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Abstract

The therapeutic potential of small interfering RNAs (siRNAs) is severely limited by the

availability of delivery platforms that protect siRNA from degradation, deliver it to the target cell

with high specificity and efficiency, and promote its endosomal escape and cytosolic dispersion.

Here we report that mesoporous silica nanoparticle-supported lipid bilayers (or ‘protocells’),

exhibit multiple properties that overcome many of the limitations of existing delivery platforms.

Protocells have a 10- to 100-fold greater capacity for siRNA than corresponding lipid

nanoparticles and are markedly more stable when incubated under physiological conditions.

Protocells loaded with a cocktail of siRNAs bind to cells in a manner dependent on the presence of

an appropriate targeting peptide and, through an endocytic pathway followed by endosomal

disruption, promote delivery of the silencing nucleotides to the cytoplasm. The expression of each

of the genes targeted by the siRNAs was shown to be repressed at the protein level, resulting in a

potent induction of growth arrest and apoptosis. Incubation of control cells that lack expression of

the antigen recognized by the targeting peptide with siRNA-loaded protocells induced neither

Correspondence should be addressed to C.E.A. (ceashle@sandia.gov) or C.J.B. (cjbrink@sandia.gov).

Supporting Information Available: dose- and time-dependent effects of free cyclin-specific siRNAs, DOTAP lipid nanoparticles

loaded with cyclin-specific siRNAs, and DOPC protocells loaded with Silencer Select negative control siRNA on cyclin protein

concentrations; viability of Hep3B cells exposed to AEPTMS-modified silica nanoparticles, DOPC protocells with AEPTMS-

modified cores, and DOTAP lipid nanoparticles. This material is available free of charge via the Internet at http://pubs.acs.org.

NIH Public Access
Author Manuscript
ACS Nano. Author manuscript; available in PMC 2013 March 27.

Published in final edited form as:

ACS Nano. 2012 March 27; 6(3): 2174–2188. doi:10.1021/nn204102q.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t

http://pubs.acs.org


repression of protein expression nor apoptosis, indicating the precise specificity of cytotoxic

activity. In terms of loading capacity, targeting capabilities, and potency of action, protocells

provide unique attributes as a delivery platform for therapeutic oligonucleotides.

Keywords

mesoporous silica nanoparticle; supported lipid bilayer; lipid nanoparticle; targeted delivery;

peptide ligand; small interfering RNA; cancer

The delivery of cancer therapeutic agents sequestered in nanoparticles has the potential to

bypass many severe problems associated with systemic drug administration.1,2

Encapsulation allows treatment with compounds that are poorly soluble and/or unstable in

physiological solutions, as well as those that are rapidly metabolized or cleared when

administered as free drugs. Conjugation of the particle with a targeting moiety that

recognizes an antigen over-expressed on the surface of a tumor cell results in a series of

additional benefits, including mitigating damage to normal cells and a marked dose

escalation that results from the localized release of highly concentrated drugs at the site of a

tumor or within a cancer cell.3 The therapeutic potential of many classes of macromolecules,

especially nucleic acids and proteins, is severely limited because of degradation by plasma

enzymes or an induction of an immune response following systemic administration. In

addition, cellular uptake is typically restricted due to issues with either size or charge. The

ability to package these molecules within particles overcomes such impediments and allows

evaluation of the therapeutic efficacy of a large number of agents not presently available for

clinical applications.

The discovery of RNA interference (RNAi) as a robust modulator of eukaryotic gene

expression has provided unique insights into cellular pathways that regulate a number of

fundamental biological processes.4,5 In addition, it has allowed the development of a new

class of reagents with powerful therapeutic potential.6,7 Under physiological conditions,

double-stranded RNAs are recognized by Dicer, a type III RNase, and digested into 21–23

base pair fragments. The resulting cleavage product binds to an RNA-induced silencing

complex (RISC) where the sense strand (relative to an endogenous mRNA) is discarded.

