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D
ue to the rapid evolution in the
techniques that are used to synthe-
sizeengineerednanomaterials (ENMs),

it is possible to construct different shapes
from a single basematerial, including spheres,
rods, disks, ellipsoids, and cylinders.1�5 Be-
sides spherical nanoparticles that have
been intensively investigated, nonspherical
ENMs with a high aspect ratio (AR) are of
great interest since this physicochemical
feature has been shown to have a dispro-
portionate impact on biological outcome,1,3

including determining the rate of cellular
uptake,1 the mechanism of uptake,1,6 parti-
cle transportation,7,8 biodistribution,2 and
biocompatibility.9,10 How exactly AR im-
pacts cellular function is unknown, but this
information is of considerable importance
in understanding how to improve nanoma-
terial safety and uptake. In order to under-
stand the impact of AR on cellular function,
it is necessary to construct an ENM library in
which the same base material is used for
constructing a range of ARs. One example is
synthesis of triacrylate or monometha-
crylate nanoparticles through the “particle
replication in non-breaking templates” (PRINT)
fabrication technique, allowing these investiga-
tors to look at the uptake of cylindrical particles
that exhibit an AR of 1�3 in HeLa cells.1 The
authors demonstrated that the particles with
anARof 3 (450nm� 150 nm) were takenup 4
times more rapidly than the particles with an
AR of 1. Another example is the use of a set of
colloidal gold nanoparticles, composed of
spheres (14 and 74 nm) and rods (14 nm �
74 nm) to study cellular uptake in HeLa cells.4

This demonstrated a 2�4 times higher uptake
of spherical gold nanoparticles compared to
rod-shaped particles with an AR of 5.

We constructed a mesoporous silica nano-
particle (MSNP) library composedof spherical
and rod-shaped particles to study the impact
of AR variation on cellular uptake in HeLa and
A549 cancer cells. The advantage of using
mesoporous silica is that this material is use-
ful for drug delivery as well as studying ENM
safety.11�13 AR effects on MSNP cellular up-
take add another design feature that could
improve the utility of this multifunctional
platform that is being used for drug delivery
by controlling pore openingwith nanovalves,
surface ligation, surface charge variation,
etc.12�18 Our data demonstrate that rod-
shaped MSNP with an AR of 2.1�2.5 is pre-
ferentially endocytosed by an active uptake
mechanism that is capable of distinguishing
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ABSTRACT Although the aspect ratio (AR) of engineered nanomaterials (ENMs) is one of the key

physicochemical parameters that could determine biological outcome, not much is understood about

how AR contributes to shaping biological outcome. By using a mesoporous silica nanoparticle (MSNP)

library that has been constructed to cover a range of different lengths, we could demonstrate that

the AR of rod-shaped particles determines the rate and abundance of MSNP uptake by a

macropinocytosis process in HeLa and A549 cancer cell lines. MSNPs with an AR of 2.1�2.5 were

taken up in larger quantities compared to shorter or longer length rods by a process that is sensitive

to amiloride, cytochalasin D, azide, and 4 �C inhibition. The rods with intermediary AR also induced
the maximal number of filopodia, actin polymerization, and activation of small GTP-binding proteins

(e.g., Rac1, CDC42) that involve assembly of the actin cytoskeleton and filopodia formation. When

assessing the role of AR in the delivery of paclitaxel or camptothecin, the rods with AR 2.1�2.5 were

clearly more efficient for drug delivery and generation of cytotoxic killing in HeLa cells. All

considered, our data suggest an active sensoring mechanism by which HeLa and A549 cells are

capable of detecting AR differences in MSNP to the extent that accelerated macropinocytosis can be

used to achieve more efficient drug delivery.

KEYWORDS: aspect ratio . macropinocytosis . cell uptake . mesoporous silica
nanoparticles . drug delivery . anticancer drug
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intermediary length from longer and shorter rods. This
implies a cellularmechanism capable of discerning and
responding to rod length. Further investigation of the
molecular pathway that involves filopodia formation
and macropinocytosis demonstrated intermediary
length rods that are capable of small GTPase activation
(e.g., Rac1, CDC42), leading to cytoskeletal activation
and formation of filopodia. We also observed that the
intermediary length rods are more effective for the
delivery of chemotherapeutic agents to HeLa cells.

RESULTS

Synthesis and Physicochemical Characterization of MSNPs.
MSNPs were synthesized via a modified procedure to
yield rod-shaped structures.19 The morphology of the

rods, in comparison to the spherical particles, is shown
in the SEM and TEM images in Figure 1A. MSNP0 are
spheres of∼110 nm diameter, exhibiting uniform pore
sizes of 2.5 nm and an AR = 1�1.2 (Figure 1A). By
increasing the perfluorooctanoic acid (PFOA)/cetyltri-
methylammoniumbromide (CTAB) doping ratio during
the synthesis, it was possible to obtain rod-shaped cylin-
ders with dimensions of 110�130/60�80 nm (MSNP1),
160�190/60�90 nm (MSNP2), and 260�300/50�
70 nm (MSNP3) (Table 1). These values were used to
calculate the AR, which varied from 1.5 to 1.7 (MSNP1),
2.1�2.5 (MSNP2), and 4�4.5 (MSNP3). In spite of
differences in the AR, the pore structure and pore sizes
of the rods are similar (Figure 1 and Table 1). However,
with an increase in the AR of the MSNP from 1 to 4.5,

Figure 1. Physicochemical characterization of MSNP. (A) Scanning electron microscope and transmission electron micro-
scope images ofMSNP exhibiting different AR values. The arrows point out the periodical “fringes” along the short axes of the
rod-shaped particles; these represent ordered helical hexagonal pore arrangements. (B) XRD profiling of MSNP. The peaks
confirm the two-dimensional hexagonal symmetry (p6m) in the particles. The d spacing of the rodswas calculated to be 4 nm,
using the first diffraction peak and the cell parameter, a = 4.6 nm.
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the surface area of these particles decreased from
1077.9 to 760.2 m2/g (Table 1). Small-angle powder
XRD analysis showed three well-resolved peaks that
can be indexed as the 100, 110, and 200 reflections and
confirm the hexagonal symmetry (p6m) of the pore
structure.20 The rod-shaped particles showed period-
ical “fringes” along their length (indicated by arrows
in Figure 1A), which represent the ordered helical
hexagonal pore arrangements as reported in the
literature.19,21,22

To optimize the particle dispersal for purposes of
biological experimentation, the MSNPs were sus-
pended in distilled water containing 5% fetal bovine
serum (FBS) and ultimately transferred into complete
RPMI containing 10% FBS.13 Not only does this suspen-
sion sequence prevent particle agglomeration due to
culture medium ionic effects but it also adjusts the
particles' zeta-potentials from positive to negative as a
result of protein adsorption (Table 1).

