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ABSTRACT A two-dimensional hexagonal ordered mesoporous polymer—silica hybrid nanoparticle (PSN)
material was synthesized by polymerization of acrylate monomers on the surface of SBA-15 mesoporous silica
nanoparticles. The structure of the PSN material was analyzed using a series of different techniques, including
transmission electron microscopy, powder X-ray diffraction, and N, sorption analysis. These structurally ordered
mesoporous polymer —silica hybrid nanoparticles were used for the controlled release of membrane-impermeable
macromolecules inside eukaryotic cells. The cellular uptake efficiency and biocompatibility of PSN with human
cervical cancer cells (HeLa) were investigated. Our results show that the inhibitory concentration (ICsy) of PSN is
very high (>100 yng/mL per million cells), while the median effective concentration for the uptake (ECs,) of PSN
is low (ECs, = 4.4 pug/mL), indicating that PSNs are fairly biocompatible and easily up-taken in vitro. A membrane-
impermeable macromolecule, 40 kDa FITC-Dextran, was loaded into the mesopores of PSNs at low pH. We
demonstrated that the PSN material could indeed serve as a transmembrane carrier for the controlled release of
FITC-Dextran at the pH level inside live HeLa cells. We believe that further developments of this PSN material will

lead to a new generation of nanodevices for intracellular controlled delivery applications.

KEYWORDS: mesoporous polymer—silica composite - endocytosis - cellular uptake -
drug delivery - mesostructured nanoparticles - controlled release

arge-pore ordered mesoporous silica

(OMS) materials were first synthesized

by Stucky and co-workers using poly-
(ethylene oxide)-poly(propylene oxide)-
poly(ethyleneoxide)-type nonionic triblock
copolymers as templates.' The uniform
pores of these OMS materials are typically
larger than 5 nm in diameter—this has en-
abled their successful application in a vari-
ety of processes that involve large mol-
ecules, such as the adsorption and
separation of bulky species, the immobiliza-
tion of enzymes, and the catalytic transfor-
mation of macromolecules. 8 One of the
limitations of these materials is that they
cannot be applied to some processes such
as intracellular drug delivery that require a
well-defined particle morphology and a
monodisperse submicrometer particle size.
Typically, SBA-15 OMS materials have
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micrometer size rod-like shapes or are
amorphous polydisperse powders with a
rather long pore axis length as compared
to monodispersed spherical MCM-41 meso-
porous silica nanoparticles (MSN) obtained
with cationic surfactants as structural direct-
ing agents.>'° '3 Furthermore, OMS mate-
rials tend to aggregate in suspension, which
limits their uptake by living cells and thus
prevents their use as intracellular delivery
agents for macromolecules. There have
been few reports on the synthesis of submi-
crometer size SBA-15, and the particle
shape is still not clearly defined, with large
aggregates being formed in most
CaSeS.1 1,14—17

The other important issue regarding
the prospect of using OMS for biomedi-
cal applications, such as controlled drug
release, is functionalization of the surface
of the material. Organo-functionalized
mesoporous materials have been consid-
ered for applications in diverse fields such
as heterogeneous catalysis, separation,
membrane technologies, sensors, drug de-
livery, and nanomedicine.?~#&7.11.1318~23
Extensive efforts toward the functionaliza-
tion of OMS have been exerted using differ-
ent approaches, such as postsynthesis graft-
ing, co-condensation, and
postpolymerization.>'%1318222425 | the
postpolymerization method, mesoporous
polymer—inorganic hybrid materials are
synthesized using in situ free-radical polym-
erization of vinyl-based monomers con-
fined at the mesopore surface.?*2°~ 28 Af-
ter polymerization of the monomers, a thin
layer of polymer is formed on the surface of
the OMS, while the mesopores remain fully
accessible. This method makes it possible to
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exploit the desired physical properties of the OMS, for
example, large pore diameter, ordered mesostructure,
given particle shape/size, for the preparation of specific
functional organic—inorganic hybrid mesoporous ma-
terials. In addition, a large variety of surface functional
groups are available through this approach, as they can
be controlled by the addition of different functional
monomers and the polymerization conditions.

