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D
rug development has traditionally
been focused on a limited number
of targets such as enzymes, trans-

porters, G-protein-coupled receptors, and
secreted proteins.1 Most gene products
are deemed as nondruggable since it is
difficult to develop assays to measure their
activities, and hence to carry out drug
screening. As a result, many important pro-
teins have been excluded from drug devel-
opment efforts. This is especially true for
cancer drug development. Many key can-
cer-causing genes encode transcription fac-
tors and those involved in protein�protein
interaction.2�4 The discovery of RNA inter-
ference (RNAi) has opened the door for the
development of a new class of therapeutic

agents for the treatment of human dis-
eases.5 RNAi is considered to have the cap-
ability of knocking down any gene in any
cell type. Consequently, a large number
of gene silencing agents including small
inhibitory RNAs (siRNA) and microRNAs
are being evaluated for their anticancer
activities.
As unformulated nucleotide oligos are

rapidly degraded in body fluids, they are
delivered in nanocarriers to enable the gene
silencing agents to reach the designated
tissues and exert function in vivo. The most
commonly used nanocarriers for delivery of
cancer therapeutics include liposomes and
polymer-based nanoparticles with a size of
less than 200 nm.6 The leaky vasculature in
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ABSTRACT Gene silencing agents such as small interfering RNA (siRNA) and

microRNA offer the promise to modulate expression of almost every gene for the

treatment of human diseases including cancer. However, lack of vehicles for

effective systemic delivery to the disease organs has greatly limited their in vivo

applications. In this study, we developed a high capacity polycation-functionalized

nanoporous silicon (PCPS) platform comprised of nanoporous silicon microparticles

functionalized with arginine-polyethyleneimine inside the nanopores for effective

delivery of gene silencing agents. Incubation of MDA-MB-231 human breast cancer

cells with PCPS loaded with STAT3 siRNA (PCPS/STAT3) or GRP78 siRNA (PCPS/

GRP78) resulted in 91 and 83% reduction of STAT3 and GRP78 gene expression in

vitro. Treatment of cells with a microRNA-18a mimic in PCPS (PCPS/miR-18)

knocked down 90% expression of the microRNA-18a target gene ATM. Systemic delivery of PCPS/STAT3 siRNA in murine model of MDA-MB-231 breast

cancer enriched particles in tumor tissues and reduced STAT3 expression in cancer cells, causing significant reduction of cancer stem cells in the residual

tumor tissue. At the therapeutic dosage, PCPS/STAT3 siRNA did not trigger acute immune response in FVB mice, including changes in serum cytokines,

chemokines, and colony-stimulating factors. In addition, weekly dosing of PCPS/STAT3 siRNA for four weeks did not cause signs of subacute toxicity based

on changes in body weight, hematology, blood chemistry, and major organ histology. Collectively, the results suggest that we have developed a safe

vehicle for effective delivery of gene silencing agents.
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the tumor tissue enables nanoparticles within a size
range of 100�500 nm to permeate into the tumor
interstitium, taking advantage of the enhanced perme-
ability and retention (EPR) effect.7,8 Furthermore,
oligonucleotides are negatively charged and cannot
pass the cytoplasmic membrane. Nanoformulation
effectively facilitates cellular entry of the gene silencing
agent.
Multiple siRNA-based candidate cancer drugs are

currently being tested in clinical trials for efficacy and
safety evaluation.6 Liver cancer and liver metastases of
other cancer types are the primary disease indications
for many of the candidate drugs,9 since the drug
carriers tend to accumulate in the liver. Although
promising advancement has been made in recent
years on siRNA delivery,10,11 there is still an urgent
demand for the design and development of new
delivery systems to target other organs. We have
previously shown that porous silicon can be tailored
to produce particles with defined size and shape.12 The
destiny of the particles inside the body is determined
by the size, shape, and surface physical and chemical
properties. For example, discoidal particles are more
effective in tumor accumulation than spherical or
cylindrical particles,13 and the 1000� 400 nmdiscoidal
particles accumulate more in tumor tissues and less in
the liver or spleen than the 600 � 200 nm particles in
the first 30 min after i.v. administration.14 In a recent
study with a murine model of melanoma, it was
determined that up to 5% of total injected dose of
the 1 μm discoidal particles with polyamine surface
modification were enriched in the tumor tissue after
systemic delivery.14 Tumor accumulation has also been
confirmed in murine models of primary breast cancer
and metastatic ovarian cancer.15,16 In addition, sys-
temic administration of the discoidal porous silicon
particles does not cause acute or subacute toxicity in
wild-type mice.15 These results suggest the discoidal
particles can serve as an efficient carrier for drug
delivery to breast cancer, ovarian cancer, melanoma,
and possible other types of solid tumors.
We hypothesize that the discoidal porous silicon

(pSi) particles can serve as delivery vehicles for the
RNA-based gene silencing agents if the surface of the
nanopores is conjugated with polycation such as
arginine (Arg), chitosan, dendrimer, and polyethylenei-
mine (PEI). The polycation-functionalized porous sili-
con (PCPS) should have a high binding capacity for
oligonucleotides. Confinement inside the nanopores
will prevent the polycation-bound oligonucleotide
from interacting with the toll-like receptors to trigger
innate immune responses. Once inside the body, the
porous silicon will accumulate in tumor vasculature
and gradually dissolve, releasing the oligonucleotide-
bound polycation from confinement to form polyplex
nanoparticles, which carry siRNA/microRNA to tumor
interstitium. In the current study, we first conjugated

3-aminopropyl-triethoxysilane (APTES) onto the sur-
face of porous silicon and covalently attached Arg
and PEI onto APTES sequentially. The PCPS, pSi-Arg-
PEI, was then tested for siRNA binding capacity, releas-
ing kinetics, and knockdown efficacy in cancer cells. A
STAT3 gene-specific siRNA was used to test delivery to
the tumor and knockdown of gene expression in a
murine model of breast cancer. In addition, we tested
potential innate immunotoxicity and subacute toxicity
of the PCPS loaded with STAT3 siRNA. These studies
confirmed that we have developed an efficient system
for in vivo delivery of gene silencing agents.

