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ABSTRACT Strategies were developed by which mesoporous microparticles were modified on their external surfaces with tetraethylene
glycol (TEG), a protein, or both, leaving the pore surfaces available for modification with a separate moiety, such as a dye. Only
particles bifunctionally modified with both TEG and a cell-specific antibody were taken up specifically by a targeted cancer cell line.
In contrast to similarly functionalized nanoparticles, endocytosed microparticles were not contained within a lysosome.
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INTRODUCTION

Modification with ethylene glycol oligomers is a
commonly used method to improve the biocom-
patibility and retention of biomaterials in living

systems (1-3). In addition, tissue-specific delivery agents
offer precise delivery of therapeutic payloads, guided by
targeting groups such as folate (4, 5), antibodies (6-8),
peptides (9), or carbohydrates (10, 11). Many researchers
have sought means of combining both types of functional
groups to achieve combined biocompatibility and targeting.
In our group, we use mesoporous silica particles, which carry
the additional challenge of modifying the internal (pore) and
external surfaces of porous silica particles with different
functional groups. For example, pore-blocking with structure-
directing agents (12) or bulky groups (13, 14) can be used
to preferentially modify only the exteriors of particles, and
Bein has elegantly shown that the radial distribution of
multiple functional groups can be controlled in porous silica
over a range of particle sizes (15-17). Unfortunately, current
methods for adding multiple functional groups to the outside
of mesoporous silica particles involve simultaneously graft-
ing two types of organosilanes to the silica, which cannot
provide a controlled spatial distribution of functional groups.
Controlling the location and type of multiple functionalities
is important in the development of mesoporous silica par-
ticles as drug delivery devices.

Nanoparticle-based drug-delivery agents have made strides
in the past decade (18, 19), but questions remain about the

acute and/or chronic toxicities of nanoparticles (20-23). As
an alternative to nanoparticles, particles with diameters in
the micrometer range (microparticles) could avoid many of
the toxicity issues of nanoparticles while retaining the ability
to be functionalized with the moieties for cell uptake and
targeting that are important in drug delivery. Although a
variety of mesoporous particles are available for these
experiments, we used a type of mesoporous silica called
APMS (acid-prepared mesoporous spheres) (13, 24-27).
This material has a spherical particle morphology that is
easily observed by microscopy, and a particle diameter that
can be varied from 1 to 10 µm by simple manipulation of
synthesis conditions. In addition, the pore structure is
disordered and highly interconnected, allowing molecules
to diffuse easily throughout the particles’ interiors, and the
pore diameter can also be varied between 2 and 10 nm.
Other microparticles for drug delivery have previously been
prepared from biodegradable polymers (28, 29), but meso-
porous silica microparticles are an especially attractive
delivery device because the large internal pore volume and
surface area of these materials allow large amounts of
molecular material to be adsorbed and released. In contrast
to crystalline silicas (30, 31), numerous studies have shown
no adverse long-term health effects or developmental effects
due to exposure to amorphous silicas by several routes of
administration (32-36). Moreover, silica can be easily modi-
fied for tissue-specific targeting using a wide array of func-
tionalization strategies (37, 38).

In a recent report, we showed that a surface modification
with a short poly(ethylene glycol) chain, tetraethylene glycol
(TEG), allowed APMS to be readily taken up by malignant
mesothelioma (MM) cells in vitro and in vivo without any
adverse effects (39). TEG enhanced the fusion of the particles
with plasma membranes and facilitated uptake by cells. In
related work, we found that TEG-modified APMS loaded with
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the chemotherapeutic doxorubicin were 30 to 50 times more
effective in killing MM cells in vitro; fluorescence HPLC
studies indicated that this was due to the fact that ap-
proximately twice as much doxorubicin was present within
the cells when APMS was used as a delivery device (40). In
these past experiments, only uptake (not targeting) was
studied; thus, bifunctional particles modified with both TEG
and a targeting antibody were not required. Herein, we
describe the synthesis of porous silica microparticles with
exterior surfaces that were bifunctionally modified with a
biocompatible polymer and a targeting antibody, and we
show that the bifunctional modification was necessary for
targeted uptake to specific cancer cells.