In this study, we report a method to synthesize
organic—inorganic hybrid nanoparticles based on the
structural features of SBA-15 nanoparticles. The result-
ing polymer—mesoporous silica hybrid nanoparticle
(PSN) materials possess a morphology that is suitable
for cellular uptake, display high biocompatibility, and
are capable of controlled intracellular delivery of macro-
molecular species. In addition, PSNs are highly mono-
dispersed, have a particle size of 500—600 nm, and pre-
serve the 2-D hexagonal structure of the original SBA-15
nanoparticles. These PSNs are prepared by combining
a recently developed postpolymerization method for
surface functionalization with a technique for control-
ling the growth and morphology of SBA-15.24%° As de-
tailed below, we have confirmed that the fabricated
PSNs are biocompatible and could be efficiently en-
docytosed by human cervical cancer cells (HeLa). Fur-
thermore, our experimental data indicated that
these PSN materials could serve as intracellular
delivery vehicles for the pH-dependent con-
trolled release of a cell membrane-impermeable
macromolecule, 40 kDa FITC-Dextran (Scheme
1). This study represents a first step toward the
biomedical application of nanosized large pore
SBA-15-like materials, demonstrating adequate
biocompatibility, easy endocytosis, and con-
trolled release of macromolecules.

RESULTS AND DISCUSSION

Ordered mesoporous polymer—silica hybrid
nanoparticles (PSNs) were successfully synthe-
sized by following a two-step synthesis. First, we
synthesized SBA-15-type mesoporous silica
nanoparticles (MSNs) by modifying a method
previously reported in the literature.?® SBA-15-
type MSNs with a mean diameter of about
500—600 nm were prepared using a triblock co-
polymer Pluronic P104 as a structure-directing
agent and tetramethyl orthosilicate (TMOS) as a
silica precursor. The final hybrid PSN materials
were obtained by in situ free-radical polymeriza-
tion of vinyl-based monomers and cross-linkers
via a process initially developed by Ryoo et al.**
As described in the Experimental Section, meth-
acrylic acid (MAA) monomer, ethylene
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Scheme 1. Schematic representation of the endocytosis and intracel-
lular controlled release delivery of PSN materials.

wetness, followed by a radical-triggered polymeriza-
tion under vacuum.

The structure of the PSN was analyzed using a se-
ries of different techniques, including transmission elec-
tron microscopy (TEM), powder X-ray diffraction (XRD),
and N, sorption analysis. As depicted in Figure 1a, the
PSNs consisted of monodisperse (500—600 nm) trun-
cated spherical nanoparticles. Compared to SBA-15
MSNs, depicted in Figure S1 (Supporting Information),
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dimethacrylate (EDMA) cross-linker, and a dichloro- Figure 1. (a) Low- and (b) high-magnification TEM images of PMAA-coated meso-

methane solution of azobisisobutyronitrile
(AIBN) radical initiator were introduced into the
mesopores of calcined SBA-15 MSNs via incipient
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porous polymer—silica hybrid nanoparticle (PMAA/SBA-15 PSN) materials. (c) Pow-
der XRD patterns of PMAA/SBA-15 PSN (top) and the calcined SBA-15 MSN (bottom).
(d) N, sorption isotherm and the pore size analysis with an adsorption branch us-
ing the BJH algorithm (inset) of SBA-15 MSN and PMAA/SBA-15 PSN.
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TABLE 1. Structural Properties of SBA-15 Mesoporous
Silica Nanoparticles and Ordered Mesoporous
Polymer—Silica Hybrid Nanoparticle PMAA/SBA-15 PSN
from Nitrogen Adsorption Data® and Hydrodynamic
Particle Size and {-Potential from a Particle Analyzer

Seer /A Wehy particle {-potential
sample [m*g~" [m*g™"] [nm] size® [nm] [mV]
SBA-15 419 1.07 120 53100 —26.6 = 1280
PMAA/SBA-15 283 0.71 1.7 587 =40 —273 *=0.703

“Sger is the BET specific surface area calculated in the range of relative pressures
from 0.05 to 0.2; I/ is the total pore volume calculated at the relative pressure of
about 0.95; weyy is the diameter of mesopores calculated using the BJH method. °Hy-
drodynamic particle size from dynamic light scattering (DLS) measurements.