RESULTS AND DISSCUSSION

Fabrication of the PCPS Delivery System. A four-step
procedure for fabrication of the PCPS delivery vehicle
is illustrated in Scheme 1. The surface of the porous
silicon microparticle was first oxidized with H2O2/
H2SO4 to expose a hydroxyl group that was used to
conjugate APTES. Modification of porous silicon parti-
cle with APTES not only limits surface attack by water
molecules and thus prevents the particle from rapid
degradation, but also provides linkers for polycation
conjugation. An Arg molecule was then conjugated to
APTES, and the primary amino groups of PEI were
subsequently attached to arginine. Loading of siRNA
oligos into the nanopores was achieved through elec-
trostatic interaction between the positively charged
Arg-PEI and the negatively charged siRNA.

Characterization of the PCPS Delivery System. Scanning
electron microscopy (SEM) was applied to analyze
morphological changes of the original porous silicon
particles and the PCPS particles (Figure 1a). The 1 μm
discoidal particles contain 45�80 nmnanoporeswith a
porosity of about 80%.17 The nanopores with clearly
defined structures and edges distributed evenly across
the particle (Figure 1a, left panel). They were partially
filled in the final product PCPS (Figure 1a, right panel),
indicating a substantial amount of Arg-PEI was con-
jugated inside the pores. Surface chemical modifica-
tion of the particles was confirmed by changes in sur-
face charge (Figure 1b). APTES modification brought
the zeta potential from �37.5 mV to the positive
territory, and Arg-PEI contributed significantly to the
positive value of zeta potential as a result of the
cooperative effect of PEI and the guanidine residue in
Arg (þ2.38 mV for pSi-APTES,þ3.72 mV for pSi-APTES-
Arg, andþ8.18mV for pSi-APTES-Arg-PEI). SEManalysis
revealed that the PCPS particles weremore stable than
the unmodified pSi particles in phosphate buffer saline
(PBS; Figure S1, Supporting Information). PCPS degra-
dation was minimal in the initial 4 days of incubation,
compared to massive degradation for pSi during the
same time. To characterize siRNA and nanoparticle
formation, siRNA oligos labeled with the Alexa555
fluorescent dye were mixed with PCPS for complete
siRNA-polycation binding. Confocal microscopic analysis
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confirmed the presence of Alexa555-siRNA in the
microparticles (Figure 1c, left panel). These particles

were then incubated in PBS. Arg-PEI/siRNA was re-
leased and formed polyplex nanoparticles when the

Figure 1. Characterization of PCPS as a delivery carrier for gene silencing agents. (a) SEM images of oxidized porous silicon
(pSi) as the starting material and PCPS as the final product. (b) Changes in zeta potential of particles at various stages of
fabrication. Results are presented as themeanoffivemeasurements( standarddeviation. (c) Confocalmicroscopic images of
PCPS/siRNA (left) and the released Arg-PEI-siRNA polyplex nanoparticles (right). Red fluorescence was from the Alexa555-
conjugated siRNA. (d) Size distribution of released siRNA polyplex nanoparticles measured by dynamic light scattering. (e)
Atomic force microscopic image for size analysis of siRNA polyplex nanoparticle.

Scheme 1. Schematic Illustration of Fabrication of PCPS as a Delivery Carrier for Gene Silencing Agents
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silicon dissolved (Figure 1c, right panel). Fluorescence
from the siRNA ployplex nanoparticles was not as
bright as in PCPS/siRNA where the Alexa555-siRNA
was concentrated. The size of released polyplex nano-
particles was within 40�200 nm range with a median
size of 102 nm as determined by dynamic light scatter-
ing (Figure 1d). This size range was confirmed by
atomic force microscopy (Figure 1e). It is interesting
to note that the median size of released polyplex was
larger than that of the nanopores in porous silicon,
indicating that the final polyplex structure formed
during or after porous silicon degradation, but not
inside the confinement of the porous silicon particle.

Loading and Release Kinetics. Binding of siRNA to
polycation in PCPS can be monitored by decrease in
UV absorbance in supernatant or decrease in zeta
potential value. Within the first 30 min of incubation,
1.8 μg of siRNA oligos was loaded into 10 � 106 PCPS
particles (Figure 2a). Another 1.2 μg of siRNA was
loaded when the incubation time was extended to
3 h (Figure 2a). The maximum loading capacity was
3.14 μg of siRNA/10� 106 PCPS (Figure 2b). This was a
dramatic improvement over the existing siRNA carriers.
We have previously used the porous silicon-based
multistage vector system to deliver siRNA packaged
in nanoliposomes.15,16 In order to deliver 15 μg of siRNA,
6 � 108 1 μm size particles were needed to load
liposomal siRNA. The number of particles would be
reduced by 90% with the current platform. Increase in

binding of the negatively charged siRNA oligos to PCPS
correlated with decrease in surface charge of the
complex (Figure 2c). Release of siRNA from the carrier
was biphasic in 10% fetal bovine serum (Figure 2d). A
quick release profile was observed in the first 4 days.
Approximately 60% of the siRNA was released within
this period of time, and another 20%was released over
the next 10 days (Figure 2d). Since siRNA is released as
polyplex nanoparticles upon porous silicon degrada-
tion (Figure 1), the release curve indicates that porous
silicon degraded gradually, resulting in sustained re-
lease of siRNA nanoparticle polyplex. In a parallel
experiment, we loaded PEI/siRNA polyplex nanoparti-
cles into pSi-APTES-Arg and monitored particle release
(Figure S2, Supporting Information). Most particles left
the pSi-APTES-Arg carrier within the first 3 days. The
results indicate that the Arg-PEI bond is essential for
sustained release of PEI/siRNA polyplex nanoparticles.
Thus, we have developed a delivery system with high
nucleotide binding capacity for sustained release of
gene silencing agents.