RISC loaded with single-stranded RNA binds corresponding mRNAs in the cytoplasm and

mediates either a translational repression or an enzymatic cleavage depending on the nature

of the base pairing. Based on remarkable progress in identifying critical aspects of this

pathway, it has become possible to envision utilizing the features of RNAi to treat any of a

variety of diseases whose pathology can be modulated by a decrease in the expression of a

specific gene product.8 Small-interfering RNA (siRNA) is a double-stranded RNA sequence

with perfect homology to a region of a cellular message that can be either ectopically

introduced into cells or generated from a precursor RNA expressed from a transfected

plasmid or transduced virus.9 siRNAs enter the RISC pathway and mediate cleavage of the

targeted message, providing a mechanism whereby, in theory, any cellular mRNA can be

inactivated in a precise and controlled manner. siRNAs are especially attractive as anti-

cancer therapies,10,11 since profound changes in the behavior or survival of neoplastic cells

are induced by decreases in the expression of activated oncogenes, cell cycle regulators, or

pro-apoptotic genes. The expression of transcripts whose products are involved in the

induction of drug resistance can also be targeted by siRNAs. The cytotoxic activity of

siRNAs has been clearly demonstrated in a number of in vitro and in vivo model systems.12

Davis et al. recently extended these studies by reporting that the systemic administration of

siRNA encapsulated in targeted nanoparticles repressed gene expression in the tumor cells

of human patients.13 Therefore, targeted delivery of RNAi agents promises to enable

effective treatment of a variety of cancers.
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Despite this promise, however, it is clear that a number of significant barriers must be

overcome before the widespread clinical use of siRNA technology becomes feasible.

Several issues, including ensuring specificity for the target gene, prolonging the duration of

siRNA activity, and preventing the induction of an innate immune response have been

addressed, at least to some extent, by a careful consideration of siRNA sequences and

chemical modifications of the ribose backbone structure.14–16 The major obstacle remaining

for the development of successful siRNA therapeutics is an optimization of the multiple

components of an efficient delivery system.17,18 Localized delivery of RNAi constructs has

been achieved in a number of animal models and is the basis of a series of clinical trials,

predominately investigating intervention into pathologies of the eye.19 Systemic applications

will be required for the treatment of many diseases, including most tumors where targeted

cells are widely dispersed. In this case, it will be necessary for siRNAs to be administered in

a form that protects them from degradation by plasma nucleases and that enables them to

circulate for sufficient periods of time, deposit at sites of disease, selectively interact with

target cells, and undergo internalization in such a way that they are released into the cytosol

and enter the RISC pathway. Each of these steps represents a significant technical barrier,

and, while some progress has been made in the development of appropriate delivery

protocols, no single formulation has yet addressed all of these concerns.

We recently described a novel and remarkably versatile nanocarrier, the mesoporous silica

nanoparticle-supported lipid bilayer, or ‘protocell’, which synergistically combines features

of both mesoporus silica particles20–30 and liposomes to exhibit many features of an ideal

targeted therapeutic delivery platform31; we selected the term ‘protocell’ to suggest that

these particles, since they consist of a lipid bilayer supported on a spherical scaffold filled

with biomolecular cargos, can be viewed as a reductionist cellular construct. As shown in

Figure 1, protocells are formed via fusion of liposomes to porous silica nanoparticles. The

high pore volume and surface area of the spherical mesoporous silica core allow high-

capacity encapsulation of a spectrum of cargos. The supported lipid bilayer, whose

composition can be modified for specific biological applications, serves as a modular,

reconfigurable scaffold, allowing the attachment of a variety of molecules that provide cell-

specific targeting and controlled intracellular trafficking. We have found that protocells

loaded with low molecular weight therapeutic agents and conjugated with a peptide that

specifically recognizes hepatocellular carcinomas induce cytotoxicity with a 106-fold

improvement in efficacy compared to corresponding liposomes.31 Here we describe the

ability of protocells to serve as a delivery platform for siRNAs. The unique characteristics of

targeted protocells address many of the deficiencies that currently limit the clinical use of

these macromolecular agents.