the TEM micrograph of the PSNs indicates preserva-
tion of the particle morphology and particle size. It can
be observed in Figure 1b that the PSNs maintain highly
ordered mesoporous structures with a two-dimensional
(2-D) hexagonal pemm symmetry after incorporation
of a thin layer of cross-linked poly(methacrylic acid)
(PMAA) on the silica surface. Powder XRD patterns of
SBA-15 MSNs and PSNs show highly ordered 2-D hex-
agonal mesostructures (Figure 1c). The increasing (100)
XRD peak intensity of the PSN sample is due to the uni-
form coating of polymer on the surface of the SBA-15
MSN mesopores. This leads to a relative increase of the
density of the mesopore walls, which in turn results in
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increased X-ray scattering contrast.>* The thermogravi-
metric analysis (TGA) results presented in Figure S2
(Supporting Information) indicate that 78% of the
monomers were polymerized. Nitrogen
adsorption—desorption measurements at —196 °C (Fig-
ure 1d) show typical type IV isotherms for all of the
samples, with sharp capillary condensation steps at
high relative pressure (P/P, = 0.7—0.9) and H1 hyster-
esis loops, indicative of well-defined cylindrical pores.
After polymer deposition on the surface of the SBA-15
MSNs, the porosity values of the PSN are reduced com-
pared to the parent SBA-15 MSNs, but the PSNs retain
a large BET specific surface area (283 m?%/g), a high pore
volume (0.71 cm?/g), and a comparable pore diameter
(11.7 nm) (Table 1). Dynamic light scattering (DLS) and
{-potential measurement were performed to observe
any differences between the original SBA-15 MSNs and
the PMAA-coated PSNs. From these investigations, it
was found that the values of hydrodynamic particle size
and {-potential PSN remained similar to those of the
original SBA-15 MSNs. This suggests that most of the
monomers are indeed polymerized inside the meso-
pores of SBA-15 MSN and do not aggregate outside the
pores during the polymerization process. Furthermore,
the PSNs remain isolated with no interparticle aggrega-
tion due to external polymer cross-linking.

To investigate the cell membrane permeability of
PSNs, we incubated human cervical cancer cells (HeLa)
in suspensions of fluorescein-labeled PSN (1—40 g/
mL) in Dubelcco’s Eagle Modified Medium (DMEM). Af-
ter 10 h incubation at 37 °C in a CO, atmosphere, the
cells were washed, harvested by trypsinization, and re-
suspended in trypan blue quencher for analysis by flow
cytometry (for further details, see the Supporting Infor-
mation). As can be noted in Figure 2a, the uptake of the
material by the cells was highly efficient, with an ECsg
value of 4.4 pg/mL. The biocompatibility of SBA-15
MSNs and PSNs was evaluated by incubating HelLa cells
with MSN and PSN suspensions of different concentra-
tions (50 and 100 pg/mL) in growth media for 48 h. Af-
ter washing and harvesting, the cell viability and prolif-
eration were analyzed using a GuavaViacount
cytometry assay, as detailed in the Supporting Informa-
tion. No growth inhibition was found at concentra-
tions as high as 50 wg/mL. As shown in Figure 2b, the
high inhibitory concentration (ICs, > 100 w.g/mL per
million cells) indicated that both SBA-15 MSNs and PSNs
are very biocompatible in vitro.

To investigate the efficacy of PSNs as an intracellu-
lar carrier for macromolecules, a cell membrane-
impermeable macromolecule, 40 kDa FITC-Dextran,
was loaded into PSNs. The estimated hydrodynamic di-
ameter of 40 kDa FITC-Dextran is approximately 8 nm.>°
This is still smaller than the pore diameter of PMAA/

SBA-15 PSN (11.7 nm), which is thus sufficient to per-
mit diffusion of 40 kDa FITC-Dextran molecules inside
the mesopores of PSNs.3"32? As shown in Figure 3a, the

Figure 2. (a) Uptake of the PMAA/SBA-15 PSNs by Hela cells as a
function of concentration. (b) Viability test of HelLa cells with dif-
ferent concentrations of SBA-15 and PSN after 48 h incubation.
ACRAT AN . .
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(a) 10 - Low pH solutions (pH < 5) lead to high loading of
FITC-Dextran into the PSNs. This could be caused by the
—e— PMAA/SBA-15 PSN formation of stabilized complexes between the carbox-

