importantly, the APMS
contain pores of various size dimensions that can allow them to
be loaded with therapeutic drugs and other cargo. Both the
diameter of the APMS and the pore size can be modified inde-
pendently to deliver “cargo” of different solubilities and molecu-
lar weights (9).

Studies here were undertaken to characterize the efficiency of
uptake of APMS by lung epithelial and malignant mesothelioma
(MM) cells in vitro. A series of surface modifications were first
explored to increase efficiency of APMS uptake by cells and to
elucidate possible mechanisms of cell internalization of APMS.
There is alarge body of literature indicating the use of pegylation
of proteins, dendrimers, aptamers, polymers, anticancer drugs,
and immunoliposomes to create “stealth particles” that can
evade uptake by immune cells and enhance the duration of
particle persistence in vivo (10-22). Thus, in our experiments,
APMS were synthesized and coated with different molecules,
including tetraethylene glycol (TEG), a short-chain polyethylene
glycol. Since APMS-TEG were most avidly taken up by lung
epithelial (C10) and human MM cells and were nontoxic to cells
at high concentrations, the mechanisms of uptake of APMS-TEG
were characterized further. Unlike ultrafine or nanoparticles,
APMS were not associated with the endoplasmic reticulum, mi-
tochondria, or endocytotic vesicles. In contrast to pathogenic
particulates such as asbestos or silica, cell uptake of APMS-TEG
did not involve encapsulation of particles by membranes into
phagosomes nor their merging with lysosomes. Their ability to
circumvent cellular digestion is a unique feature of APMS-TEG
that should permit their delivery of “cargo” intracellularly with-
out potential degradation after inhalation or intrapleural
administration.

MATERIALS AND METHODS

Cells and Reagents

Murine alveolar epithelial Type II cells (C10) (23) were maintained in
CMRL 1066 (P139-500; Biosource, Rockville, MD) supplemented with
10% fetal bovine serum (FBS) (35-010-CV; Mediatech, Herndon, VA),
2 mM L-glutamine (25030-156; GIBCO, Invitrogen, Carlsbad, CA), and
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penicillin-streptomycin (50 U/ml penicillin G, 50 wg/ml streptomycin
sulfate) (15140-122; GIBCO). Human MM cells kindly obtained from
Dr. Luciano Mutti (Maugeri Foundation, Pavia, Italy) were maintained
in DMEM/F12 50/50 medium (10-092-CV; Mediatech) supplemented
with 10% FBS, 0.1 pg/ml hydrocortisone (H-0135; Sigma, St. Louis,
MO), 2.5 pg/ml insulin, 2.5 pg/ml transferrin, 2.5 ng/ml sodium selenite
(I-1884; Sigma) and penicillin-streptomycin (50 U/ml penicillin G,
50 pg/ml streptomycin sulfate) (15140-122, GIBCO). Unless otherwise
specified, reagents were purchased from Sigma.

Synthesis of APMS

Cetyltrimethylammonium bromide (CTAB) (4.9 mM) was suspended
in 53.75 ml of an ethanol and distilled water mixture (at a 1:2.8 ratio).
Concentrated hydrochloric acid (HCI, 3.7 ml) was added, and the mix-
ture stirred until fully dissolved. Tetraethoxysilane (TEOS, 4.29 ml)
was then added with stirring for 5 min, followed by addition of 4.67 ml
of 0.5 M sodium fluoride (NaF, in water), the mixture heated at 373 K
for 40 min, and the resulting white precipitate captured by filtration,
washed 1X with distilled H,O, and air dried. The synthesized APMS
were placed under high vacuum to remove the remaining moisture.

Synthesis of APMS-NHMe, APMS-NH,, and APMS-SH

To modify their surface, APMS were reacted with an organosilane
containing the target functionality. As an example, to synthesize second-
ary amine-terminated particles, APMS (1 g) and N-methyl-propylami-
netrimethoxysilane (2 mM) were added to hexane (20 ml), and the
mixture was heated at 333 K for 2 h. After cooling to room temperature,
the solid was filtered, washed with hexane and ethanol, and dried at
373 K in air. To remove the surfactant (CTAB), 1 g of amine-modified
APMS with N-methyl-propylamine functionality (APMS-NHMe) was
refluxed twice for 6 h in ethanol followed by extensive washes with
ethanol. The resulting APMS-NHMe then was dried under high vac-
uum. To prepare APMS-NH, and APMS-SH, identical procedures were
followed except that the amine was replaced with aminopropyltrimeth-
oxysilane and mercaptopropyltrimethoxysilane, respectively.