AR Influences Cellular Uptake of MSNPs in HeLa Cells and
A549 Cells. Previous publications have shown that a
nonspherical shape enhances the abundance and rate
of cellular uptake of nanoparticles.1,3,6,23 In order to
assess cellular uptake of FITC-labeled MSNP in HeLa
cells and A549 cell line, we used a combination of flow
cytometry and confocal microscopy. The fluorescence
labeling efficiency is similar for all particle surfaces,
allowing us to compare the uptake abundance directly
(Figure S1A in Supporting Information S1A). Moreover,
comparison of the sedimentation rate during a dy-
namic assessment of the suspension stability index
showed that the spheres and rods behave similarly and
do not lead to different rates of settling that could
affect cellular uptake (Figure S1B). However, compared
to spherical particles (MSNP0), there was a significant
increase in the mean fluorescence intensity (MFI) of
cells exposed to rod-shaped particles (Figure 2A). This
amounted to an 18-, 40-, and 8-fold increase of the MFI

for MSNP1, MSNP2, and MSNP3, respectively. Interest-
ingly, the cellular associationwas consistently higher in
MSNP2 than MSNP1 or MSNP3, suggesting that the
intermediary AR is preferred for cellular uptake. The
preference for a rod versus a spherical shape was
further confirmed by comparing FITC-labeled spheres
and rods with RITC-labeled spheres (Figure 2A).
Although there is a slight increase in the uptake of
the RITC-labeled spheres in cells that were subse-
quently treated with FITC-labeled rods, this uptake
was small (<3-fold) compared to rods. The small in-
crease likely represents RITC-labeled spheres that are
not removed by washing and is internalized during the
macropinocytosis of the rods (see below).

The flow data were confirmed by confocal images
showing higher uptake of FITC-labeled rods compared
to the FITC-labeled spheres (Figure 2B). Moreover,
among the rods, the particles with an AR of 2.1�2.5
were endocytosed in greater abundance (Figure 2B)
and at a more rapid rate compared to MSNP1 and
MSNP3 (Figure 2C). MSNP2 appeared to localize pre-
dominantly in the perinuclear region of HeLa cells,
whereas MSNP1 and MSNP3 were more randomly
distributed (Figure 2B).

To further confirm that the impact of AR is not
unique to HeLa cells, the experiments were repeated in
the A549 lung cancer cell line (Figure S2 in Supporting
Information). Consistent with the HeLa data, MSNP2
yielded the highest cellular uptake compared to
spheres or shorter rods in A549 cells (Figure S2).

MSNP2 Uptake Requires Cytoskeletal Activation and Filopodia
formation. Electron microscopy (EM) was used for
ultrastructural resolution of MSNP uptake in HeLa cells
(Figure 3). Although HeLa cells are capable of endocy-
tosing nanoparticles by various routes,1,24 MSNP2were
taken up by a process of macropinocytosis as evidenced
by the presence of filopodia and formation of macro-
pinocytotic vesicles (Figure 3A).25 Noteworthy, the num-
ber of filopodia and extent of membrane ruffling were
dramatically enhanced in cells exposed to MSNP2 com-
pared to cells exposed to MSNP3 (Figure 3A) or MSNP1
(not shown). More detailed TEM images of the macro-
pinocytosis process are shown online (Figure S3) to-
gether with electron tomography and 3D image
reconstruction (Figure S4 and videos 1 and 2). Electron
tomographywas powerful enough to capture the porous
structure of the particles inside the cells, an ultrastructural
feature that has not previously been accomplished.

Sincemacropinocytosis and filopodia formation are
dependent on actin assembly at the cell membrane,26�28

we performed Alexa594 phalloidin staining to visualize
these cytoskeletal changes. The confocal images de-
monstrate that the actin polymerization accompany-
ing filopodia formation is more prominent in cells
treated with MSNP2 than the other particle types; this
takes on the form of radially distributed spikes that
stand away from the ring-like cortical cytoskeleton

TABLE 1. Physicochemical Characterization of MSNP

samples MSNP0 MSNP1 MSNP2 MSNP3

aspect ratio 1∼1.2 1.5∼1.7 2.1∼2.5 4.0∼4.5
d100 (nm) 4 4 4 4
pore diameter (nm) 2.5 2.5 2.5 2.5
surface area (m2/g) 1077.9 926.1 896.9 760.2
size in H2O/RPMI/
CRPMI (nm)a

219/1036/239 207/723/229 198/902/337 185/1023/249

zeta-potential in
H2O/CRPMI (mV)

15.7/�5.7 17.1/�6.9 13.0/�5.7 13.5/�6.2

a Particle size measurements were performed using dilute suspensions (100 μg/mL)
in water or RPMI in a ZetaSizer Nano (Malvern Instruments Ltd., Worcestershire,
UK). To disperse the particles, the stock solutions in water (20 mg/mL) were
sonicated (Tekmar Sonic Disruptor probe) for 15 s before use. In order to coat the
surface of MSNP with FBS, 19 μL of particle suspension was mixed with
1 μL of FBS before addition to complete medium and sonication for 15 s. RPMI
denotes the particle size in RPMI cell culture medium without serum; CRPMI reflects
the size of MSNP that precoated using FBS in complete RPMI containing 10% FBS.
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(Figure 3B, arrow). Scoring of the number of filopodia
(spike) by a technique previously published in the
literature29 (and explained in the legend of Figure 3C)
demonstrated a 5-, 2.5-, and 1.8-fold increase in filo-
podia number in cells treated with MSNP2 compared
to MSNP0, MSNP1, and MSNP3, respectively (Figure 3C).
In addition, the actin assembly in response to MSNP2
was sustained for at least 6 h compared to the transient
effects seenwith stimuli such as epidermal growth factor.26

Chemical inhibitors are widely used to confirm the
occurrence of macropinocytosis and as a means of
distinguishing this uptake mechanism from clathrin-
and caveolae-mediated uptake.26,30 Prior cellular treat-
ment with amiloride26 as well as the cytoskeletal inhi-
bitor cytochalasin D (Cyto D)1,31 decreased MSNP2
uptake by >50% (Figure 3E). These agents also
interfered in MSNP2-induced filopodia formation
(Figure 3D). Moreover, during the use of filipin to inhibit