Cellular Uptake of PCPS/siRNA and Intracellular Trafficking of
siRNA Polyplex Nanoparticle. PSPC particles loaded with
Alexa555 siRNA were incubated with MDA-MB-231
human breast cancer cells in culture, and the fluores-
cent particles were monitored under a confocal micro-
scope. Uptake of particles by the breast cancer cells
was apparent one day after inoculation (Figure 3a).
SEM analysis captured an image of particles at various

Figure 2. Loading of siRNA into PCPS and release of siRNA polyplex nanoparticle. (a) Time-dependent loading of siRNA into
PCPS. Scramble siRNA was used to test time-dependent loading, and UV absorbance of the supernatant at 260 nm was
measured to assess loading capacity. (b) Dose-dependent loadingof siRNA into PCPS. (c) Zeta potential changes during siRNA
loading into PCPS. (d) Release of siRNA nanoparticle from the carrier. PCPS/Alexa555-siRNA was incubated in PBS with 10%
fetal bovine serum. Supernatant was separated from the particles and was used to measure fluorescent intensity at Ex543/
Em590. Results are presented as the mean of five measurements ( standard deviation.
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stages of cellular entry (Figure 3b).Multiple fluorescentpar-
ticles could still be visualized on day 7 and 12 (Figure 3a).

We loaded FAM-labeled siRNA into PCPS, and col-
lected Arg-PEI/siRNA following PCPS degradation in
PBS. The green siRNA polyplex nanoparticles were
incubated with MDA-MB-231 cells, and time-dependent
intracellular localization was monitored (Figure 3c).
Confocal microscopic images showed that the FAM-
siRNA had reached endosomes/lysosomes (in red)
after 30 min of incubation, as the green fluorescent
FAM-siRNA colocalized with the red fluorescent

endosomes/lysosomes. By the 2-h time point, almost
all green FAM-siRNA costained with the red endo-
somes/lysosomes, indicating maximum accumulation
of siRNA in these organelles. Some siRNA molecules
had exited these organelles by 6 h, and FAM-siRNA
could be visualized in multiple areas inside the cells by
12 h, suggesting successful endosomal escape of
siRNA. Effective endosomal escape of the Arg-PEI/
siRNA enabled siRNA molecules to exert their biologi-
cal activities inside the cell. It has been speculated that
polyaminemolecules can serve as proton sponges that

Figure 3. Cellular uptake of PCPS/siRNA and intracellular trafficking of Arg-PEI/siRNA polyplex nanoparticles. (a) Time-
dependent release of Alexa555-siRNA inside tumor cells. PCPS/Alexa555 siRNA particles (in red) were added into MDA-MB-
231 cell culture, and fluorescence from particles was monitored with a confocal microscope on days 1, 7, and 12 after
incubation. (b) SEM images of cellular internalization of PCPS/siRNA.Multiple particleswere at various stages of cellular entry.
(c) Intracellular trafficking of Arg-PEI/siRNA polyplex nanoparticles. Arg-PEI/FAM-siRNA polyplex nanoparticles (in green)
were added into MDA-MB-231 cell culture. Cells were harvested at the indicated time points and stained with Lysotracker for
late endosomes/lysosomes (in red) and DAPI for nuclei (in blue). Fluorescent images was captured with a confocal microscope.

A
RTIC

LE



SHEN ET AL. VOL. 7 ’ NO. 11 ’ 9867–9880 ’ 2013

www.acsnano.org

9872

break endosomes.18 It is very likely that breakage of endo-
somesbyArg-PEI facilitated siRNAexit from lateendosomes.

Knockdown of Gene Expression in Human Cancer Cells by
PCPS/siRNA. In order to test knockdown efficiency in
human cancer cells and to identify the optimal ratio
between siRNA oligo and polycation, we incubated
MDA-MB-231 cells with an increasing amount of PCPS
particles (5 � 106 to 15 � 106) loaded with the same
amount (1.4 μg) of siRNA oligos specific to the human
STAT3-R gene. This amount of siRNA oligo in a 2mL cell
culture was equivalent to 50 nM final concentration, a
level commonly used in cell-based RNAi studies.18