Synthesis of APMS-Lipid and Fluorescently-Labeled APMS

To synthesize APMS with a lipid-modified surface, APMS-NH,
(0.300 g) was suspended in a solution of oleic acid (0.349 g) in N,N'-
dimethylformamide. Standard peptide bond-forming methodology (24)
was used to attach the acid to the surface, and after stirring at room
temperature for 12 h, the resulting material was captured by filtration,
washed and dried in air, and stored under vacuum. APMS could easily
be covalently labeled with appropriate fluorescent dyes, such as Alexa-
488 succinimide ester (Molecular Probes, Eugene, OR), by forming
peptide bonds.

Synthesis of APMS-TEG

A half gram of APMS-NHMe was suspended in 10 ml of anhydrous
ethanol containing mono-tosylated tetraethylene glycol (Ts-TEG)
(0.5 mM). The mixture was then refluxed for 6 h. The resulting APMS-
TEG was captured by filtration, washed with ethanol, and dried in
air. The APMS-TEG were placed under high vacuum to remove the
remaining solvent.

Synthesis of APMS-TEG Preloaded with Plasmid

Two milligrams of APMS-TEG modified with Alexa-633 was combined
with 1 ml of 0.2 M MgCl,, sonicated for 10 min, and incubated at room
temperature overnight. The supernatant was decanted, and APMS were
dried in a vacuum. One milligram of the APMS was then combined
with 0.2 ml PBS (pH 7.2) containing 10 ug of the plasmid, pCMV-
DsRed-Express (Clontech Laboratories, Inc., Mountain View, CA),
and sonicated for 30 min. Samples were then centrifuged, APMS were
washed 2X in PBS, and samples were dried in a vacuum.

Treatment of Cells with APMS

Cells were plated and grown to 70-80% confluence at 37°C in complete
medium. Medium was aspirated and replaced with maintenance me-
dium containing 0.5% FBS, and incubated for 24 h. APMS were then
resuspended in medium containing 0.5% FBS serum at a concentration
of ~ 6 X 10" APMS per 100 w1, mixed well, and sonicated 5X for 2 s,

to disperse any clumps. Fifty microliters were then added to cells at a
final density of 7.5 X 10%cm? surface area dish (i.e., ~ 185 particles/
cell).

Lactate Dehydrogenase Measurement for Measurement of
Cell Damage In Vitro

Cells were treated with APMS for various amounts of time, and lytic cell
damage was measured by determining levels of lactate dehydrogenase
(LDH) released into the medium using Cytotox 96 kit (Promega,
Madison, WI), as per manufacturer’s recommendations.

Sample Preparation for Scanning Electron Microscopy and
Transmission Electron Microscopy

Cells were grown on Thermanox plastic coverslips (Nalge Nunc Interna-
tional, Naperville, IL) in 12-well plates as described above, and treated
with APMS for various amounts of time. Coverslips were washed 2X
for 5 min with 0.1 M Millonig’s phosphate buffer (pH 7.2), then fixed
in 1:1 H,O dilution of Karnovsky’s fixative (2.5% glutaraldehyde, 1%
paraformaldehyde) at 4°C for 45 min. Samples were then washed with
Millonig’s phosphate buffer (pH 7.2), and post-fixed in osmium tetrox-
ide (OsO,) at 4°C for 30-45 min. Samples were then dehydrated in
graded ethanols, from 35% to 100%.

Scanning Electron Microscopy

Samples prepared as described above were critical point dried using
liquid CO, as the transition fluid in a Samdri PVT-3B critical point
dryer (Tousimis Research Corporation, Rockville, MD). Specimens
were mounted on aluminum specimen stubs using conductive graphite
paint and allowed to dry, and were sputter-coated for 4-5 min with
gold and palladium in a Polaron sputter coater (Model 5100; Quorum
Technologies, Guelph, ON, Canada). Specimens were then examined
with a JSM 6060 scanning electron microscope (JEOL USA, Inc.,
Peabody, MA).

Transmission Electron Microscopy and Elemental Analysis

Samples were prepared as described above and were infiltrated with
Spurr’s resin according to the following schedule: (100% ethanol:Spurr’s
resin) 3:1 for 30 min; 1:1 for 30 min; 1:3 for 30 min; and 100% Spurr’s
resin for 30 min. Flat embedding molds were filled with Spurr’s resin,
and coverslips were placed onto the surface of the resin, cell side down.
Resin was then polymerized overnight at 70°C. Polymerized blocks
were plunged into liquid nitrogen to facilitate peeling of the coverslips
from the resin block, and the resin blocks were cut into pieces and
remounted onto blank blocks for sectioning.