EXPERIMENTAL SECTION
Materials and Methods. Unless otherwise noted, reagents

were purchased from commercial sources and used as received.
Triethylamine (Et3N), hexane, toluene, and methylene chloride
(CH2Cl2) were distilled prior to use, acetonitrile (MeCN) was
stored over molecular sieves, the monoclonal antimesothelin
antibody ME1 (41) was obtained from Affinity BioReagents, and
Fmoc-APTES was synthesized as reported previously (13). For
scanning electron microscopy, specimens were mounted on
aluminum specimen stubs using conductive graphite paint,
were sputter-coated for 4 min with Au/Pd in a Polaron sputter
coater (model 5100), and were examined with a JSM 6060 SEM
(JEOL USA, Inc., Peabody, MA). Transmission electron micros-
copy samples were fixed with Karnovsky’s fixative, stained with
OsO4, and embedded in Spurr’s resin. Samples were micro-
tomed, counter-stained with uranyl acetate, and imaged with a
JEM 1210 TEM (JEOL USA, Inc.) operating at an accelerating
voltage of 60 kV. For confocal laser scanning microscopy
(CLSM), cells were grown on coverslips, treated with the desired
agents, and fixed and stained at various time points using
paraformaldehyde and 4′,6-diamidino-2-phenylindole (DAPI).
Microscopy was performed on a Zeiss LSM 510 META using
excitation lasers at 405, 488, and/or 568 nm and oil immersion
objectives of 63 or 100 X magnification. Flow cytometry was
performed on single cell suspensions using a BD LSRII flow
cytometer (BD Biosciences, San Jose, CA) equipped with a
Sapphire 488 (Coherent, Santa Clara, CA) laser and a solid state
Xcite (Lightware) laser emitting at 355 nm. See the Supporting
Information for complete instrumental details.

Preparation of Bifunctional APMS. APMS particles were
synthesized as previously reported (39). Silica nanoparticles
were prepared according to the method of Stöber (42) and were
subsequently modified with thiols by reaction with 3-mercap-
topropyltrimethoxy silane in MeCN (50 °C for 18 h) and
recovery by centrifugation (Biofuge Pico, Thermo Scientific). The
remainder of the sequence proceeded as described in the body
text, using standard bioconjugate chemistry techniques. Com-
plete details of the individual steps are available in the Support-
ing Information.

Cell Culture. Cells were propagated in DMEM/F-12 50/50
medium supplemented with 10% fetal bovine serum, 0.1 µg/
mL hydrocortisone, 2.5/mL insulin, 2.5 µg/mL transferrin, 2.5
ng/mL sodium selenite, and penicillin-streptomycin (50 U/mL
penicillin G, 50 µg/mL streptomycin sulfate). Cells were grown
to near confluence, the medium was removed, and medium
containing 0.5% FBS was added 24 h before exposure to agents.
Control dishes received medium without agents. For treatment
to cells, APMS particles were resuspended in medium at a
concentration of approximately 6 × 107 particles per 100 µL,
mixed well, and sonicated for 5 s to disperse clumps. 50 µL of
this solution were then added to cells in 12-well plates, in 2 mL
of media, to give a final concentration of APMS particles of 1.5

× 107 particles/mL (or 3 × 107 particles per well). For the
coculture experiments, MM and A549 cells were plated onto
coverslips in separate 12-well plates. Cell monolayers on glass
coverslips were allowed to grow to near-confluence. The
cell coverslips were then placed in the same dish and
switched to DMEM/F-12 50/50 medium containing 0.5% FBS
for 24 h before APMS-TEG(BSA) or APMS-TEG(ME1) (0.1 mg
particles per mL of medium, in the same medium as the cells)
was added, to give a final particle concentration of 1.5 × 107

particles/mL. At specific time points, the cells were harvested
for analysis by flow cytometry.

RESULTS AND DISCUSSION
To prepare particles with bifunctionally modified surfaces

in a controlled manner, we developed a scheme that used a
well-known, dense nanoparticulate type of silica first de-
scribed by Stöber et al. to selectively modify the external
surface of APMS (Scheme 1). Stöber silica (42) and APMS
(39) were synthesized by previously described methods. In
brief, Stöber silica (1), ∼100 nm in diameter, was reacted
with mercaptopropyltrimethoxysilane and then with a het-
erobifunctional linker (N-succinimidyl-3-(2-pyridyldithio) pro-
pionate, SPDP), producing a succinimidyl ester connected
to the nanoparticle through a disulfide bridge (2). Separately,
APMS was reacted with aminopropyltriethoxysilane, result-
ing in surface modification both inside and outside the
particle (3). As shown by scanning electron microscopy
(Figure 1), combining the amine-modified APMS (3) with the
succinimidyl ester-modified Stöber silica (2) resulted in the
attachment of the smaller Stöber particles to the APMS
surface (4). The extent of APMS surface coverage could be
easily controlled by adjusting the size of the Stöber silica and
the ratio of Stöber silica to APMS. Under some conditions, a
monolayer of Stöber silica was formed on the APMS surface;
however, geometric considerations made it impossible to
completely react with all of the amines. Thus, after cleavage
of the disulfide bridge with dithiothreitol (DTT) to release the
particles, the APMS particles were left with a bifunctional
external surface consisting of amines and thiols (5). Most
Stöber silica could be removed from the APMS surface by
cycles of centrifugation and ultrasonication and finally,
filtration. At this point, the thiol group was protected by
reacting it with 2,2′-dithiobis(5-nitro)pyridine (dTNP) (6), and
the amine was reacted with succinic anhydride to form a
carboxylic acid terminus (7). We then used a carbodiimide-
mediated coupling reaction with EDAC/NHS (1-ethyl-3-[3-
dimethylaminopropyl] carbodiimide hydrochloride/N-hy-
droxysuccinimide) to attach amino-TEG to the acid groups
(8). Deprotection of the thiol protecting group with DTT
produced a bifunctional surface terminated with TEG and
thiol (9), and the thiol was reacted with the heterobifunc-
tional linker BMPS (3-(maleimido) propionic acid N-succin-
imidyl ester) to yield TEG-modified, amine-reactive particles
(10).