STAT3 encodes a transcription factor that plays a
significant role in mediating the JAK/STAT signal trans-
duction pathway.20 A recent study indicated that
STAT3 is an essential gene for breast cancer stem cells
that are responsible for therapy resistance, tumor
recurrence, and metastasis.21 Thus knockdown of this
gene might facilitate elimination of breast cancer stem
cells. As controls of this study, MDA-MB-231 cells were
also transfectedwith 1.4 μgof STAT3 siRNAor scramble
siRNA (Scr) using oligofectamine, a commonly used
transfection reagent for siRNA.19 Cells were harvested
72 h post-transfection, and STAT3 expression was
measured by Western blot analysis (Figure S3a, Sup-
porting Information). Excellent knockdown of STAT3
expression was achieved in cells treated with 1.4 μg of
siRNA loaded into 8 � 106 to 15 � 106 PCPS particles
(lanes 5�7: 86, 74, and 91% knockdown), but not in the
cells treated with 5� 106 particles (lane 4: 55% knock-
down), suggesting that a certain level of nitrogen (from
Arg-PEI) to phosphate (from siRNA) ratio (N/P ratio) has
to be reached in the final product in order to achieve
optimal biological activity. In a follow-up study, we
treated MDA-MB-231 cells with PCPS particles loaded
with STAT3 or scramble siRNA at the optimized
ratio (1.4 μg of siRNA in 15 � 106 PCPS particles). The
controls were the same amount of free siRNA alone,
siRNA transfected with oligofectamine, or PEI/siRNA
polyplex. As anticipated, unprotected STAT3 siRNA
alone did not have any effect on gene expression.
Similar knockdown efficiency was observed in cells
transfected with oligofectamine or treated with PEI/
STAT3 or PCPS/STAT3 (Figure 4a).

We also treated MDA-MB-231 cells with siRNA
specific for the GRP78 gene in order to confirm that
the N/P ratio-dependent knockdown was not re-
stricted to the STAT3 siRNA. GPR78 encodes a 78-kDa
glucose-regulated protein, also known as heat shock
70-kDa protein 5, which modulates the activity of
multiple endoplasmic reticulum stress proteins.22 As
with STAT3, efficient knockdown was achieved at the
right N/P ratio (Figure 3Sa, Supporting Information). At
the optimal ratio, PCPS/GRP78 was as efficient on
knockdown of gene expression as in cells transfected
with oligofectamine or treated with PEI/GRP78 poly-
plex (Figure 4a).

MCF-7 human breast cancer cells were treated with
a microRNA-18a (miR-18a) mimic oligo. It has been
previously reported that miR-18a regulates expression
of the ATM gene.23 So we assessed ATM expression
following miR-18a treatment. As expected, ATM ex-
pression in the positive control cells transfected with
miR-18a was dramatically suppressed (71% knock-
down, Figure S3b, Supporting Information). Treatment
with PCPS/miR-18a resulted in a more significant
knockdown (85�90%) of ATM expression when the
optimal number of PCPS particles were used (Figure 4b
and Figure S3b, Supporting Information).

In addition, we measured changes in mRNA levels
following transfection with oligofectamine or coincu-
bation with PEI or PCPS. The mRNA levels of STAT3,
GRP78, and ATM in the post-treatment MDA-MB-231
and MCF-7 cells (Figure S4, Supporting Information)
correlated with changes in protein expression by
Western blot analysis (Figure 4). These results con-
firmed effective knockdown of gene expression by
the PCPS-delivered siRNA and microRNA.

Delivery of siRNA In Vivo and Knockdown of Gene Expression
in Tumor Tissues. Wegenerated amurinemodel of MDA-
MB-231 human breast cancer to examine whether
PCPS was effective in delivering gene silencing agents
to solid tumors. Since tumor cells were inoculated into
the mammary gland fat pad of female athymic nude
mice, this model mimicked the pathological condition
of human primary breast cancer. To test tumor dis-
tribution of particles, PCPS loaded with Alexa-555
siRNA were systemically administrated into the tumor
mice. Mice were sacrificed 6 h later, and tumor tissues
were collected for histological analysis. The presence of
red fluorescent particles in tumor could be visualized
under a fluorescent microscope (Figure 4c). SEM anal-
ysis of tissue blocks also revealed clusters of particles
inside the tumor (Figure 4d). In a separate study, mice
bearing MDA-MD-231 primary tumors were treated
once by tail vein injection with PCPS carrying siRNA
specific for the human STAT3 gene. We used 100� 106

PCPS particles to deliver 15 μg of siRNA, a ratio within
the optimal N/P range from the above in vitro studies
(Figure S3, Supporting Information). In the control
groups, mice were dosed i.v. with free siRNA or liposo-
mal siRNA every 3 days. The animals were sacrificed on
6 or 10 days after the first dosing, and tumor tissues
were collected for STAT3 expression analysis. While
both PCPS/STAT3 and liposomal STAT3 caused reduc-
tion of STAT3 expression,Western blot analysis showed
that the knockdown efficiency was more profound
with PCPS/STAT3 treatment in both sets of samples
(Figure 4e). As expected, unprotected siRNA did not
have any effect on STAT3 expression. Tumor samples
from day 10 were also digested for single cell isolation,
and mammosphere formation efficiency (MSFE), one
of the key features of breast cancer stem cells,24

was measured. Knockdown of STAT3 expression by
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Figure 4. Knockdown of gene expression in vitro and in murine model of MDA-MB-231 primary tumor. (a) Western blot analyses
on knockdown of STAT3 and GRP78 expression in MDA-MB-231 cells following siRNA treatment. Cells were treated with the
indicated agents and harvested 72 h later for protein analysis. The β-actin level indicates equal protein loading. (b) Knockdown of
ATM expression in MCF-7 cells. (c) Accumulation of PCPS/siRNA in primary MDA-MB-231 tumor. Mice bearing MDA-MB-231
primary tumor were administrated with 150� 106 PCPS/Alexa555 siRNA by tail vein injection. They were sacrificed 6 h later, and
tumor samples were processed for confocal analysis. PCPS/siRNA particles were in red (Alexa555) and highlighted by the white
arrows, and nuclei of tumor cells were stained in blue by DAPI. (d) SEM image of PCPS/siRNA in tumor tissue. (e) Knockdown of
STAT3-R expression in vivo. EachmousebearingMDA-MB-231primary tumor received 150� 106 PCPS loadedwith 15μgof siRNA
by i.v. on day 1. Mice were sacrificed 6 or 10 days later for expression analysis by Western blot. (f) Mammosphere formation
efficiency (MSFE) in MDA-MB-231 primary tumor cells treated with PCPS/siRNA. The inserted Western blot result shows gene
expression levels in the cells used for the MSFE assay. MSFE results were average from 3 mice/group.
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PCPS/STAT3 resulted in a significant reduction in MSFE
(Figure 4f), demonstraing the power of this new delivery
system on delivery of siRNA to target key cancer genes.