Semi-thin sections (1 wm) were cut using glass knives on a Reichert
Ultracut microtome, stained with methylene blue—azure II, and evalu-
ated for areas of cells. Ultra-thin sections (60-80 nm) were cut with a
diamond knife, retrieved onto 150 mesh copper grids, contrasted with
uranyl acetate (2% in 50% ethanol) and lead citrate, and examined
with a JEM 1210 transmission electron microscope (JEOL USA, Inc.)
operating at 60 kV.

Energy-Dispersive Spectroscopy

Grids from transmission electron microscopy (TEM) samples were ana-
lyzed, or portions of coverslips processed for scanning electron micros-
copy (SEM) were cut after critical point drying and fixed onto copper
bulk holders with conductive tape. They were sputter-coated with gold
and palladium as described above. Cells were imaged, and energy-
dispersive spectroscopy (EDS) was performed on samples by STEM
with a JEM 1210 transmission electron microscope (JEOL USA, Inc.),
equipped with an energy-dispersive X-ray spectrometer and IMIX
software, version 7 (hardware and software from Princeton Gamma-
Tech, Princeton, NJ). Accelerating voltage on the JEOL was 20 kV.
A spot analysis of APMS was performed with the IMIX collecting at
0-20 keV.

Confocal Scanning Laser Microscopy

Cells were grown on glass-bottom culture dishes (P35G-1.5-14-3;
MatTek Corporation, Ashland, MA) and treated with APMS as
described above. Cells were subsequently incubated with the nucleic acid
dye, Hoechst 33342 (H3570; Molecular Probes, Invitrogen), for 15 min.
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Medium was then removed and replaced with 1 ml ice-cold Ca** and
Mg**-free Hank’s Balanced Salt Solution without Phenol Red, con-
taining 5 wg/ml membrane dye FM4-64 (T3166; Molecular Probes, In-
vitrogen). Samples were kept on ice and immediately viewed on a
Zeiss LSM 510 META confocal scanning laser microscope (Carl Zeiss
Microimaging, Thornwood, NY).

Determination of Mechanisms of APMS Uptake by
Flow Cytometry

Cells were exposed for 30 min to chemical inhibitors of specific uptake
mechanisms: chlorpromazine (5 pg/ml), cytochalasin D (1 pwM), or
filipin (6.25 pg/ml)—that is, at effective concentrations as reported in
the literature (25-29)—or incubated at 4°C for 30 min before addition
of APMS for various amounts of time. Hoechst 33342 nucleic acid dye
(16.2 uM) (Molecular Probes, Invitrogen) was added 15 min before
harvesting cells. Cells were washed once in PBS and removed from
dishes using Accutase cell detachment solution (Innovative Cell Tech-
nologies, Inc., San Diego, CA), pelleted by centrifugation, resuspended
in calcium and magnesium-free PBS, and kept on ice until analyzed.
Samples were analyzed using a BD LSRII flow cytometer (BD Biosci-
ences, San Jose, CA) equipped with a Sapphire 488 (Coherent, Santa
Clara, CA) laser that emits at 488 nm to excite the Alexa 488 dye, and
a solid state Xcite (Lightwave) that emits at 355 nm to excite the
Hoechst 333342 nucleic acid dye (Molecular Probes, Invitrogen). Data
analysis was performed at the time of acquisition using Flow Jo (Tree
Star, Inc., Ashland, OR). This software package is an experiment-based
flow cytometry data analysis package designed for multicolor research.

To verify that the gating used in determining cell populations was
accurate, FACS analysis was performed on different populations. Popu-
lations of cells/APMS were selected based on their locations on histo-
grams, and were sorted, collected, and mounted on glass slides using
cytocentrifugation. Cell sorting was accomplished using a BD FACSARIA
(BD Biosciences) equipped with the following lasers: a Sapphire 488
(Coherent) that emits at 488 nm to excite the Alexa 488 dye, and an
IFlex 2000-P1-405 (Point Source, Southampton, UK) that emits at 407 nm
to excite the Hoechst 33342 nucleic acid dye. The fluorescent signals
from Alexa 488 were detected using 530/30 BP and 505 LP filters.
Hoechst staining was detected using 440/40 BP filter. Identification and
quantification of populations on cytospins were performed manually
with phase contrast and fluorescence microscopy using an Olympus
BX50 microscope (Olympus America, Lake Success, NY).