@ 8 —0— SBA-15 MSN ylic acid groups of PMAA and hydroxyl groups of dext-
g’ 6 ran via hydrogen bonding.® In contrast, at pH higher
~ than 5, FITC-Dextran could not be loaded into PSNs. The
E’ existing literature reports a pK; value of 4.85 for PMAA3*
'g 4 Consequently, hydrogen-bonded complexes would

3 not be favored, because of deprotonation of the carbox-

2 1 ylic acid groups of PMAA. It is well-known that dextran
typically has poor affinity to solid surfaces.® These re-
sults demonstrate that the carboxylic acid moieties on
the surface provide a mechanism to control the loading

pH and release of dextran from the mesopores of PSNs by
25 - simply varying the pH of the suspension.

In order to further study the controlled release of
FITC-Dextran as a function of pH, we prepared a FITC-
Dextran-loaded PSN sample at pH 3 and analyzed the re-
lease profile in pH 7 PBS solution. As shown in Figure
3b, 40 kDa FITC-Dextran could indeed be released effi-
ciently from the PSNs in the pH 7 PBS solution. A rapid re-
10 1 lease of 16 wt % of the loaded FITC-Dextran was ob-
served within the first 4 h at pH 7, and the rate of release
5 thereafter diminished, reaching only 21 wt % after 20 h.
These results support the hypothesis that adsorption
—— 1| and release of FITC-Dextran are governed by pH.

2 4 6 8 10 12 14 16 18 20 To investigate the intracellular controlled release,
Time (h) FITC-Dextran-loaded PSN (9.5 mg/g) and free FITC-

- - Dextrans were suspended in cell growth media at the
Figure 3. (a) The pH-dependent adsorption profile of 40 kDa FITC- . h lecul L
Dextran to PMAA/SBA-15 PSN and SBA-15 MSN, and (b) release same concentration as the macromolecule (10 ug/m
profile of FITC-Dextran from PSNs in pH 7 PBS solution at room for the composite and 95 ng/mL for the free macro-

temperature. FITC-Dextran was loaded to the PSN sample at pH 3. molecules). The suspensions were then added to
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was dependent on the pH of the loading suspension.
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Figure 4. Confocal fluorescence micrographs of Hela cells with (a) free FITC-Dextran and (b) FITC-Dextran-loaded PMAA/
SBA-15 PSN. The images from left to right correspond to stained cell nuclei (blue), FITC-Dextran (green), merging of both,
and the phase contrast image. The scale bar is 25 um. The presence of green fluorescence at the same focal plane as the nu-
clei and at the same location as the cell bodies demonstrates that the cells internalized the FITC-Dextran-loaded particles.
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cells were subsequently stained with nuclear dye Hoe-
chst 33258 and lipophilic dye FM 4-64. The slips contain-
ing the cells were then washed with PBS and transferred
to microscope slides with 15 pL of fresh growth media for
immediate observation under a confocal fluorescent
microscope. As seen in Figure 4a, the confocal micro-
graphs show that due to its large molecular size the 40
kDa FITC-Dextran was not internalized by the Hela cells
in the absence of PSNs. No FITC fluorescence was ob-
served inside of the cell bodies. In contrast, in the pres-
ence of PSNs, an intense green fluorescence was visible
in the same focal plane as the cell nuclei, as shown in the
confocal fluorescence image (Figure 4b). This observa-

EXPERIMENTAL SECTION

Materials. Preparation of SBA-15 MSNs. A triblock copolymer (Plu-
ronic P104, EO,,P04:EO,7; 7.0 g) was fully dissolved in 273.4 g of
a 1.6 M HCl aqueous solution at 56 °C. Tetramethyl orthosilicate
(TMOS; 10.6 g) was quickly added into the solution at 56 °C. After
continuous stirring for 24 h, the reaction mixture was moved to
a Teflon-lined high-pressure autoclave for further hydrothermal
treatment at 150 °C for 24 h. After hydrothermal treatment, the
resulting solid SBA-15-type MSN product was isolated by filtra-
tion, washed with copious amounts of water and methanol, and
air-dried at 80 °C. Template-free MSN was obtained through a
high-temperature calcination process at 550 °C.