Figure 2. Abundance and rate of cellular uptake of FITC-labeledMSNP inHeLa cells. (A) HeLa cells were treatedwith 20 μg/mL
FITC-labeled particles for 6 h in complete RPMI. The fold increase in mean fluorescence intensity (MFI) compared to spherical
FITC-labeled MSNP (MSNP0) was used for comparison. RITC-labeled nanosphere uptake was used as another internal control
for comparing each FITC-labeled spheres and rods to an alternatively labeled sphere. The RITC-labeled spheres were
introduced 1 h prior to the PBS washing and introduction of the FITC-labeled particles and PBS washing. Prior experi-
mentation has shown that preincubation with RITC-labeled spheres does not interfere in subsequent uptake of FITC-labeled
particles. /, p<0.05, comparedwith spherical FITC-labeledMSNP0; #,p<0.05, comparedwith FITC-labeledMSNP1; $, p<0.05,
comparedwith FITC-labeledMSNP3. Please note that the small increase in the uptake of the RITC-labeled spheres seen in cells
subsequently treatedwith rods likely reflects a small number of red spheres sticking to the cell surface afterwashing and then
being internalized when the rods activate macropinocytosis. (B) HeLa cells were seeded into 8-well chamber slides before
addition of the FITC-labeled particles at 20 μg/mL for 6 h in complete RPMI. After fixation and permeabilization, cells were
stained with 5 μg/mL wheat germ agglutinin 633 and Hoechst 33342 dye, followed by visualization under a confocal 1P/FCS
invertedmicroscope. (C) Fold increase inMFI of FITC-labeled rods compared to spheres at 0 to 6 h. HeLa cells were exposed to
different FITC-labeled MSNP at 20 μg/mL, and flow cytometry was conducted at the indicated time points. /, p < 0.05
comparedwith spherical FITC-labeled particle (MSNP0); #, p < 0.05 comparedwith FITC-labeledMSNP1; $, p < 0.05 compared
with FITC-labeled MSNP3.
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caveolar uptake through cholesterol sequestration32 as
well as employing monodansylcadaverine to inhibit
formation of clathrin-coated pits,33 we did not observe
any interference in MSNP2 uptake in HeLa cells (Figure
S5A). The energy dependence of the macropinocytosis
pathwaywas confirmedby culturing the cells at 4 �C34 or
pretreating themwith sodium azide (NaN3)/2-deoxyglu-
cose (2-DG) for 3 h before the addition of the particles
(Figure S5B).1 The latter inhibitors also decreased filopo-
dia formation and MSNP uptake by >60% (Figure 3D).

To study the subcellular fate of endocytosed
MSNP2, confocal microscopy was used to localize

FITC-labeled MSNP2 in relation to clathrin-coated ve-
sicles, caveolae, and lysosomes in HeLa cells (Figure
S6).35 These endocytotic compartments were localized
by RITC-labeled secondary antibodies capable of bind-
ing to primary antibodies recognizing clathrin, caveo-
lin-1, and LAMP-1, respectively. ImageJ software
analysis to quantify FITC-labeled MSNP2 colocalization
with labeled compartments showed that, while <1% of
these rods were localized in clathrin or caveolin-1
stained compartments (Figure S6, upper panel), more
MSNP2 entered a LAMP-1 positive compartment
(Figure S6, lower panel). Thus, while <5% of the

Figure 3. TEM ultrastructural analysis and confocal microscopy to elucidate the role of MSNP uptake by macropinocytosis in
HeLa cells. (A) Electron microscopy to determine the ultrastructural changes in HeLa cells following exposure to 20 μg/mL
MSNP for 3 h. Notice the increased pinocytotic activity in cells treated with MSNP2 compared to larger or shorter rod-shaped
particles. Not only was exposure to MSNP2 accompanied bymore prominent membrane ruffles and filopodia formation, but
these particles were also taken upmore abundant than MSNP1 and MSNP3. “N” denotes nuclear. Additional TEM images are
displayed in Figure S3, while a 3D reconstruction using electron tomography is shown in Figure S4 and movies 1 and 2. (B)
Confocalmicroscopy showing the rearrangement of actin fibers as determined by phalloidin staining. Cells were treatedwith
20 μg/mL spheres or rods for 6 h, fixed, permeabilized, and then stained with Alexa594-labeled phalloidin. Confocal
microscopywas performed as in Figure 2. The radial-distributed actin spikes contributing to filopodia formation are indicated
by arrows. (C) Quantitative image analysis to determine the number of filopodia per cell. At least 20 cells for each exposure in
(B) were used to count the number of actin spikes that comprise thefilopodium core; /denotes a significant increase (p<0.05)
in cells treatedwithMSNP2 comparedwith other particle types. (D)Quantitative expressionof the effect of above inhibitors as
well as 4 �C on particle uptake and filopodia formation. Significant increase in cellular uptake of MSNP2 and the number of
filopodia under various inhibitory conditions compared to treatments using MSNP2 alone. Cellular uptake, /, p < 0.05,
compared to control; number of filopodia, #, p < 0.05, compared to control. (E) Confocal microscopy showing inhibition of
filopodia formation and FITC-labeled MSNP2 uptake in the presence of amiloride (which is capable of inhibiting Naþ/Hþ

exchange) or cytochalasin D (Cyto D) (which is capable of binding to actin filaments and inhibiting actin polymerization).

A
RTIC

LE



MENG ET AL. VOL. 5 ’ NO. 6 ’ 4434–4447 ’ 2011

www.acsnano.org

4440

particles entered the LAMP-1 positive compartment by
6 h, this fraction increased to 75% by 36 h. All con-
sidered, these data indicate that MSNP2 are primarily
taken up by macropinocytosis and are ultimately
transferred to an acidifying endosomal compartment
that specializes in particle degradation. Interestingly, the
MSNP-laden lysosomes could be seen to change their
localization from a random to a clustered arrangement
in the cell (Figure S6, bottom right panel). The signifi-
cance of this redistribution is uncertain.