Delivery of Functional Plasmid Using APMS

C10 cells were grown on glass coverslips for 24 h. APMS conjugated
with the DNA plasmid, pCMV-DsRed-Express (Clontech Labora-
tories) were then added to cells at 37°C for 24 h. Cells were washed
3X with PBS, fixed in 4% paraformaldehyde, washed 3X in PBS, and
incubated with 1 pM SYTOX Green (Molecular Probes, Invitrogen)
for 5 min at room temperature. Coverslips were washed 3X in PBS,
mounted on glass slides, and viewed using CSLM.

Intrapleural Injection of APMS

APMS were suspended in PBS at a concentration of ~ 4 X 10" APMS
per 100 pl PBS. Samples were then mixed well and sonicated 5 X 2 s
to obtain an even suspension. C57B1/6 Mice were anaesthetized tempo-
rarily using isoflurane, and APMS were then injected into the pleural
cavity between the third and fourth right side intercostals. The needle
was inserted under the ribcage so as not to puncture the lung, and
100 pl of the APMS/PBS suspension was injected. Sham control mice
received 100 pl of PBS alone. Mice were observed until fully recovered
and for any adverse effects, and were killed after 3 or 7 d by intraperito-
neal injection of sodium pentobarbital.

Intranasal Instillation of APMS

APMS were suspended in PBS at a concentration of ~ 4 X 10" APMS
per 50 pl PBS. Samples were mixed well and sonicated 5 X 2 s to
obtain an even suspension. Mice were then anaesthetized temporarily
by exposure to isoflurane in a Bell jar, and APMS were instilled by
placing small drops on the nostrils of the mice and allowing them
to inhale 50 wl of APMS/PBS solution. Repeated short exposures to
isoflurane were necessary to complete the instillation. Mice were ob-
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served until fully recovered and for any adverse effects. After intranasal
administration, mice were allowed to recover for 6 or 24 h, after which
they were killed as described above.

Tissue Processing

The effects and fate of APMS in vivo were determined by examining
lungs, rib cage, diaphragm, spleen, and heart. Tissues were removed
surgically and either placed in Tissue-Tek O.C.T. compound (Sakura
Finetek USA, Torrance, CA) and snap-frozen, or fixed in 4% paraform-
aldehyde and paraffin embedded.

Detection of APMS and Inflammatory Mediators in Pleural
Lavage Fluid or Bronchoalveolar Lavage Fluid

Recovery of pleural lavage fluid. Pleural lavage fluid (PLF) was obtained
after opening of the peritoneal cavity and injecting 2.0-3.0 ml of PBS
through the diaphragm into the chest cavity, gently massaging the chest
and then recovering the fluid, which was measured for volume.

Recovery of bronchoalveolar lavage fluid. A cannula attached to a
syringe was inserted into the trachea of animals, 1 ml of PBS instilled
into the trachea, and the lungs were gently massaged. The fluid was
then recovered and measured.

LDH and protein measurement. Tissue damage was measured by
determining levels of LDH in fresh PLF and BALF samples using
Cytotox 96 kit (Promega), and protein levels in PLF and BALF were
determined using a Bio-Rad Protein Assay Kit (Bio-Rad Laboratories,
Inc., Hercules, CA).

Cytospins and cell differentials. Cytospins from PLF and BALF were
made in duplicate by resuspending 50,000 cells in 450 pl of medium
containing 7-10% FBS and cytocentrifugation for 10 min at 600 rpm.
Slides were then air-dried and fixed for 5 min in 100% methanol,
followed by Wright-Giemsa staining using HEMA 3 kit (Fisher Scien-
tific, Kalamazoo, MI) as per the manufacturer’s recommendations to
allow identification of cell types.

CSLM and CD45 staining for determination of APMS location
in vivo: Tissue sections were obtained from frozen tissues, fixed in
4% paraformaldehyde, and either viewed via CSLM as described
above, or stained for the leukocyte common antigen, CD45. Briefly,
paraformaldehyde-fixed sections were rinsed in PBS, blocked for 1 h
at room temperature in 5% normal donkey serum, 0.5% bovine serum
albumin (BSA) in PBS, then incubated overnight at 4°C in a 1:500 dilution
of anti-CD45 antibody (MCD4500; Caltag Laboratories, Burlingame,
CA) in 0.5% BSA, 0.1% Triton X-100 in PBS. Slides were then rinsed
in PBS and incubated with secondary antibody, donkey anti-rat conju-
gated to Alexa 488 (Molecular Probes), and counterstained with the
nucleic acid dye, TOTO 3 (Molecular Probes, Invitrogen) or DAPI
(Molecular Probes, Invitrogen). Samples were rinsed in PBS, coverslips
were mounted, and slides were viewed using CSLM.