Evaluationof Acute Immunotoxicity In Vitroand In Vivo. Potential
immunotoxicity associated with this new delivery sys-
tem was evaluated in cell culture and with wild-type
mice. In the in vitro setting, both the empty vehicle and
PCPS/siRNA were cocultured with Raw264.7 murine
macrophage cells, and levels of two key inflammatory
mediators, tumor necrosis factor-alpha (TNF-R) and
interleukin-6 (IL-6), were measured. Lipopolysaccha-
ride (LPS) was used as a positive control for this assay,
as its potential to induce innate immune response has
been well documented.25 Treatment with LPS trig-
gered a surge in both TNF-R and IL-6 levels (Figure 5a).
PEI or PEI/siRNA polyplex treatment also caused sig-
nificant increases of both cytokines in cell culture
media. Simple mix of pSi-APTES-Arg with PEI/siRNA
polyplex did not prevent stimulation of cytokine produc-
tion. Addition of these reagents into culture of MDA-MB-
231 cells also caused cell death (Figure S5, Supporting
Information). In contrast, treatment with empty PCPS or
PCPS/siRNA did not elevate levels of TNF-R or IL-6 in
Raw264.7 cells (Figure 5a). Moreover, they did not cause
cytotoxicity to MDA-MB-231 cells either (Figure S5).

In the in vivo seting, FVB mice were treated once
with 1� therapeutic dosage (15 μg of siRNA) of PCPS/
siRNA by i.v. administration, and serum levels of che-
mokines and cytokines were measured. As in cell
culture, LPS treatment caused dramatic increases in
TNF-R within 2 h and IFN-γ at the 24-h time point
(Figure 5b). It also triggered secretion of most of the
proinflammatory cytokines and chemokines such as
IL-1β, interferon-γ, and MCP-1. Free PEI polyplxes and
mixtures of PEI polyplex with pSi-APTES-Arg also sig-
nificantly elevated serum levels of most of the proin-
flammatory cytokines (Figure 5b and Figure S6, Support-
ing Information). However, neither PCPS/scramble nor
PCPS/STAT3 siRNA caused significant changes in serum
level of any of these factors (Figure 5b and Figure S6,
Supporting Information). These results demonstrated
lack of immunotoxicity from PCPS or PCPS/siRNA.

Evaluation of Subacute Toxicity. FVB mice were treated
weekly by i.v. administration for four weeks with un-
protected siRNA, PEI/siRNA polyplex, mixture of PEI/
siRNA polyplex and pSi-APTES-Arg, or PCPS/siRNA. At
the end of the treatment, whole blood samples were
collected, and cell counts were performed. Serum
samples were collected and used to measure biomar-
kers associated with functions of the liver, kidney, and
heart. Biomarkers for liver function included aspartate
aminotransferase (AST), alanine aminotransferase (ALT),
albumin (ALB), and alkaline phosphatase (ALKP).
Parameters for renal functionwere blood urea nitrogen
(BUN), creatine, Naþ, Kþ, and Cl�. Treatment with PEI/
siRNA polyplex alone or in mixture with pSi-APTES-Arg
resulted in significant elevation of red blood cells

(Figure 6a). These treatments also raised plasma AST
and lactate dehydrogenase (LDH) levels to or above
the normal ranges (Figure 6b). The results indicate that
PEI/siRNA polyplex has the potential to cause damages
tomajor organs such as the liver. On the other hand, no
hematological and biochemical values were altered in
the empty PCPS or PCPS/siRNA treatment groups.
To further confirm lack of toxicity from PCPS/siRNA,
we treated FVB mice repeatly with 5-fold the normal
dosage of PCPS/siRNA (75 μg of siRNA in 0.5 billion
PCPS particles per week for four weeks). Histological
analysis of the major organs including brain, heart,
kidney, liver, lung, and spleen supported the notion
that particle treatment did cause damages to these
organs (Figure 6c). Taken together, repeated adminis-
trations of PCPS carrying scramble or STAT3 siRNA did
not cause any detectable subacute toxicity.

Two key considerations in design of delivery sys-
tems are efficiency and toxicity. Here, we have shown
that PCPS is very effective in knocking down gene
expression in vitro and in vivo (Figure 4). We have
further demonstrated that knockdowm of STAT3 ex-
pression in MDA-MB-231 primary tumors results in
significant reduction on cancer stem cell population.
Since these cells are responsible for tumor recurrence
and metastasis,26,27 reduction of the cancer stem cell
population by PCPS/STAT3 siRNA may have synergy
with other cancer drugs that kill the bulk of non-stem-
cell cancer cells. Further validation awaits functional
studies on combination treatment with clinically avail-
able cancer drugs.