Results

Synthesis and Characterization of siRNA-Loaded Protocells

Mesoporous silica nanoparticles were prepared using the emulsion processing technique

described by Carroll et al.32 and were characterized by a Brunauer-Emmett-Teller (BET)

surface area of 850 m2/g, a pore volume fraction of ~65%, and a multimodal pore

morphology composed of large (23–30 nm), surface-accessible pores interconnected by 3–

13 nm pores (see Figures 2A and 2D). Silica nanoparticles were size-separated before being

loaded with siRNA as described in the Methods section, resulting in particles with an

average diameter of 165-nm (see Figure 2B). PEGylated liposomes were then fused to

siRNA-loaded cores, and the resulting supported lipid bilayer was chemically conjugated

with a targeting peptide (SP94) and an endosomolytic peptide (H5WYG), the sequences of

which are given in Figure 1.
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The siRNA loading capacity of protocells is compared to that of zwitterionic and cationic

lipid nanoparticles (LNPs) in Figure 3A. Cationic lipids and polymers form the basis of most

commercially-available transfection reagents and non-viral siRNA delivery vehicles33,

making LNPs, also referred to as lipoplexes and liposomes, the most appropriate system by

which to judge the performance of protocells. LNPs composed of the zwitterionic

phospholipid, DOPC, encapsulated ~10 pmol of siRNA per 1010 particles. Construction of

LNPs composed of the cationic lipid, DOTAP, resulted in a 5-fold increase in the siRNA

cargo, presumably due to attractive electrostatic interactions between the negatively-charged

oligonucleotide and the positively-charged lipid components. Protocells containing a

negatively-charged silica core with a zwitterionic (DOPC) lipid bilayer had a capacity

roughly equivalent to the cationic LNP. Modification of the silica core with the amine-

containing silane, 3-[2-(2-aminoethylamino)ethylamino]propyltrimethoxysilane (AEPTMS),

increased the zeta potential (ζ) from −32 mV to +12 mV and resulted in a siRNA capacity of

~ 1 nmol per 1010 particles. Use of DOTAP liposomes to synergistically load siRNA into

negatively-charged cores34 resulted in protocells with a similar capacity, more than 100-fold

higher than that of the zwitterionic LNPs that are commonly utilized in particle-based

therapeutic applications. DOPC protocells with AEPTMS-modified cores were selected for

further studies due to their high capacity for siRNA and their low intrinsic cytotoxicity (see

Supplementary Figure 1). It should be noted that siRNA-loaded protocells were slightly

larger (178 ± 24.3 nm) than siRNA-loaded DOPC LNPs (135 ± 19.1 nm) and DOTAP LNPs

(144 ± 14.8 nm), resulting in a ~2-fold increase in particle volume. When the capacities

shown in Figure 3A are normalized against particle volume, however, DOPC protocells with

AEPTMS-modified cores still encapsulate 50 and 10-fold more siRNA than DOPC and

DOTAP LNPs, respectively, which demonstrates that the high-surface-area mesoporous

silica core confers a higher intrinsic loading capacity than that expected based on volumetric

differences alone. Furthermore, since the positively-charged core promotes electrostatic-

driven loading of siRNA, zwitterionic lipids can be used to form the protocell’s supported

lipid bilayer, thereby eliminating cytotoxicity associated with delivery vehicles that employ

cationic lipids to complex siRNA (see Supplementary Figure 1).

Figures 3B and 3C compare the siRNA release profiles of DOPC protocells with AEPTMS-

modified cores to those of DOPC and DOTAP LNPs upon dispersion in either a surrogate

biological fluid at pH 7.4 or a pH 5.0 buffer that mimics endosomal conditions. DOPC LNPs

rapidly released their encapsulated siRNA under both neutral and mildly acidic pH

conditions, resulting in a complete loss of the nucleotide content within 4–12 hours.