Statistical Analysis

For in vitro experiments, at least three independent experiments were
performed (n = 2-4 per experiment). For in vivo experiments, results
are representative of at least four mice/duplicate experiments. Statistical
significance was evaluated by ANOVA using the Student Neuman-Keul’s
procedure for adjustment of multiple pairwise comparisons between
treatment groups or using the nonparametric Kruskal-Wallis and
Mann-Whitney tests. Values of P < 0.05 were considered statistically
significant.

RESULTS

To determine the effect of surface coating on APMS uptake by
C10 and MM cells, different molecules were chemically bound
to the outer surface of fluorescently-tagged APMS. When APMS
were coated with lipid or a chemical linker having a terminal -
NH, group, few APMS were observed in cells at 24 h (Figures
1A and 1B). However, when APMS were coated with a linker
having a terminal -SH group (Figure 1C), increased APMS ap-
peared to be associated with cells. Coating the APMS with TEG
resulted in even further uptake by both C10 (Figure 1D) and
MM cells (see below). To determine whether surface-coated
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Figure 1. TEG facilitates cell uptake of APMS, which are not cytotoxic to lung epithelial (C10) cells, as measured by release of LDH. APMS were
coated with Alexa 568 (red) and either lipid (A), a linker having a terminal propylamine group (B) or a propylthiol group (C), or tetraethylene
glycol (TEG) (D). APMS were added at 7.5 X 10%/cm? surface area dish. To enhance the contrast, low-intensity green pixels (below intensity 30)
were colored black. Cell nuclei are stained with SYTOX Green. A, C, and D are at X400 and B is at X200 magnification (scale bars are 20 pm).
The effect of surface coatings on APMS-induced cytotoxicity was measured by the LDH assay (E), where 300 wM H,0, was used as a positive
control for LDH release. F shows a dose-response study using APMS coated with TEG in which cell lysis was also measured by the LDH assay.
Complete cell lysis was used as a positive control for LDH release. Results are expressed as mean * SEM from three experiments; *P < 0.01 when

compared with control group at respective time point.

APMS particles had adverse effects on cells over time, LDH
assays were performed after addition of particles for 24, 48,
or 72 h These studies showed that densities of APMS up to
0.75 X 107 particles per cm? surface area of dish were nontoxic
in comparison to 300 uM H,O, a positive control for cell lysis
(Figure 1E). To determine the toxicity of various amounts of
APMS on MM cells, APMS coated with TEG were incubated
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with MM cells for 24 or 48 h, and LDH release was measured
as an indication of cell damage. As shown in Figure 1F, APMS
toxicity was not seen in MM cells until the density of APMS
reached 4.5 X 107 particles per cm? surface area dish, ~ 6-fold
higher amounts than quantities used in studies below.

Since APMS coated with TEG were most effectively taken up
by both cell types, the approximate time course of APMS-TEG

Figure 2. APMS-TEG enter lung
epithelial (C10) cells in a time-
dependent manner. CSLM im-
agesat 1 h (A) and 4.5 h (Band
C) after addition of APMS-TEG
(0.75 X 107 APMS/cm? surface
area dish). In C, note the cluster
of APMS internally that is inte-
grated with membrane-bound
organelles (red). Arrows indi-
cate location of APMS (labeled
with Alexa 532, false-colored
yellow), and cell nuclei are blue.
To enhance the contrast in A,
low-intensity yellow pixels (be-
low intensity 30) were colored
black.
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Figure 3. Individual and clusters of APMS-TEG are internalized by MM cells. (A-F) are SEM images from a time-course study. Note the arrows in
D and E showing partial membrane formation around APMS at the cell surface. Panels in G show EDS analyses. Crosshairs on SEM images, as
indicated by white arrows, indicate area probed. The corresponding elemental analysis shows the detection of APMS containing silica in upper
panels, whereas the lower panel shows no silica signal.
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uptake by C10 cells was then investigated in living cells using a
cell membrane dye (FM4-64) and a nuclear dye (Hoechst 33342)
as a counterstain. CSLM allowed the visualization of fluorescent
APMS in relationship to cell membranes, as well as determina-
tion of whether APMS were inside cells or associated with the
cell membrane. To clearly visualize the location of fluorescent
APMS in regard to cell membranes, areas of the coverslips were
visualized that had relatively few APMS present.