From bifunctional APMS (10), we could attach proteins,
including antibodies, to the particles through the reaction of
the succinimidyl esters on the surface of the particles and
lysine residues on the protein. We chose mesothelin, a 40
kDa cell surface glycoprotein present on normal mesothelial
cells and overexpressed in several human tumors including
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mesotheliomas and ovarian and pancreatic adenocarcino-
mas, as a tissue-specific target (43). A commercially available
human monoclonal antibody for mesothelin, ME1, was thus
attached to the particle surface by reacting the antibody with
the final bifunctional particles 10 to yield APMS-TEG(ME1).
As a nonspecific negative control, bovine serum albumin
(BSA) was separately reacted with 10 to make APMS-
TEG(BSA). As further controls, we also prepared monofunc-
tional particles containing only ME1 or TEG on their external
surfaces (Scheme 2). To prepare APMS-TEG, APMS was first
reacted with 3-(N-methylamino)propyl trimethoxysilane,
then with monotosylated TEG to attach the TEG to the
surface through a tertiary amine linkage. APMS-ME1 was
prepared by reacting primary-amine-modified APMS with
succinic anhydride to yield a carboxylate-terminated surface

that was then submitted to a carbodiimide-mediated cou-
pling (similar to the formation of 8, above) with the amine-
containing side chains of lysines in ME1 to complete the
covalent attachment.

Scanning and transmission electron microscopy (Fig-
ure 2) showed the importance of using bifunctionally modi-
fied particles rather than particles modified with only ME1.
APMS particles modified only with ME1 were closely associ-
ated with the cell membranes of MM cells 4 h after the
addition of the particles to the medium; however, very few
particles were observed within the cells. In contrast, particles
exclusively modified with TEG were readily taken up by MM
cells at this time point. Thus, TEG was necessary for effective
fusion with MM cellular membranes and cellular uptake,
consistent with our previously published results (39). These

Scheme 1. Reactions Used to Produce a Bifunctionally Modified APMS Particlea

a Abbreviations: DTT, 1,4-dithiothreitol; EDAC, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride; NHS, N-hydroxysuccinimide; MES,
2-(N-morpholino) ethanesulfonic acid.
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results were also consistent with studies showing that
modified nanoparticles were effective in intracellular drug
delivery (5, 44-46). A significant difference is that in most
studies involving nanoparticles, the primary function of
poly(ethylene glycol) was not to promote fusion with cell
membranes but to avoid clearance by the reticuloendot-
helial system and hence increase in vivo lifetime of the
particles (6, 11, 47, 48).

In our next set of experiments, we compared the uptake
of APMS-ME1 and APMS-TEG(ME1) to study whether bifunc-
tionally modified particles were taken up as readily as
particles modified only with TEG. In these experiments,
particles were labeled with a fluorescent molecule exclu-
sively in the pores by using a diffusion-controlled deprotec-
tion strategy previously described by our group (13), and

confocal laser scanning microscopy was used to provide a
three-dimensional view of particle uptake by MM cells. To
fluorescently tag the particles, an Fmoc-protected amino-
propylsilane was reacted with APMS and a rapid deprotec-
tion of the external amines (20 min) was performed with
5% piperidine in N,N-dimethylformamide. The amines within
the pores remained Fmoc-protected through the modifica-
tions in Schemes 1 or 2, after which they were exhaustively

FIGURE 1. Scanning electron microscopic (SEM) images of APMS-
Stöber conjugates (4). Amine-modified APMS particles (3) were
suspended in solutions with increasing concentrations of succin-
imide-modified Stöber silica nanoparticles (2): (A) 20, (B, D) 30, or
(C) 40 mg/mL. (E) Unreacted 3, and (F) an example of a conjugate
after reaction with DTT.