Previous reports have indicated that highmolecular
weight PEI can cause severe cytotoxicity.28,29 Certain
siRNA oligos, when packaged in cationic or liposomal
carriers, trigger toll-like receptors and induce interfer-
ons and inflammatory cytokines.30,31 In the current
study, we have confirmed cytotoxicity and immuno-
toxicity from free PEI and PEI/siRNA polyplex (Figure 5).
Subacute toxicities have also been observed in mice
treated with these agents (Figure 6). In comparison,
there was no sign of such toxicities from either the
empty PCPS delivery carrier or siRNA-loaded PCPS. No
acute toxicity from PCPS was detected in both in vitro

and in vivo settings (Figure 5). Furthermore, repeated
treatments with increased dosages did not cause dam-
ages to major organs in wild-type mice (Figure 6c).
Several factors in the design of this delivery system
might have contributed to the lack of toxicity. It is well-
known that PEI causes toxicity by interaction with
glycocalyx on the cell surface, resulting in the forma-
tion of large clusters. In addition, the primary amine
moieties of PEI are more cytotoxic than the secondary
or tertiary amines.28,31 Conjugation of PEI into the
nanopores inside porous silicon shields the molecule
from interacting with cells. In addition, covalent link-
age with arginine eliminates the primary amine
group in the molecule. Furthermore, an Arg-PEI/siRNA
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Figure 5. In vitro and in vivo acute toxicity. (a) Raw-264.7mousemacrophage cells were incubatedwith the indicated agents for 24 h,
andTNF-Rand IL-6 levels insupernatantweremeasuredbyELISA.Resultsarepresentedas themeanof threemeasurements(standard
deviation. (b) Changes in levelsof selectedserumcytokine/chemokine/colony-stimulating factors inpost-treatmentmice.Bloodsamples
were collected 2 or 24 h after intravenous dosing of treatment agents. Amultiplexed bead-based immunoassay was used tomeasure
levels of the cytokines/chemokines/colony-stimulating factors. Results were the average from 3 mice/group. *p < 0.05. **p < 0.01.
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Figure 6. continued
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nanoparticle enters the cell via vesicular transport,
reducing the chance of interaction with molecules on
cell surface. Slow degradation of the silicon particles
also limited the amount of PEI exposure to cells at a
given time. These results point to a desirable safety
profile for the new delivery system.

CONCLUSIONS

In conclusion, we have developed a new carrier for
the delivery of gene silencing agents. It has a high
oligonucleotide-binding capacity and lacks any detect-
able toxicity. This system is easy to operate and can be
used to deliver siRNA or microRNA to achieve knock-
down of key cancer genes in vivo. Such gene silencing

agents will play a dominant role in the treatment of
human cancers in the upcoming years. It has been
estimated there are up to 100 mutations in a breast
cancer, many of them driving mutations.32 Large num-
ber of mutations has also been identified in other
cancer types.32,33 On top of that, each patient carries
a unique mutation spectrum, making the total number
of combination of cancer-causing genes incredibly
large. On the other hand, the current cancer drugs
only target a handful of gene products. This gap can
only be bridged by the development of gene silencing
agents as cancer therapeutics. This new platform offers
an excellent enabling platform in the era of persona-
lized medicine.

EXPERIMENTAL SECTION

Materials. Branched polyethyleneimine (MW 25 kDa),
arginine, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC), N-hydroxysuccinimide (NHS), isopropyl
alcohol (IPA), (3-aminopropyl)triethoxysilane (APTES), and

N-(tert-butoxycarbonyl)-L-aspartic acid (Boc-Asp-OH) were
purchased from Sigma-Aldrich. Dulbecco's Modified Eagle
Medium high glucose (DMEM) and fetal bovine serum (FBS)
were from Fisher Scientific. Small interfering RNA (siRNA)-
Alexa Fluor 555 was purchased from Qiagen. Scrambled

Figure 6. Analysis on subacute toxicity from PCPS/STAT3 siRNA. Mice (n = 3/group) were treated once a week for four weeks
with the indicated agents. They were sacrificed 24 h after the final treatment, and (a) hematological analysis, (b) blood
chemistry analysis, (c) histological analysiswere performed to evaluate potential toxicity. ALT, alanine aminotransferase; ALB,
albumin; ALKP, alkaline phosphatase; Arg, arginine; AST, aspartate aminotransferase; BUN, blood urea nitrogen; GRAN,
granulocytes; HCT, hematocrit; HGB, hemoglobin; LDH, lactate dehydrogenase; LYMPH, lymphocytes; MCH, mean corpus-
cular hemoglobin; MCHC,mean corpuscular hemoglobin concentration; MCV,mean corpuscular volume;MONO,monocytes;
MPV, mean platelet volume; PBS, phosphate buffer saline; PLT, platelet count; RBC, red blood cells; RDW, red blood cell
distribution width; WBC, white blood cells.
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siRNA, GRP78 siRNA, miRNA-18a mimic, and STAT3 siRNA
were ordered from Sigma. Female athymic nu/nu nude mice
and FVB mice were acquired from Charles River.

Cell Lines. The human breast carcinoma cell lines MDA-MB-
231 andMCF-7 andmurine RAW 264.7 cells were obtained from
ATCC (Rockville, MD). Cells were cultured in DMEM supplemen-
ted with 10% FBS and 1% penicillin�streptomycin under the
condition of 5% CO2 and 95% humidity at 37 �C.

Fabrication of Polycation-Functionalized Nanoporous Silicon Micropar-
ticles. Fabrication of discoidal nanoporous siliconmicroparticles
based on a combination of photolithography and electroche-
mical etch was described previously,17,34 and surface APTES
modification was as reported before.35

Arginine was covalently conjugated to APTES using EDC/
NHS chemistry. Briefly, the acid group of arginine (0.1 nmol) was
activated using EDC/NHS (0.1 nmol/0.1 nmol) in 20 mL of
ethanol for 4 h. pSi-APTES (10 billion particles) was then added,
and the reaction was kept for 18 h at 20 �C.