APMS-TEG entered C10 cells within 1 h, although both ex-
tracellular and intracellular APMS-TEG were observed at this
time (Figure 2A). At 4.5 h, the majority of APMS-TEG were
intracellular (Figures 2B and 2C). Figure 2C is an orthogonal
view of a CSLM image that allows the visualization of the observed
microscopic field additionally in both the x,z- and y,z-planes. Fluo-
rescent APMS (yellow) are seen among the membrane-bound cell
organelles (red), and indicate that APMS are located in the same
plane as cell nuclei and that they have therefore entered the cell
and are not just associated with the outer cell membrane.

Using SEM, we next determined that APMS-TEG entered
MM cells as early as 30 min after their addition to medium. At
all time points, most APMS were internalized, but this appeared
to be a dynamic process involving interactions of the plasma
membrane and microvilli (Figures 3A-3C) with single particles
or clusters of APMS-TEG (Figures 3D and 3E). At 4 h, all
APMS-TEG were cell-associated (Figure 3F). SEM/EDS con-
firmed that spheroid particles external to the cell membrane
(Figure 3G) or internalized under the plasma membrane (Figure
3G) were APMS (Figure 3G), in contrast to areas without parti-
cles that showed no silica peaks (lower panel).

To further determine the intracellular location and lack of cyto-
toxicity of APMS-TEG, MM cells were examined using TEM. At
1 h after incubation of APMS-TEG with MM cells, particles were
seen interacting with microvilli and within cells (Figure 4A). Identi-
fication of APMS was confirmed using EDS (data not shown). In
all sections, intracellular APMS were not enclosed in membrane-
bound phagosomes nor phagolysosomes and did not cause toxic
alterations in cellular organelles (Figures 4B and 4C).

To understand the mechanisms of uptake of APMS-TEG by
MM cells, flow cytometry experiments were performed using
fluorescent APMS-TEG covalently linked with Alexa 488. When

APMS-TEG were incubated with MM cells at 37°C, an increase
in cells containing APMS occurred between 30 min and 4 h
(Figure 5). APMS-TEG uptake was significantly inhibited (P <
0.05) when cells were maintained at 4°C. We next pre-incubated
cells with an inhibitor of caveolae-mediated uptake (filipin), an
inhibitor of receptor-mediated endocytosis and clathrin-coated
pit-mediated uptake (chlorpromazine), and cytochalasin D, an
agent that disrupts actin filaments, for 30 min before addition
of APMS-TEG to cells. Compared with the control group at
37°C, no inhibition of particle uptake was observed after pre-
treatment of MM cells with filipin or chlorpromazine, indicating
that APMS-TEG are not taken up by a mechanism involving
caveolae or clathrin-coated pits (Figure 5). However, decreased
numbers of APMS-containing cells were observed after pretreat-
ment with cytochalasin D, suggesting that APMS-TEG uptake
may involve an actin-mediated process.

To determine if APMS could be used as vehicles to deliver
functional plasmids, we preloaded the pores of APMS-TEG with
a plasmid (pCMV-dsRedExpress) that, if functionally delivered
to cells, is transcribed and translated into a protein that fluoresces
red. Figure 6 shows a CSLM image of a C10 cell treated with
fluorescent APMS-TEG (shown in blue, upper left panel), and
counterstained with a SYTOX Green nucleic acid dye (lower
left panel). The upper right panel is the functional red fluorescent
protein, and the lower right panel is the merged image. This
figure indicates that APMS enter cells and deliver functionally
expressed plasmids to cells.

Next, we evaluated the toxicity and possible immunogenicity
of APMS-TEG when injected intrapleurally or instilled intrana-
sally in mice. As shown in Figures 7A-7D, injection of APMS-
TEG IP did not cause a change in cell populations in PLF or
BALF in comparison to sham mice injected with PBS alone.
Moreover, injection of APMS-TEG did not alter protein or LDH
levels in PLF or BALF (Figures 7E-7H, respectively).