Preparation of PSNs. To synthesize mesoporous polymer—silica
hybrid nanoparticle (PSN), methacrylic acid (MIAA; 0.190 g)
monomer, ethylene dimethacrylate (EDMA; 0.110 g) cross-linker,
and a,a-azoisobutyronitrile (AIBN; 0.0164 g) radical initiator were
fully dissolved in 1.25 mL of dichloromethane. The solution was
introduced into mesopores of the calcined SBA-15 MSN (1 g) via
the impregnation method. After drying at 40 °C in a mechanical
convection oven for 2 h to remove the solvent dichloromethane,
the mixture was moved into a Schlenk reactor and subjected to
freeze—vacuum—thaw cycles three times using liquid N,. The
mixture was kept under a vacuum condition at 35 °C for 6 h, and
polymerization was performed at 60 °C for 6 h, 100 °C for 1 h,
and 120 °C for 1 h. After being cooled to room temperature, the
sample was washed with chloroform and ethanol and was dried
at 80 °C under a vacuum.

Measurement of SBA-15 MSN and PSN. XRD patterns were recorded
on a Scintag XDS-2000 instrument operated at 1.21 kW using
Cu Ka radiation. Thermogravimetric analysis (TGA) of the PSN
sample was performed on a TA Instruments thermal analysis sys-
tem with a heating rate of 5 °C under an air flow. The nitrogen
adsorption isotherms were measured at the liquid nitrogen tem-
perature (—196 °C) using a Micromeritics ASAP2000 volumetric
adsorption analyzer. The Brunauer—Emmett—Teller (BET) equa-
tion was used to calculate the apparent surface area from ad-
sorption data obtained at P/P, between 0.05 and 0.2. The total
volume of micro- and mesopores was calculated from the
amount of nitrogen adsorbed at P/P, = 0.95, assuming that ad-
sorption on the external surface was negligible compared to ad-
sorption in pores. The pore size distributions (PSDs) were calcu-
lated by analyzing the adsorption branch of the N, sorption
isotherm using the Barret—Joyner—Halenda (BJH) method. TEM
images were taken on a copper grid supported with carbon film,
using a Tecnai G2 F20 device operated at 200 kV. Dynamic light
scattering (DLS) and {-potentials of SBA-15 MSN and PSN were
measured on a Malvern Zetasizer-Nano instrument equipped
with a 4 mW He—Ne laser (632.8 nm) and an avalanche photo-
diode detector. Suspensions (200 .g/mL) of each material in PBS
buffer were prepared. The DLS and {-potential were measured
immediately after ultrasonication for 15 min.

Cellular Uptake. Fluorescent Labeling of Polymer— Mesoporous Silica
Nanoparticles (PSNs). Anhydrous potassium carbonate (16.1 mg, 116
pmol), 18-crown-6 (9.0 mg, 33 pwmol), and 5-bromomethyl-

AN N 17 . .
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tion clearly indicated that 40 kDa FITC-Dextran macromol-
ecules were indeed delivered through the cell mem-
brane of HelLa by PSN.

In conclusion, we have demonstrated that
polymer—mesoporous silica hybrid nanoparticle ma-
terials can be efficiently internalized by Hela cells
with low cytotoxicity. In addition, it was shown that
the PSN material can indeed serve as a transmem-
brane carrier for the controlled release of macromol-
ecules inside living HelLa cells. We believe that this
PSN material will lead to a new generation of nan-
odevices for intracellular controlled delivery of bio-
active macromolecules.

fluorescein (2.1 mg, 4.7 pmol) were suspended in 0.3 mL of anhy-
drous acetonitrile. The mixture was added to a suspension of 16.1
mg of PSN in 1.0 mL of anhydrous acetonitrile and was stirred at 60
°C under protection from light for 4 h. The product was recovered
by centrifugation and washed several times with methanol and
water.

Flow Cytometry. HeLa cells were seeded in 6-well plates at a con-
centration of 1 X 105 cells/mL (3 mL per well) in D-10 growth
medium, consisting of Dubbelco’s Modified Eagle Medium
(DMEM) supplemented with equine serum (10%), penicillin,
streptomycin, gentamicin, and alanylglutamine. The cells were
then incubated for 30 h at 37 °Cin a 5% CO, atmosphere. The
media were then removed from the wells, and the attached cells
were washed with phosphate buffered saline (PBS). The wells
were subsequently filled with suspensions of fluorescein-labeled
PSN in serum-free growth media at various concentrations. The
plates were then set back into the incubator for an additional
10 h. After the incubation period, the supernatant was removed
and the cells were washed with PBS and harvested by trypsiniza-
tion. After centrifugation, the cell pellets were resuspended in
trypan blue solution and analyzed by fluorescence-activated cell
sorting (FACS) in a Becton-Dickinson FACS Canto flow cytome-
ter. Each concentration was tested in triplicate.