MSNP2 Promotes Active Macropinocytosis through the Acti-
vation of Small GTPases. Macropinocytosis is frequently
triggered by external stimuli, such as viruses25 or
growth factors36 capable of activating membrane-

associated signaling cascades that play a role in actin
polymerization and plasma membrane ruffling.26,30

One of the signaling mechanisms involves the activa-
tion of the GTP-binding protein, Rac1, which plays a
role in membrane ruffling, cytoskeletal changes, and
closure of the macropinosome.26,30 In order to see if
Rac1 is activated during MSNP macropinocytosis, we
used an immunochemical technique that distinguishes
activated GTP-bound Rac1 from total cellular Rac1
protein.37�39 This was accomplished by using a sec-
ondary Alexa594-conjugated antibody that recognizes
anti-GTP-Rac1 as well as a FITC-labeled secondary
antibody that binds to anti-Rac1 capable of recognition
of frame site in Rac1.37�39 Use of these antibody

Figure 4. Confocal microscopy and pull-down assay to show the effect of the different particle types on Rac1 activation in
HeLa cells. (A) Cells were serum-starved for 4 h before the introduction of the particles, which were dispersed in complete
RPMI. In order to correct for effect of serum growth factors on Rac1 activity, we also included serum-starved control that was
treatedwith complete RPMI for 30min. Particles were introduced at 20 μg/mL in complete RPMI for 30min. After fixation and
permeabilization, cells were stained with primary antibodies recognizing GTP-Rac1 or total Rac1, which were subsequently
visualized with Alexa594 or FITC-labeled secondary antibodies, respectively. Nuclei were stained with Hoechst dye. (B)
Fluorescence intensity of GTP-Rac1 in (A) was quantitatively analyzed using ImageJ software. The fluorescence intensity of
serum-starved control cells exposed to complete medium for 30 min (A, first row) was used as the reference value for
calculating the particle-induced increase in Rac1 activation. At least 20 cells from the selection shown in panel A were used to
perform the analysis. / denotes a significant decrease (p < 0.05) for each particle type with the control. #, p < 0.05, compared
withMSNP1; $, p< 0.05, comparedwithMSNP3. (C) Rac1 activationwas further confirmedby a pull-down assay using that Rac
activation assay kit from NewEast Biosciences (Malvern, PA). After similar particle treatments as in (A), HeLa cells were
instantly lysed in ice-cold lysis buffer and anti-GTP-bound Rac1 monoclonal antibody was added to the cell lysates. The
bound, active Rac1 proteinwas then capturedbyprotein A/G agarose and subsequently detectedbyWestern blotting using a
second anti-Rac1 antibody. The total Rac1 protein was detected by Western blotting using anti-Rac1 antibody (Santa Cruz
Biotechnology, CA).
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combinations for confocal studies in HeLa cells showed
more intense Rac1 activation (red fluorescence) in cells
treated with MSNP2 compared to cells exposed to
MSNP0, MSNP1, or MSNP3 (Figure 4A). In contrast,
the total Rac1 abundance (green fluorescence) re-
mained the same across the cell populations. Use of
ImageJ software to calculate the increase in Alexa594
fluorescence demonstrated a significant increase in
abundance of activated Rac1 following MSNP2 treat-
ment (Figure 4B). Longer and shorter rods induced less
prominent Rac1 activation (Figure 4B). These response
differences were sustained for at least 30 min. Rac1
activation by the rod-shaped particles was further
confirmed by a pull-down assay, which demonstrated
that while the total amount of Rac1 as determined by
immunoblotting was stably expressed, there was an
approximate 7-fold increase in the abundance of acti-
vated Rac1 in response to MSNP2 treatment compared
to the control (Figure 4C). This is in accordancewith the
confocal data showing an approximate 2-fold increase
for MSNP2 compared to MSNP1 or MSNP3-treated
cells. Noteworthy, Rac1 activation was suppressed in
MSNP2-exposed cells treated with amiloride, NaN3/2-
DG, or cultured at 4 �C (Figure S7 in Supporting
Information). In contrast, Cyto D, which functions
downstream of Rac1, had no significant effect (Figure
S7). To further validate the role of Rac1 in MSNP2
uptake, we also looked at the effect of Rac1 knockdown
by transfection of a small interfering RNA (siRNA) that
targets at Rac1 protein. A nonrelevant siRNA targeting
GFP protein was used as control. While the Rac1 siRNA
achieved ∼75% protein knockdown efficacy (Figure S8,

immunoblot insert) and reduced MSNP2 uptake (as
determined by flow cytometry) by ∼90%, the nonre-
levant siRNAhadno knockdowneffect but still reduced
MSNP2 uptake by∼60% (Figure S8). This is likely due to
the cytotoxicity of the transgenic agent, Lipofectamine
2000,40 or could be due to a possible “off-target” effect
of siRNA treatment resulting in global effects on
protein expression in cells.41 However, Rac1 siRNA
did exert a statistically significant effect on cellular
uptake compared to the nonrelevant siRNA treatment.

In order to complement the Rac1 data, activation of
other small GTPases that may act in concert with Rac
proteins during endocytosis was considered. These
include CDC42, a member of the Rho subfamily that
controls diverse cellular functions, including regulation
of macropinocytosis by actin polymerization in an
amiloride-sensitive pathway.42 Utilizing a G-LISA acti-
vation kit (Cytoskeleton, Inc.), we demonstrated more
CDC42 activation in cells treated with MSNP2 com-
pared to cells exposed to spherical or other rod-shaped
particles (Figure S9). Another small GTPase is RhoA,
which regulates the actin cytoskeleton during the
formation of stress fibers and may be transiently
activated during macropinocytosis.43 However,
through the use of the G-LISA activation kit, we could
not discern any RhoA activation by MSNP treatment
(not shown).

Delivery of Hydrophobic Chemotherapeutic Agents by Long
AR Particles. Due to the ordered porous structure and
large surface area capable of cargo loading, MSNPs
have emerged as a multifunctional drug delivery
platform.11�15,44 In light of the facilitated cellular

Figure 5. MTS assay comparing the cytotoxic effects of free CPT and Taxol delivered by the different MSNP types. (A)
Comparison of the CPT effects in HeLa cells. After incubation with the particles for 36 h at doses of 6.25�200 μg/mL (which
agrees with CPT concentrations of 0.1�8.0 μg/mL), the cells were incubatedwith theMTS reagent for 2 h and the absorbance
measuredat 490nm. (B) Sameexperimentwasperformedusing Taxol. The cellswere treated for 36 h at particle concentration
at 6.25�200μg/mL,which equals Taxol concentrations of 0.1�2.0 μg/mL for 36 h. TheMTS assaywas performedas in panel A.
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uptake ofMSNP2, we compared the cytotoxic effects of
two hydrophobic chemotherapeutic agents, camp-
tothecin (CPT) and paclitaxel (Taxol), delivered by
spherical and long AR particles. The drugs were loaded
into the particles by soaking them into the pores
through the use of an organic solvent and then
performing phase exchange by washing the particles
in an aqueous buffer as previously described by
us.11�13 The efficacy of the different particle types in
cellular killing was assessed by a MTS assay. Use of this
assay to compare equivalent amount of drug being
delivered over a 36 h time period demonstrated that
the cytotoxic potential of drug-laden MSNP2 > MSNP1
> MSNP3 >MSNP0 (Figure 5). The particles themselves
were devoid of any toxicity, as shown in Figure S10.