Although DOTAP LNPs were more stable than DOPC LNPs under neutral pH conditions,

approximately 50% of their siRNA content was lost over a 72-hour period. In marked

contrast to both LNPs, DOPC protocells with AEPTMS-modified cores retained 95% of

their encapsulated RNA when exposed to the simulated body fluid for 72 hours. Under

mildly acidic conditions comparable to those in the endosome/lysosome pathway, the

reduced electrostatic and dipolar interactions between the siRNA-loaded, AEPTMS-

modified core and the PE and PC headgroups of the supported lipid bilayer caused

membrane destabilization and exposure of the core to the acidic medium (see the

Supplementary Information section of reference 31 for more details). After membrane

destabilization, the combined rates of cargo diffusion and core dissolution resulted in the

release profile seen in Figure 3C. Thus, in terms of siRNA loading capacity, particle

stability, and release characteristics, protocells represent a dramatic improvement over

corresponding LNPs prepared using state-of-the-art techniques.

Gene-Specific Silencing by siRNA-Loaded Protocells

We recently demonstrated that protocells, when conjugated with a targeting peptide (SP94)

that binds to hepatocellular carcinomas (HCC) but not control hepatocytes, can deliver a
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wide variety of chemotherapeutic agents and selectively induce apoptosis in tumor cells that

express the relevant surface antigen.31 Here we markedly expand the characterization of

SP94-targeted protocells loaded with siRNA. We prepared protocells composed of

AEPTMS-modified silica cores and a DOPC/DOPE/cholesterol/PEG-2000 (55:5:30:10 mass

ratio) supported lipid bilayer conjugated with both SP94, to confer selective binding to

HCC, and an endosomolytic peptide (H5WYG), to promote endosomal/lysosomal escape.

Protocells were loaded with an equimolar mixture of siRNAs that target members of the

cyclin superfamily, including cyclin A2, cyclin B1, cyclin D1, and cyclin E, proteins

intimately involved in the regulation of both cell cycle traverse and cell viability.35

The concentration and time dependence of gene silencing in the HCC line, Hep3B, by

siRNA-loaded, SP94-targeted DOPC protocells constructed with AEPTMS-modified cores

are shown in Figure 4. Panel A demonstrates that increasing concentrations of protocells

and, thereby, increasing concentrations of siRNA induced a dose-dependent decrease in the

protein levels of each of the targeted genes within 48 hours. The concentrations of siRNA

required to repress protein expression by 90% (IC90) were 125.3 pM, 92.1 pM, 149.0 pM

and 370.4 pM for cyclin A2, cyclin B1, cyclin D1, and cyclin E (respectively). Panel B

shows how protein levels decreased upon addition of 125 pM of siRNA loaded within

targeted protocells. By 72 hours, the level of each of the targeted proteins was repressed by

over 90%, with the degree of repression reflecting the differences in IC90 values. Cyclin A2

mRNA levels, as determined by real time PCR, are included in Figures 4A and 4B to

provide further evidence that RNAi was responsible for the dose- and time-dependent

decreases in cyclin protein concentrations. Corresponding data for free cyclin-specific

siRNA, DOTAP LNPs loaded with cyclin-specific siRNA, and SP94-targeted protocells

loaded with Silencer Select negative control siRNA are included in the Supplementary

Information section (see Supplementary Figures 2 and 3); IC90 values for DOTAP LNPs

loaded with cyclin A2, cyclin B2, cyclin D1, or cyclin E-specific siRNA were 331.5 pM,

223.9 pM, 543.6 pM, and 1883.7 pM, respectively (see Supplementary Table I).

Figure 4C shows the selectivity of gene silencing achievable with various types of SP94-

targeted particles. DOPC protocells loaded with 125 pM of siRNA induced nearly complete

repression of cyclin A2 protein expression following 48 hours of incubation with Hep3B but

had no effect on non-transformed hepatocytes. In contrast, SP94-targeted DOTAP LNPs

loaded with 125 pM of siRNA induced a ~60% repression of cyclin A2 expression in Hep3B

but also decreased cyclin A2 levels in hepatocytes, an effect likely due to non-specific

uptake mediated by their positive charge (ζ = +22 mV in 0.5 X PBS, versus ζ = −3.3 mV for

PEGylated DOPC protocells). The numbers of SP94-targeted DOPC protocells and DOTAP

LNPs required to repress cyclin A2 expression by 90% is shown on the right axis in panel C;

300-fold fewer DOPC protocells were required than DOTAP LNPs. Thus, in terms of both

activity and specificity, targeted protocells offer marked advantages over lipid-based

nanoparticles.