PEI was conjugated to the arginine group of pSi-APTES-Arg
through an aspartic acid linker. Briefly, the N-tert-butoxycarbo-
nyl (N-BOC) protected aspartic acid (0.1 nmol) was activated
with EDC/NHS (0.1 nmol/0.1 nmol) in 20 mL of ethanol for 4 h at
4 �C. After acid activation, PEI (50 mg) was dissolved in 10 mL of
ethanol and added into the reaction mixture. The reaction was
allowed to take place for 24 h at 20 �C. In the second step of the
reaction, the other acid group of aspartic acid was activated
using EDC/NHS (0.1 nmol/0.1 nmol) at 4 �C for 6 h. After acid
activation, pSi-APTES-Arg (10 billion particles) was then added
into the reaction mixture, and the reaction was kept for 18 h at
20 �C. The mixture was centrifuged and washed three times
with ethanol, and polycation-functionalized particles were
dried in a vacuum. The size and zeta potential of the polycation-
functionalized particles were measured with a Malvern multi-
purpose titrator.

Loading of siRNA into PCPS Particles and Release of Arg-PEI/siRNA
Polyplex Nanoparticles. PCPS particles were mixed with siRNA in
nuclease-free water and incubated for 3 h at 4 �C for complete
binding of siRNA to polycation. The suspension was then
centrifuged to remove free siRNA oligos in the supernatant.
To measure release profile of siRNA, PCPS particles loaded with
Alexa555 siRNA were incubated in PBS with 10% FBS at 37 �C in
a shaker with a speed of 100 rpm. Supernatant was collected at
different time points, and fluorescence intensity was measured
with a BioTek H4 synergy hybrid plate reader.

Cellular Uptake of PCPS/Alexa555 siRNA Microparticles. Cellular uptake
of PCPS particles loaded with Alexa555 siRNA was examined by
confocal microscopy. MDA-MB-231 cells were plated in 4-well
slide chambers at a seeding density of 1 � 104 cells/well and
incubated for 24 h. PCPS/siRNA particles (1 million/well) were
added into cell culture. Cells were harvested and fixed at
different time points, and confocal microscopic images were
obtained using a Fluo View TM 1000 Confocal Microscope
(Olympus Inc., USA).

Intracellular Trafficking of Arg-PEI/siRNA Polyplex Nanoparticle. To
monitor intracellular trafficking of siRNA polyplex, PCPS/FAM-
labeled siRNA particles were incubated in PBS for 48 h. The
released Arg-PEI/FAM siRNA polyplex nanoparticles were then
collected by centrifugation and added into culture medium of
MDA-MB-231 cells. Cells were harvested at different time points
(0.5, 2, 6, and 12 h) and fixed with 4% paraformaldehyde. The
samples were then blocked with 1% bovine serum albumin
(BSA) in PBS with 0.1% Tween-20 (PBST) solution and stained
with Lysotracker (Invitrogen) for late endosomes/lysosomes
and DAPI for nuclei.

Gene Silencing In Vitro. MDA-MB-231 or MCF-7 cells were
seeded in a 6-well tissue culture dish at 2 � 105 cells/well in
2 mL of DMEM containing 10% FBS. Cells were incubated with
PCPS/siRNA for 72 h before they were harvested for Western
blot analysis. Proteins were extracted from cells using a M-PER
protein extraction reagent (Pierce Inc., USA), separated on a 12%
gel by SDS-PAGE, and transferred to a nitrocellulose membrane
(Bio-Rad Inc., USA). Antibodies for Western blot analysis were
rabbit antihuman STAT3 antibody (Cell Signaling, 1:1000
dilution), antihuman GRP78 antibody (Cell Signaling, 1:1000
dilution), and antihuman ATM antibody (Cell Signaling, 1:1000

dilution). The amount of protein was quantitated by densito-
metry, and ratio to β-actin level was calculated.

Quantitative RT-PCR Analysis In Vitro. Real-time quantitative
reverse transcription polymerase chain reaction (qRT-PCR) anal-
ysis was performed to examine STAT3, GRP78, and ATM mRNA
expression with the ABI Prism 7900HT Sequence Detection
System (Applied Biosystems, CA, USA). β-Actin served as the
housekeeping gene for qPCR analysis, and the relative mRNA
levels of target genes were normalized to the mRNA level of
β-actin. Cells were seeded in 6-well plates (2 � 105 cells/well),
treated with siRNA or microRNA, and harvested 48 h later. Total
RNA was isolated using the TRIzol reagent following the man-
ufacturer's suggested protocol (Qiagen, Vlencia, CA). Two mi-
crograms of total RNA was transcribed into cDNA using the
PrimeScript first strand cDNA synthesis Kit (Takare, Dalian,
China), and 2 μL of cDNA was subjected to qPCR analysis using
the SYBR Premix Ex Taq. Primer sequences for mRNA amplifica-
tion are listed below. STAT3 forward: CAGCAGCTTGACACGGTA,
STAT3 reverse: AAACACCAAAGTGGCATGTGA; GRP78 forward:
CACAGTGGTGCCTACCAAGA, GPR78 reverse: TGTCTTTTGTCA-
GGGGTCTTT; ATM forward: TTCAAAGGATTCATGGTCCAG, ATM
reverse: GCTGTGAGAAAACCATGGAA; β-actin forward: AAATC-
GTGCGTGACATTAA, β-actin reverse: CTCGTCATACTCCTGCTTG.
All reactions were performed in triplicates.