DISCUSSION

In this paper, we demonstrate that HeLa and A549
cells endocytose rod-shaped MSNPs through a macro-
pinocytosis process that is capable of discerning the AR
and adapting the cellular response so that uptake is
maximal for particles with an AR of 2.1�2.5. This
differential effect involves filopodia formation that is
linked to activation of the actin cytoskeleton by a small
GTP-binding protein. These findings suggest a me-
chanosensitive process that is capable of translating
variations in AR into small GTPase activation, including
Rac1 andCDC42. Particles taken up into the pinocytotic
vesicles are shuttled into an acidifying lysosomal com-
partment and can be used to deliver hydrophobic
chemotherapeutic agents. This utility was demon-
strated by the delivery of Taxol and CPT in HeLa cells,
with optimal cytotoxicity being achieved when the
drugs are loaded into rods with an AR of 2.1�2.5.
Current research in the field of biomaterials is wit-

nessing the emergence of a powerful set of newdesign
parameters, including the use of physical shape at
micrometer and nanoscale levels to control biological
responses.3,8,10,45,46 Shape is an important physical
characteristic and has an important role in modeling
cellular responsiveness and associated applications in
biotechnology.1 Theoretical models and experimental
studies have confirmed the benefits of using nonsphe-
rical particles for drug delivery based on their effects on
cellular internalization and vascular dynamics.1,2,7,47

This includes the observation that for micrometer-size
particles the local geometry at the point of contactwith
the cell membrane rather than the overall particle
shape dictates whether macrophages initiate inter-
nalization.45 In this regard, it has been demonstrated
that when a macrophage encounters an elliptical disk
at its pointed edge or side, the particle is rapidly
phagocytosed within minutes, whereas attachment
to the flat side of the disk failed to initiate phagocytosis
for an extensive time period.6,8,45,48 The effect of
geometry in phagocytosis could be quantified by
measuring the angle between the membrane at the

point of initial contact and the line defining the particle
curvature at this point. If this angle exceeds a critical
value of >45�, the cells lost the ability to entrap the
particles.3,45 The authors proposed that the particle
shape at the point of attachment determines the type
of actin rearrangements that are required for cellular
uptake.3,45 According to this view, the requisite actin
structures cannot form if the angle is >45�, leading the
macrophages to switch to an alternative spreading
behavior.45

At a much smaller length scale, Gratton et al. de-
monstrated that internalization of cylindrical particles
depends on AR.1 In this elegant study, the authors
evaluated internalization pathways of three different
series of micro- and nanosized particles made from the
cross-linked PEG-based hydrogels produced by the
PRINT technique.1 The synthesized materials included
cubic microparticles, cylindrical microparticles, and
cylindrical nanoparticles (200 � 200 nm; 100 �
300 nm; 150 � 450 nm). While all of the particles were
internalized by HeLa cells, the nanoparticles entered
more rapidly, with the longer cylinders (150� 450 nm)
being captured more rapidly than cubic particles of
nearly similar volume (200 � 200 nm) or shorter
cylinders of lower volume (100 � 300 nm). Particles
with an AR of 3 were internalized about 4 times more
rapidly than spheres of the same volume.1 In contrast
to the results for hydrogel particles, other studies have
found that receptor-mediated endocytosis of Au nano-
objects was significantly decreased with increased
AR.4,49,50 For instance, Au nanospheres with diameters
of 14 or 74 nmwere endocytosed 3 times more readily
by HeLa cells compared to 74 � 14 nm rods.4 Muro
et al. compared targeted accumulation of spheres of
various diameters (ranging from 100 nm to 10 μm) or
elliptical discs of microscale dimensions (1 � 3 μm) in
tissues and found that the targeting efficiency of
micrometer-scale discs is better than spheres, even
those with nanoscale dimensions.51

This paper enhances our understanding of the role
of AR by demonstrating that for MSNP of the same
chemical composition there is differential macropino-
cytosis of particles with an AR 2.1�2.5. Moreover, this
effect is mediated through a pathway that involves the
activation of small GTP-binding proteins (e.g., Rac1),
the actin cytoskeleton, and filopodia formation.52 Not
only is the demonstration that Rac1 and CDC42 activa-
tion by rod-shaped MSNP a novel finding but it also
provides a platform for understanding how specific
shape variations can be used to modulate cellular
function. Macropinocytosis refers to the formation of
large endocytic vesicles of irregular shape and size that
is generated by actin-driven evaginations of the plas-
mamembrane.26 Macropinocytosis is an efficient route
for the nonselective uptake of solublemacromolecules
and is either constitutive or stimulated by growth
factors such as epidermal growth factor, platelet-derived
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growth factor, macrophage colony-stimulating factor,
interleukin-4, or phorbol esters.26,30,53 It has been
reported that antibody conjugates directed against
intercellular adhesion molecule (ICAM-1) or plate-
let�endothelial cell adhesion molecule (PECAM-1)
can promote drug delivery by vehicles that are recog-
nized and internalized by endothelial cells through
macropinocytosis.54 Interestingly, these agents are all
capable of initiating signaling pathways that activate
small GTPases, which have also been shown to play a
role in regulating macropinocytosis.36 The occurrence
of macropinocytosis in a variety of different cell types
suggests that it contributes to cellular functions such as
nutrient uptake,55 host�pathogen interactions,56 anti-
gen processing,57 and directed cell movement.55

Macropinocytosis differs from other endocytic me-
chanisms that are involved in the uptake of individual
nanoparticles by smaller vesicles.26 Different from
clathrin-dependent, caveolae-mediated, or caveolae-
and clathrin-independent pathways,58 macropinocy-
tosis is dependent on signaling to the actin cytoskele-
ton and actin-driven membrane movement.26,35 This
results in membrane ruffling and the formation of
filopodia that are necessary for the closure of the
macropinocytotic vesicles.26 The intracellular fate of
macropinosomes varies depending on the cell type but
in most cases ends up fusing with lysosomes and
shrinking.55