Finally, to determine the fate of APMS-TEG after intrapleu-
ral injection or intranasal administration, CSLM was used to
locate fluorescently-tagged APMS-TEG in mouse tissues. After
intrapleural injection, APMS-TEG were found in rib tissues local
to the site of injection, as well as in the diaphragm, spleen, and
lung (Figure 8A). APMS-TEG were not found in the heart (data

Figure 4. TEM images show
APMS-TEG (arrows) in the cyto-
sol and intercellularly at 1 h
after their addition to MM cells.
Note the prominent microvilli
interacting with intercellular
beads in A. Bshows perinuclear
accumulation of APMS-TEG.
Non-membrane-bound beads
surrounded by cell surface
cytoplasm (arrowheads) are
shown in C.
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Figure 5. Cell uptake of APMS is an active process not involving clathrin-
or caveolae-mediated mechanisms. Flow cytometry after incubation
of MM cells at 4°C or 37°C and with or without selective inhibitors
(pretreatment for 30 min before addition of APMS) were used to evalu-
ate the percentage of cells positive for APMS uptake at 30 min (open
bars) or 4 h (solid bars). Mean *= SEM from at least three individual
experiments. “P < 0.05; *P < 0.01 when compared with 37°C group
at respective time point.

not shown). In lung tissue, APMS were located occasionally in
CD45-positive leukocytes (Figure 8B). After intranasal instil-
lation, APMS-TEG were found primarily in alveolar septa of
the lung, where they were observed in both CD45-positive
and -negative cells (Figure 8C).
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DISCUSSION

Lung cancers and MMs have a poor prognosis, and new treat-
ment approaches are much needed. Combinations of chemother-
apeutic agents may be essential (30, 31). Moreover, to avoid
systemic toxicity, topical application of agents at sites of early
tumor development or surgical debulking of tumors are merited.

APMS are mesoporous nontoxic silica spheres that can be
engineered in different size ranges and pore diameters to permit
uptake and release of various drugs or DNA/RNA constructs
(9). They are extremely versatile, having characteristics that
allow the pores and the outer APMS surface to be functionalized
differently from each other, providing a wide array of potential
uses. In studies here, APMS having different functional groups
on the surface were first characterized for their ability to enter
lung epithelial and MM cells in vitro. APMS coated with TEG,
a short chain polyethylene glycol (PEG) molecule, were most
readily taken up by both cell types compared with the other
coatings. APMS-TEG at 1-2 um in diameter were able to enter
cells efficiently through an active, energy-dependent process.
We speculate that the TEG bound to the APMS surface facili-
tates the interaction of APMS with the plasma membrane,
allowing particles to subsequently pass through the membrane
individually or in clusters. At later time points, most APMS
were observed intracellularly, but some still remained on the
cell surface. This may be due to the different amounts of time
required for individual APMS particles to settle on or be taken
up by cells. Interestingly, APMS-TEG, either individually or
in clusters, were taken up efficiently by cells as verified using
EDS analysis. Moreover, the presence of APMS-TEG particles
intracellularly did not cause obvious cell toxicity over time as

Figure 6. Plasmids delivered by APMS are
functionally expressed in lung epithelial
(C10) cells. APMS coated with TEG were
preloaded with pCMV-DsRed-Express
plasmid (Clontech Laboratories, Inc.) and
incubated with C10 cells for 24 h CSLM
was used to confirm delivery and expres-
sion of the plasmid, as seen by the pres-
ence of functional red fluorescent protein.
The top left panel shows fluorescent APMS
(Alexa 647, blue), the bottom left panel
shows the cell nucleus in green (SYTOX
Green), the top right panel shows func-
tional expression of the plasmid (red), and
the bottom right panel is the merged im-
age. Scale bar = 20 pm.
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Figure 7. Differential cell counts, protein levels, and LDH
in PLF and BALF show that APMS-TEG are not inflamma-
tory nor toxic when injected (~ 4 X 10’ per mouse)
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measured by LDH assays or observed by TEM. This lack of
cytotoxicity may reflect the fact that APMS did not occur in
membrane-bound phagosomes or merge with lysosomes. These
processes are associated with cell uptake of foreign matter
including toxic particulates such as asbestos fibers and silica
particles (32, 33).

Although TEM and SEM images verified that APMS-TEG
were taken up by MM cells, they also presented additional ques-
tions regarding mechanisms of uptake by cells. Flow cytometry
studies showed that uptake at 4°C was not as efficient when
compared with uptake of APMS-TEG at 37°C, reinforcing the
premise that uptake of APMS-TEG is an active process in con-
trast to simple diffusion. We also incubated APMS-TEG with
MM cells in the presence of filipin, a commonly used inhibitor
of caveolae-mediated uptake, chlorpromazine, an inhibitor of
receptor-mediated endocytosis and clathrin-mediated mecha-
nisms, and cytochalasin D, known to disrupt actin filaments. Of
these inhibitors, only pretreatment with cytochalasin D signifi-
cantly inhibited the uptake of APMS-TEG by MM cells. These
results indicate that the mechanisms of APMS-TEG uptake do