Knockdown of STAT3 Expression and Mammosphere Formation Effi-
ciency Assay In Vivo. All experimental procedures for animal
studies were performed in accordance with regulation in the
Houston Methodist Research Institute for the care and use of
laboratory animals. Nudemice bearing orthotopicMDA-MB-231
breast tumors were divided into seven treatment groups, and
each mouse received treatment with free Scr siRNA (15 μg of
siRNA/injection, every 3 days), free STAT3 siRNA (15 μg of siRNA/
injection, every 3 days), liposome/Scr siRNA (15 μg of siRNA/
injection, every 3 days), liposome/STAT3 siRNA (15 μg of siRNA/
injection, every 3 days), empty PCPS (100 � 106 PCPS micro-
particles on day 1), PCPS/Scr siRNA (15 μg of siRNA in 100� 106

PCPS microparticles on day 1), or PCPS/STAT3 siRNA (15 μg of
siRNA in 100 � 106 PCPS microparticles on day 1). Treatment
was initiated when the average tumor size reached 150�
200 mm3. Mice were sacrificed on day 6 or day 10 after the first
treatment, and tumor samples were collected for expression
analysis by Western blot and for mammosphere formation.

For mammosphere formation assay, tumor samples were
minced and digested with 200 μg/mL of collagenase in DMEM-
F12 for 1.5 h at 37 �C. Single cells were collected and seeded in
ultralow attachment plates at a density of 1000 cells/well in the
mammocult TM basal medium for 1�2 weeks at 37 �C. The
number ofmammospheres (cellsg 50) were counted under the
microscope. Percentage of MSFE was calculated as number of
mammospheres/number of total seeded cells.

In Vitro Immunotoxicity Assay. RAW 264.7 cells were seeded in a
96-well tissue culture plate at 2 � 104 cells/well in 100 μL of
DMEM containing 10% FBS. LPS served as the positive control
(0.5 μg/mL), and the untreated cell as the negative control. Cells
were treated with free siRNA, PEI/siRNA, mixture of pSi-Arg with
PEI/siRNA, or PCPS/siRNA for 24 h, and levels of murine TNF-R
and IL-6 were measured by ELISA.

Acute Immunotoxicity Analysis. FBV mice were randomly divided
into 12 groups (n = 3). Each mouse received 15 μg of siRNA in
unprotected form (Scr or STAT3), as PEI polyplex (PEI/Scr or PEI/
STAT3), as a mixture of pSi-Arg and PEI polyplex (pSi-APTES-
Argþ PEI/Scr or pSi-APTES-Argþ PEI/STAT3), or in PCPS (PCPS/
Scr or PCPS/STAT3). LPS (5mg/kg) served as the positive control.
Mice were dosed by tail vein injection, and blood samples were
taken at 2 and 24 h. Serum cytokine levelsweremeasuredwith a
multiplexed bead-based immunoassay from Millipore, which
simultaneously evaluated the levels of granulocyte/macro-
phage colony-stimulating factor (GM-CSF), interferon gamma
(IFN-γ), interleukin-1 beta (IL-1β), IL-2, IL-6, IL-9, IL-10, IL-12
(p40 and p70), IL-15, IL-17, LPS-induced CXC chemokine (LIX),
tumor necrosis factor-alpha (TNF-R), monokine induced by IFN-
gamma (MIG), macrophage inflammatory protein 2 (MIP-2),
MIP-1R, MIP-1β, macrophage colony-stimulating factor (M-CSF),
regulated on activation normal T cell expressed and secreted
(RANTES). The cytokines levels were read on the Luminex
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200 System Multiplex Bio-Assay Analyzer and quantified based
on standard curves for each cytokine.

Subacute Toxicity Analysis. FVBmice receivedweekly treatment
by tail vein injection for four weeks. The treatments included
15 μg of siRNA in unprotected form (Scr or STAT3), as PEI polyplex
(PEI/Scr or PEI/STAT3), as a mixture of pSi-Arg and PEI polyplex
(pSi-APTES-Arg þ PEI/Scr or pSi-APTES-Arg þ PEI/STAT3), or in
PCPS (PCPS/Scr or PCPS/STAT3). The animals were observed for
signs of toxicity throughout the experiment. Water and food
consumption were recorded weekly. Body weight of the mice
was measured every three days. At the end of the 4-week
treatment, blood samples were collected for cell count and
biomarker analysis. The biomarkers included aspartate amino-
transferase (AST), albumin (ALB), alanine aminotransferase
(ALT), blood urea nitrogen (BUN), creatinine (CREA), Cl�, Naþ,
and Kþ, alkaline phosphatase (ALKP), and lactate dehydrogen-
ase (LDH). To further evaluate potential organ damage by PCPS/
siRNA, FVBmicewere treatedweekly with PCPS/scramble siRNA
(75 μg of siRNA) or PCPS/STAT3 siRNA (15 μg or 75 μg) by tail
vein injection for four weeks. All major organs were collected,
and histological analyses were performed.

Histopathological Examination. Major organs including liver,
spleen, kidney, lung, brain, and heart were harvested, fixed in
formalin, and processed for histological evaluation by hema-
toxylin and eosin (H&E) staining. The tissues were fixed in
formalin and embedded in paraffin. Tissue sections (4 μm) were
analyzed to evaluate leukocyte infiltration, cell death, and other
signs of organ damage. At least five random sections from each
slide were examined.

Statistical Analysis. All quantitative data are expressed as
mean( standard deviations. Statistical analysis was performed
with Student's t-test. Differences were considered statistically
significant with p < 0.05 (*) and p < 0.01 (**).
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