A key question that remains is how the differences in
AR are being discerned and translated into small
GTPase activation and actin assembly in HeLa and
A549 cells. While we do not have an exact explanation,
it is worthwhile to consider the role of the integrated
adhesome network that responds to complex chemo-
sensitive andmechanosensitive environmental cues in
the extracellular matrix (ECM).59 Cells demonstrate an
extraordinary ability to respond to a wide range of
physical signals, either locally or globally, and are
capable of reacting to ECM topography, including its
rigidity,60 spatial organization, and anisotropy.59,61 The
crucial scaffolding interactions involved in the link of
the ECM to the actin cytoskeleton involve actin-poly-
merizing and actin-linking modules associated with
the integrin�receptor system.59 This systemas awhole
is mechanoresponsive, and numerous studies have
demonstrated that the biochemical characteristics of
the ECM, including its spatial organization, are recog-
nized by cells as a result of differential signaling from
integrin-based molecular complexes.59,62 This molec-
ular machinery can be viewed as a network of tightly
interconnected modules that contains ∼700 links,
most involving binding interactions with the rest con-
sisting of pathways that modify those interactions.59

The biological activities of the adhesome components
are quite diverse and include several actin regulators
that affect the organization of the attached cytoskele-
ton. These include adapter proteins that link actin to

integrins (directly or indirectly) as well as a wide range
of signaling molecules, including kinases, phospha-
tases, GTP-binding proteins, and their regulators.59

How could this model apply to the sensing and
response to AR variations of a nanomaterial? While it
is unlikely that integrins are directly involved in this
process, MSNPsmay be decorated with serum proteins
that could act as ligands on the particle surface. How-
ever, we regard this as an unlikely explanation because
macropinocytosis differs from receptor-mediated en-
docytosis that classically proceeds via caveolae or
clathrin-mediated uptake. Another possibility is that
AR variation could be detected at the contact site of the
nanoscale spheres and rods with the cell surface
membrane or the lipid bilayer lining the macropinocy-
totic vesicles. In this regard, it has been demonstrated
that silanol groups on silica nanoparticles are capable
of interacting with membrane lipid compounds and
possibly also with electrostatically charged membrane
proteins.63,64 It is possible that the number and spatial
distribution of these contact sites may be capable of
relaying information to small GTPases by a transduc-
tion process that either involves GTP loading via a
guanine nucleotide exchange factor or inhibiting the
activity of the GTPase. The exquisite sensitivity of cells
to variations in adhesive patch spacing at the nano-
scale level has been demonstrated through the use of
nanolithography approaches, for example, positioning
of nanoscale gold particles (1�15 nm) in spatial ar-
rangements or formation of spacing gradients that can
be tuned at 10�200 nm scales.59,65,66 Examination of
cellular spreading on these surfaces has demonstrated
that the weakest gradient to which cells can respond
corresponds to a strength of ∼15 nm per mm, pro-
vided that the interparticle spacings remained at
58�73 nm.59,67,68 Given a typical spreading length of
60 μm, the implication is that cells can respond to 1 nm
differences in average ligandpatch spacing between the
front and rear end of the cell.59 Thus, the sensitivity to
small variations in interparticle spacing is quite remark-
able and probably achievable in a time-integrated
manner.59 Interestingly, these variations are much smal-
ler than the typical variations in the interligand spacing
that governs integrin interactions with the ECM. Thus,
given this exquisite sensitivity at the nanoscale level, we
propose that a related mechanism may be involved in
detecting AR differences in rod-shaped MSNP.
These results not only advance our understanding of

the mechanism by which AR differences change cel-
lular uptake but also allow us to add a shape design
feature to the list of tunable MSNP properties that can
be exploited to improve drug delivery.11,15,69,70 Accu-
mulated evidence indicates that spherical nanocarriers
may not be optimal drug delivery devices due to the
poor cellular uptake and unsatisfactory biodistribution
compared to disk-shaped objects or particles exhibiting
a long AR.1,2,7 To improve cellular uptake of MSNP, we
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have previously shown that better uptake can be
achieved by noncovalent attachment of the cationic
polymer, polyethyleneimine, to the particle surface.12,13

However, cationic functionalization could lead to
cytotoxicity.12,13 We now demonstrate improved de-
livery and killing in HeLa cells by using an optimal AR of
2.1�2.5 (Figure 5). To further understand the biobeha-
vior of AR particles in vivo, we are currently performing
animal experiments to test the efficacy of a nonsphe-
rical MSNP delivery system.

CONCLUSION

We demonstrate through the use of AR variation in
a designedMSNP library that cells actively respond to

the shape change by changing particle uptake
through a macropinocytosis process. Not only can
HeLa and A549 cells distinguish between specific
ARs, but they are also capable of translating this
recognition into activation of small GTPase such as
Rac1, control actin assembly, and optimal filopodia
formation that leads to maximal uptake of intermedi-
ary length rods. This active uptake process can be
inhibited by a list of inhibitors (amiloride, Cyto D and
NaN3/2-DG) or dropping the culture temperature to
4 �C. We also demonstrate that intermediary length
MSNPs with an AR of 2.1�2.5 are more efficient for
delivery hydrophobic chemotherapeutic agents to
HeLa cells.

MATERIALS AND METHODS
Experiment Reagents. Commercial reagents and analytical

materials used in this study included tetraethoxysilane (TEOS,
98%, Aldrich), cetyltrimethylammonium bromide (CTAB, 98%,
Aldrich), perfluorooctanoic acid (PFOA, 96%, Aldrich), methanol
(99.9%, Fisher), triethylamine (99.5%, Aldrich), ethanol (200
proof, Pharmaco-AAPER), 3-aminopropyltriethoxysilane (APTES,
99%, Gelest), rhodamine-B-isothiocyanate (RITC, Aldrich), fluor-
escein isothiocynate (FITC, >90%, Aldrich), amiloride (Aldrich),
cytochalasin D (Aldrich), filipin (Aldrich), monodansylcadaver-
ine (Aldrich), sodium azide (NaN3, Aldrich), 2-deoxyglucose (2-
DG, Aldrich), camptothecin (CPT, 99%, Aldrich), and Taxol (99%,
Aldrich). RPMI 1640 cell culture medium, penicillin/streptomy-
cin, L-glutamine, Alexa594 phalloidin, and Hoechst 33342 were
purchased from Invitrogen (Carlsbad, CA). Fetal bovine serum
(FBS) was fromAtlanta Biologicals, Inc. (Lawrenceville, GA). Anti-
LAMP-1 and anti-GTP-Rac1 antibody were obtained from
Abcam (Cambridge, MA) and Cell Signaling (Danvers, MA).
Anti-total-Rac1, anticlathrin, and anticaveolin antibodies were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Deionized H2Owas obtained from aMillipore water purification
system. Toluene (99.5%) refluxed before use.