Scheme 2. Reactions Used to Produce Monofunctionally Modified APMS Particles for Control Studies
(Abbreviations Defined in Scheme 1)

FIGURE 2. Images of particles labeled with either (A-D) TEG (APMS-
TEG) or (E-H) antimesothelin (APMS-ME1) interacting with cells 4 h
after their addition to MM cells. SEM images showed that only
particles carrying the TEG functional group were internalized by cells
(arrows in A and B). APMS-TEG particles directly exposed to cyto-
plasm were observed in TEM (D). The arrow in image G indicates
the lone APMS-ME1 particle found within an MM cell; it is enlarged
in image H.
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deprotected for 24 h, freeing them for further reaction with
a dye. APMS-ME1 and APMS-TEG(ME1) were modified with
AlexaFluor-488 succinimidyl ester in this manner. Fluores-
cently labeled APMS-ME1 and APMS-TEG(ME1) were then
added to separate MM cell cultures and confocal microscopy
was performed after 4 h, as described in the experimental
section and the Supporting Information (Figure 3). Although
both types of particles were present at the cell surfaces, only
particles modified with both ME1 and TEG were present in
large numbers within the cells, confirming that the antibody
alone was insufficient to promote uptake of microparticles
by MM cells. This also confirmed that APMS-TEG(ME1) was
able to enter MM cells as readily as particles modified with
only TEG.

The specificity of the uptake of bifunctionally modified
particles by MM cells was confirmed and quantified by
performing coculture experiments (5) with MM and lung
cancer (A549) cells (Figure 4). A549 cells were selected
because they have a similar growth rate to the type of MM
cells used for this experiment and because they do not
express mesothelin. Each cell type was cultured separately
on glass coverslips to near confluence, and then the
coverslips were transferred to the same 60 mm dish. This

procedure allowed the cells to be cultured together with-
out physical cross-contamination but to share the same
culture medium during APMS uptake experiments. After
adding the particles, the coculture was placed on an
oscillating platform to ensure that uptake was not influ-
enced simply by the location at which particles were
administered. We treated both cell types with TEG par-
ticles bifunctionally modified with either the anti-me-
sothelin antibody, APMS-TEG(ME1), or a nonspecific pro-
tein control, bovine serum albumin, APMS-TEG(BSA). Both
particle types were modified with AlexaFluor-488 in the
pores, described above, for the detection of cell uptake
by fluorescence-assisted cell sorting. When the cocultured
cells were exposed to APMS-TEG(ME1) for 8 h, approxi-
mately 52% of particles were associated with MM cells,
whereas less than 23% of APMS-TEG(BSA) were observed
within MM cells (Figure 3, lower panel). In contrast, the
relative uptake of APMS-TEG(ME1) and APMS-TEG(BSA)
by A549 lung cancer cells was not significantly different
(9 and 13%, respectively) from each other or from MM
cells exposed to the nontargeted APMS-TEG-BSA.

FIGURE 3. Confocal laser scanning microscopic (CLSM) images showing interaction and uptake of modified APMS particles by MM cells. The
left column shows the top layer from the orthogonal presentation of a stack of CLSM images, representing the apical surface of the plasma
membrane. The right column shows an optical section from the center of a stack of CLSM images, corresponding to the location of the cell
nuclei (blue). Cells were exposed to (A, B) particles modified only with an antibody to mesothelin (APMS-ME1), or (C, D) particles modified
with both TEG and the antibody (APMS-TEG(ME1)) for 4 h. Although particles were found on the outer membranes of all cells, only those
particles with TEG were found within the cells; background fluorescence observed in panel B is from particles located outside the focal plane
(bar )20 µm in each image).
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CONCLUSIONS
We have presented a new method for preparing porous

silica microparticles with a bifunctional surface of both
biocompatible polymers and proteins (either an antibody
specific for MM cells or a nonspecific protein). Our find-
ings are summarized in Scheme 3. Modification with only
the targeting protein resulted in the association of micro-
particles with the target cells, but they were not internalized
by those cells. Thus, modification with both TEG and anti-
mesothelin were necessary to successfully achieve targeting
and uptake of the particles by MM cells, as shown by
microscopy and fluorescence-assisted cell sorting in the
presence of nontargeted cells. Also, unlike typical nanopar-
ticles, the microparticles were not bound in lysosomes after
uptake and therapeutic payloads could be delivered directly
to the cytosol without degradation. The diameter of the

particles used in this study are ideal for in vivo applications
in which entrance into the bloodstream and systemic dis-
tribution within the body is not desired. The diffuse, intra-
cavitary location of MM tumors make them an ideal malig-
nancy for therapy using modified microparticles of the type
described here. We are currently studying targeted delivery
of chemotherapeutics in vivo using a human xenograft
model in mice, and we envision that APMS particles and
other types of microparticles can be adapted for treatment
of a number of malignant and nonmalignant diseases.
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