PLF

PLF

not rely on clathrin or caveolae-mediated mechanisms, results
contrary to studies in human melanoma cells where smaller parti-
cles (< 200 nm) enter cells via a mechanism involving clathrin-
coated pits and larger particles (500 nm) are taken up via a
caveolae-mediated mechanism (28, 34). No uptake of particles
as large as 1 pm in diameter were observed in these studies (28,
34), an observation consistent with a number of studies showing
that smaller particles are more easily taken up by a variety of
cell types (35-37). In studies with fine and ultrafine (< 0.1 uM)
titanium dioxide and polystyrene particles, particles were taken
up into red blood cells and macrophages, and were not mem-
brane-bound (37). Although cytochalasin D inhibited the uptake
of 1 pM particles into cells, it did not affect uptake of smaller
particles that was attributed to adhesive interactions and diffu-
sion (37). The APMS used in our studies differ in that they are
larger than ultrafine particles, are silica-based, and are coated
with TEG, all factors potentially influencing their mechanisms
of uptake by cells. Although the authors in the aforementioned
study suggest that non-membrane-bound particles entering cells
may have an enhanced toxicity due to their ability to directly
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Figure 8. APMS-TEG are found in tissues after intrapleural injection and
intranasal administration. After intrapleural injection, APMS labeled with
Alexa 568 (red) were found in lung tissue after 3 d (A), and occasionally
in CD45+ cells in the lung after 3 d (green) (B). Cell nuclei are indicated
in blue (TOTO 3). When mice nasally inhaled APMS-TEG, APMS were
found in cells of the lung at 24 h (C). In all experiments, ~ 3.3 X 107
APMS were injected intrapleurally or inhaled intranasally. Red scale bars
in A and B indicate 10 and 15 pm, respectively.

interact with intracellular proteins, organelles, and other macro-
molecules (37), APMS-coated particles were nontoxic to C10
and MM cells for extended periods of time (72 h). An advantage
of using APMS as a vehicle to deliver constructs or anti-cancer
drugs is that once inside a cell, the cargo carried by APMS would
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not be bound in vesicles or membranes and therefore would
freely interact with intracellular target molecules for enhanced
effects.

One of our objectives in modifying and studying intracellular
trafficking of APMS is to develop their use in clinical studies,
particularly for treatment of asbestos-associated MM. In vivo
studies were undertaken to investigate whether APMS-TEG
would be taken up by nearby cells when injected intrapleurally, mi-
micking topical exposure at sites of surgical debulking of tumors.
Although some APMS-TEG were found in CD45+ leukocytes,
most were found in other cell types in diaphragm and lung,
indicating that APMS-TEG may be useful in delivering “cargo”
such as chemotherapeutic drugs to cells adjacent to injection
sites. In Figure 6, we present data indicating that APMS can
be used as vehicles to carry DNA plasmids, which are then
functionally expressed, inside of cells. Therefore, transfection
of plasmids using APMS is possible, and studies are currently
underway to increase its efficiency. Currently, we are investigat-
ing use of APMS with larger pores and with chemical modifica-
tions in pores that enhance the uptake and release of DNA.

We also wanted to determine whether administering APMS-
TEG intrapleurally would lead to unwanted inflammation or
cell damage after IP injection. As shown in Figure 7, APMS-
TEG did not alter the normal cell profiles in BALF or PLF,
nor cause increased protein or LDH activity. In addition, we
explored the potential for APMS-TEG to be delivered to lungs
of mice after intranasal inhalation. Using fluorescent APMS-
TEG, we show that APMS-TEG enter alveolar septa in the
peripheral lung tissue. These studies suggest that nebulization
of APMS-TEG may be a possibility in treatment of early lung
cancers or other airway diseases. At the time points tested (3 d
and 7 d), APMS were neither toxic nor immunogenic. However,
future studies will determine the long-term fate of APMS
in vivo. These experiments will also reveal how long APMS
persist, how they are eliminated from the body, and if they
accumulate in other organs, as well as their possible chronic
toxicity or immunogenicity.

Because APMS are ~ 1-2 pm in diameter, considerably larger
than nanoparticles, they are unlikely to penetrate the endothelial
or blood-brain barrier and be carried systemically to other or-
gans. Moreover, they cannot passively diffuse into cells and enter
cell organelles, such as mitochondria or lysosomes, which may
potentially disrupt normal cell respiration and cause cytotoxicity.
Current studies also are underway to determine the utility of
APMS-TEG as delivery devices for the chemotherapeutic drug,
doxorubicin, in lung and pleural diseases (S. R. Blumen and
coworkers, unpublished data).
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