MSNP Synthesis. MSNPs with different AR were chemically
synthesized by a sol�gel approach using a surfactant/co-struc-
ture direct agent (CSDA) mixture as template. Different shaped
MSNPs and ARs were synthesized by varying the PFOA/CTAB
molar ratio as follows: MSNP0 = 0; MSNP1 = 0.015; MSNP2 =
0.03; MSNP3 = 0.06. The PFOA/CTAB mixture was stirred at
600 rpm for 1 h at room temperature before the addition of
2.1 mL of 2 M NaOH. Subsequently, the solution temperature
was increased to 80 �C before the addition of 4.1 mL of TEOS.
Thismixturewas stirred for an additional 2 h, and the precipitate
was carefully collected by filtration. After washing three times
with methanol and deionized water, the solids were air-dried
overnight at room temperature. The MSNP templates were
removed by extracting the CTAB with HCl containing methanol
under nitrogen protection. The resulting MSNPs were collected
by filtration, washed by methanol, and dried overnight in air.
Depending on the shape and AR, the particles were designated
MSNP0, MSNP1, MSNP2, and MSNP3 as explained in Table 1. To
visualize the particles under a confocal microscope or perform
flow cytometry, FITC- or RITC-labeled MSNPs were prepared by
suspending 200mgofMSNP in 10mL of dry toluenewith 3 μL of
APTES, followed by the attachment of FITC or RITC in ethanol.
The labeled MSNPs were collected by centrifugation and
washed by methanol and water before use.

Physicochemical Characterization of MSNPs. MSNPs were charac-
terized for shape (aspect ratio), surface area, hydrodynamic size,
and zeta-potential. The shape and morphology of the MSNPs
were characterized by scanning electronmicroscopy (SEM, JSM-
6700F) at 15 kV. The pore structure and aspect ratio were

studied by using a transmission electron microscope, JEM
1200-EX operated at 80 kV. Microfilms for TEM imaging were
obtained by placing a drop of the respective MSNP suspensions
onto a 200-mesh copper TEM grid and drying at room tem-
perature overnight. The AR values were determined by measur-
ing the length and diameter of at least 30 randomly selected
particles. X-ray diffraction (XRD) patterns were recorded on a
Panalytical X'Pert Pro powder diffractometer with Ni-filtered Cu
KR radiation. UV�vis spectra were collected using a Cary 5000
UV�vis�NIR spectrophotometer. For surface area measure-
ment, N2 adsorption�desorption isotherms were obtained on
a Quadrasorb SI surface area analyzer and pore size analyzer
(Quantachrome Instruments, Florida, USA). The BET model was
applied to evaluate the specific surface areas, and the Bar-
ret�Joyner�Halenda (BJH) method was used to calculate the
pore size. Particle hydrodynamic size and zeta-potential were
measured in pure water or cell culture medium using a ZetaSi-
zer Nano (Malvern Instruments Ltd., Worcestershire, UK).

MSNP Dispersion and Use To Perform Tissue Culture. All cell cultures
were maintained in 75 cm2 cell culture flasks, in which the cells
were passaged at 70�80% confluency every 2�3 days. The
human cervical (HeLa) and lung cancer (A549) cells were
cultured in RPMI 1640 containing 10% FBS, 100 U/mL penicillin,
100 μg/mL streptomycin, and 2 mM L-glutamine (complete
RPMI medium). To disperse MSNP in cell culture medium, the
water stock solution was sonicated (Tekmar Sonic Disruptor
probe) for 10 s before use. In order to coat the surface of MSNP
with FBS, 19 μL of MSNP suspension wasmixedwith 1 μL of FBS.
Complete cell culture medium was then added to the serum-
coated MSNP suspension.

Assessment of Cellular MSNP Uptake by Flow Cytometry and Confocal
Microscopy. For the performance of flow cytometry, aliquots of 1
� 105 cells (HeLa and A549 cells) were cultured in 12-well plates
in 1 mL of complete RPMI medium. RITC-labeled spherical
MSNPs were added to the above cultures at 20 μg/mL for 1 h,
washed carefully in PBS, and then incubatedwith different FITC-
labeled MSNPs at 20 μg/mL for 6 h in complete RPMI medium.
The purpose of prior incubationwith the RITC-labeled spheres is
to demonstrate that cells can distinguish between a spherical
shape and a rod-shaped particle. All cell types were trypsinized
and washed in PBS three times. Cells were analyzed in a SCAN
flow cytometer using mean FL-2 and FL-1 to assess RITC and
FITC fluorescence, respectively. Data are reported as fold in-
crease in mean fluorescence intensity (MFI), using MSNP0
uptake as reference.

For the confocal studies, cellular uptake of the spheres and
different AR particles was performed by adding 20 μg/mL FITC-
labeled particles to 8-well chamber slides. Each well contained
5 � 104 cells in 0.5 mL of complete culture medium. Cell mem-
branes were costainedwith 5 μg/mL AlexaFluor633-conjugated
wheat germ agglutinin (WGA) in PBS for 30 min. Slides were
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mounted with Hoechst 33342 and visualized under a confocal
microscope (Leica Confocal 1P/FCS) in the UCLA/CNSI Ad-
vanced Light Microscopy/Spectroscopy Shared Facility. High-
magnification images were obtained with the 100� objective.

Transmission Electron Microscopy of MSNP-Treated Cells. HeLa cells
were treated with each of the MSNP variants at
20 μg/mL for 3 h in complete RPMI. The cells were washed in
PBS and immediately fixed with 2.5% glutaraldehyde in PBS.
After secondary fixation in 1% OsO4 in PBS, the cells were
dehydrated in a graded ethanol series, treated with propylene
oxide, and embedded in resin. Approximately 60�70 nm thick
sections were cut on a Leica ultramicrotome and picked up on
Formvar-coated copper grids. The sections were examined in a
CM120 electron microscope (Philips).

Electron Tomography. TEM grids were used for the tomogra-
phy imaging on an FEI Tecnai F20 microscope operated at 200
kV. Tilt series were acquired by tilting the specimen
from �70 to 70� at 1� increments and with a TIETZ F415MP
16 megapixel CCD camera at a magnification of 26 600� and
then aligned using the ETOMOprogram in the IMOD package.71

The aligned tilt series were then further processed using the
reconstruction Inspect3D program from FEI, with the SIRT
option, to improve reconstruction accuracy and contrast.
Three-dimensional movies of the aligned tilt series were gen-
erated using both Inspect3d and Windows movie maker. Visua-
lization of 3D tomographic reconstructions were performed
using 3DMOD of IMOD71 and Amira (http://www.amira.com/).