Fluorescence Confocal Imaging. HelLa cells were seeded at a concen-
tration of 0.75 X 105 cells/mL in D-10 growth medium in 6-well
plates containing glass coverslips. The cells were then incubated
for 30 h at 37 °C in a 5% CO, atmosphere. The media were re-
moved from the wells, and the attached cells were washed with
phosphate buffered saline (PBS). One well then was filled with 3
mL of a 95 ng/mL suspension of FITC-Dextran in growth media,
and another well was filled with 3 mL of a 10 wg/mL suspension
of FITC-Dextran-loaded PMAA/SBA-15 PSN (loading: 9.5 mg of
FITC-dextran/g of PMAA/SBA-15 PSN). The cells were then set
back in the incubator for an additional 10 h. After this incuba-
tion period, 5 g of lipophilic dye FM 4-64 and 50 p.L of the
nuclear stain Hoechst 33258 (0.5 mg/mL) were added to the
wells, which were placed in the incubator for 15 more minutes.
The supernatant was then removed, and the coverslips with the
attached cells were washed with PBS and transferred to micro-
scope slides with 15 pL of fresh growth media. The slides were
imaged with a 100X oil immersion objective in a Leica TCS NT la-
ser confocal microscope at wavelengths corresponding to the
nuclear stain, FITC label, and FM 4-64 lipophilic dye (excitation
= 350 and 488 nm, emission = BP 455/20, BP 525/20, and LP
590, respectively).

Biocompatibility Assay. HelLa cells were seeded in 6-well plates
at a concentration of 1 X 105 cells/mL (3 mL per well) in D-10
growth medium, consisting of Dubbelco’s Modified Eagle Me-
dium (DMEM) supplemented with equine serum (10%), penicil-
lin, streptomycin, gentamicin, and alanylglutamine. The cells
were incubated for 30 h at 37 °C in a 5% CO, atmosphere. The
media were subsequently removed from the wells, and the at-
tached cells were washed with phosphate buffered saline (PBS)
and the wells filled with suspensions of the materials in D-10
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growth medium at various concentrations. The plates were then
placed back into the incubator for an additional 48 h. After this
period, the supernatant was removed and the cells were washed
with PBS and harvested by trypsinization. After centrifugation,
the cell pellets were resuspended in 1.0 mL of growth medium,
and 10 pL of cell suspension was mixed with 190 pL of Guava Via
Count reagent (Guava Technologies, Inc.,, Hayward, CA); the re-
sultant solution was left to rest 5 min. The amount of viable cells
in each sample was thereafter measured by flow cytometry us-
ing a Guava Technologies Personal Cell Analyzer. Each material
and concentration was tested by triplicate.

FITC-Dextran Adsorption and Release Test. FITC-Dextran (40 kDa)
was dissolved in each buffer solution with different pH (pH 3—8),
and 9 pM of FITC-Dextran solution was prepared. PSN (3.2 mg)
was added to 5 mL of the FITC-Dextran solution in a 14 mL cen-
trifuge tube. After the mixture was stirred for 24 h in a dark area,
the final mixture was then centrifuged and washed with a buffer
solution three times. The amount of FITC-Dextran loaded on
the PSN was determined by analyzing the supernatant solution
spectrophotometrically at 451 nm on a HP-8453 UV —vis spectro-
photometer. The sample was dried under vacuum overnight at
room temperature.

The release profile of 40 kDa FITC-Dextran from the PSN in
pH 7 PBS solution was obtained at room temperature using the
FITC-Dextran-loaded PSN at pH 3. The FITC-Dextran/PSN in PBS
solution was centrifuged for a predetermined time, and the su-
pernatant was collected. The concentration and amount of FITC-
Dextran in PBS solution were determined using a fluorometer
(FluoroMax-2, Instruments S.A., Inc.).
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