F-Actin Staining and Filopodia Counting. HeLa cells were seeded
into 8-well chamber slides and incubated with or without MSNP
at a concentration of 20 μg/mL in complete RPMI for
6 h. Cells were washed three times in PBS, fixed with 3.7%
formaldehyde for 30 min, and permeabilized with 0.25% Triton
X-100 for 10 min. For F-actin staining, cells were incubated with
Alexa594 phalloidin in the dark for 30min at room temperature.
The slides were viewed using a confocal microscope equipped
with a 100� oil-immersion objective. The average number of
filopodia per cell as determined by actin fiber staining was
calculated by counting at least 20 randomly selected cells in
each exposure category.29 After filopodia counting, two-sided
Student's t test was performed to determine whether there was
a statistically significant difference.29

Drug and Temperature Inhibition Studies. HeLa cells were seeded
in a 12-well plates at the density of 1 � 105 per well. The cells
were precultured in serum-free RPMI 1640 medium containing
amiloride (75 μM), Cyto D (2.5 μg/mL), or 0.1% NaN3/50 mM
2-DG for 3 h. Alternatively, cells were placed at 4 �C. After 3 h
pretreatment, the medium was exchanged into fresh complete
RPMI 1640 that contained 20 μg/mL FITC-labeledMSNP2, one of
the chemical inhibitors (amiloride, Cyto D or NaN3/2-DG), and
10% FBS for a further 6 h culture time. To observe a temperature
effect, the cellular incubation with particles was carried out at 4
�C for 6 h. Following a 6 h incubation period, the cells were
washed with PBS and then processed for flow cytometry as
described above. The filopodia counting was performed by
confocal microscopy as described above. We also conducted
experiments with the caveolar and clathrin-coated inhibitors.
The cells were precultured in complete RPMI 1640 medium
containing filipin (5 μM) ormonodansylcadaverine (50 μM) for 3
h. At this time point, the medium was replaced by fresh
complete RPMI containing 20 μg/mL FITC-labeled MSNP2 and
filipin (5 μM) or monodansylcadaverine (50 μM), and cells were
incubated for a further 6 h time period. The cells were washed
with PBS and then processed for flow cytometry analysis.

Assessment of Cellular Rac1 Activation. To study Rac1 activation,
HeLa cells were serum-starved for 4 h before introduction of the
particles that were dispersed in RPMI containing 10% FBS. Cells
were incubated with the particles for 30 min at a concentration
of 20 μg/mL. Because FBSmay also contribute to Rac1 activation
due to the presence of growth factors, it was necessary to
include a control where serum-starved cells were exposed to
complete RPMI for 30 min to allow adjustment for any possible
Rac1 activation due to the complete medium. After fixation and
permeabilization, cells were stained with antibodies recogniz-
ing the activated GTP-bound form of Rac1 or total Rac1
protein.37�39 The primary antibodies were detected by

secondary antibodies conjugated to Alexa594 or FITC, respec-
tively. Nuclei were stained by Hoechst 33342. The Alexa594
fluorescence intensity as a measure of Rac1 activation was
determined by ImageJ software. The fluorescence intensity of
control cells incubated in serum-containing medium for 30 min
was chosen as reference with fluorescent intensity = 1. The
fluorescence intensity of cells treated with the various MSNPs
was then expressed as the fold increase compared to this
control value. The experiment was repeated in presence of
amiloride, Cyto D, NaN3/2-DG, as well as at 4 �C as described
above.

In order to further confirm the confocal data, particle-
induced Rac1 activation was detected by a pull-down assay
using configuration-specific monoclonal antibody Rac activa-
tion assay kit (NewEast Biosciences, PA) according to the
manufacture's instruction. Briefly, HeLa cells were seeded into
10 cm tissue culture dish (∼2� 107 cells/dish) and received the
various particle treatments as described above. After cold PBS
washing three times, 1 mL of ice-cold lysis buffer was added to
the cells. Aliquots of each cell lysate were added to two
microcentrifuge tubes, one for analysis of the active and the
other for the analysis of total Rac1 content. The protein content
of the supernatants was determined by the Bradford method.
After the addition of 1 μL of the monoclonal antibody recogniz-
ing active Rac1, the cell lysates received the addition of 20 μL of
protein A/G agarose beads. After incubation at 4 �C for 1 h with
gentle agitation, the beads were collected and washed by lysis
buffer three times. Following the resuspension of the bead
pellet in 20 μL of SDS-PAGE sample buffer, the samples were
electrophoresed by 12% SDS-PAGE and transferred to a PVDF
membrane. After blocking, the membranes were incubated
with 1:1000 dilution of primary polyclonal antibody to Rac1
(Santa Cruz Biotechnology, CA). The membranes were overlaid
with goat anti-mouse secondary antibody (1:1000 dilution)
before the addition of the HRP-conjugated streptavidin�biotin
complex. The proteins were detected by using the ECL reagent
according to the manufacturer's instructions. The total Rac1
protein was detected by Western blotting using anti-Rac1 anti-
body (Santa Cruz Biotechnology, CA).

Drug Loading and Loading Capacity Measurement. Two hydropho-
bic anticancer drugs, Taxol and camptothecin (CPT), were
loaded into different MSNPs using 20 mg of each type of
particles suspended into a solution containing 0.5 mg of each
drug in 1mL of DMSO. After 24 h, the particles were collected by
centrifugation, and the trace amounts of DMSO were removed
by drying under vacuum. The drug-laden particles were washed
and stored as an aqueous stock solution at 20 mg/mL. To
measure the loading capacity of the particles, they were
resuspended in methanol and thoroughly sonicated to remove
the drug from the pores. After centrifugation and removal of the
supernatant, the process was repeated three times to elute all
drug. The supernatants were combined, and the amount of free
drug was calculated using Taxol absorbance at 229 nm and the
CPT fluorescence at excitation and emissionwavelengths of 370
and 448 nm, respectively, in a microplate reader (SpectraMax
M5Microplate Reader, Molecular Device, USA).

Assessment of HeLa Cytotoxicity in Response to Treatment with Drug-
Loaded Particles. HeLa cells were plated at 1� 104 cells per well in
96-well plates.MSNPs, loadedwith CPT or Taxol, were incubated
with the cells to deliver CPT concentrations of 0.1�8.0 μg/mL
and Taxol concentrations of 0.1�2.0 μg/mL for 36 h. The effect
of the MSNP-bound drug was compared to similar amounts of
free drug delivered in DMSO/PBS. A MTS assay was performed
36 h after drug and particle exposure to assess cellular viability
as previous described.13

Statistical Analysis. Data represent the mean ( SD for dupli-
cate or triplicatemeasurements in each experiment. Differences
between the mean values were analyzed by two-sided Stu-
dent's t test or one way ANOVA. All experiments were repeated
at least twice.
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