Representative confocal fluorescence microscopy images illustrating the time-dependence of

cyclin A2, B1, D1, and E expression in cells exposed to siRNA-loaded, SP94-targeted

protocells is shown in Figure 5. As demonstrated in panel A, 1 hour after addition of

protocells to Hep3B, the expression of each of the proteins remained at control levels, and

the silica cores were present in a punctuate pattern, suggesting endosomal localization (see

reference 31 for details about the internalization pathway of SP94-targeted protocells). By

48 hours, silica was distributed throughout the Hep3B cells, which were likely in the late

stages of apoptosis as indicated by their rounded morphologies and fragmented nuclei, and

the expression of each of the targeted proteins was repressed to background levels. In

comparison, an identical treatment of non-transformed hepatocytes resulted in neither the

cellular accumulation of protocells nor the repression of protein expression (see panel B).
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Induction of Growth Arrest and Apoptosis by siRNA-Loaded Protocells

The ability of siRNA-loaded, SP94-targeted protocells to selectively induce growth arrest

and apoptosis of HCC is demonstrated by Figure 6. Panel A shows that protocells loaded

with 125 pM of the siRNA cocktail resulted in decreased proliferation of Hep3B, as

determined by decreased incorporation of 5-bromo-2’-deoxyuridine (BrdU), an assay widely

used to quantify newly synthesized DNA in actively proliferating cells. Additionally, as

demonstrated in panel B, siRNA-loaded protocells caused Hep3B cells to accumulate in G1/

G0 and G2/M, an effect most clearly indicated by the decrease in S phase cells. The G1 arrest

was caused by either a repression of cyclin D1, the activity of which is required for early G1

transverse, or a loss of cyclins A2 and E, which mediate exit of cells from G1 into S phase.

The G2 arrest was caused by a repression of cyclin B1 whose activity regulates entry of cells

into mitosis.

Growth arrest was rapidly succeeded by apoptosis, as shown in panel C. Cells in the early

stages of apoptosis were identified by an increase in annexin V binding, while cells in the

late stages of apoptosis were identified by both annexin V and propidium iodide staining. A

selective increase in the number of apoptotic Hep3B was observed as early as 12 hours after

addition of siRNA-loaded, SP94-targeted protocells, and over 90% of cells were positive for

both apoptosis markers by 72 hours, which corresponds to the time required for cyclin levels

to fall to ≤10% of their original values and for ~90% of cells to become arrested in G0/G1 or

G2/M. In contrast, no cytotoxicity was observed in non-transformed hepatocytes, which is

confirmed by the representative microscopy images shown in Figure 7. Panel A

demonstrates that the entire population of Hep3B became positive for surface-bound

annexin V and nuclear-bound propidium iodide within 48 hours, while panel B shows that

control hepatocytes remained negative for both markers of apoptosis. The left axis of Figure

6D compares the percentage of Hep3B and hepatocytes that became positive for annexin V

and propidium iodide staining upon exposure to DOPC protocells or DOTAP LNPs, both

loaded with 125 pM of the cyclin-specific siRNA cocktail, while the right axis plots the

number of siRNA-loaded, SP94-targeted DOPC protocells and DOTAP LNPs that were

necessary to induce apoptosis in 90% of Hep3B. This panel demonstrates that protocells

effectively induced apoptosis in Hep3B at a particle:cell ratio of ~10 (i.e. ~1 × 107 protocells

per 1 × 106 cells) without affecting the viability of control hepatocytes. In comparison, 200-

fold more DOTAP LNPs were required to kill 90% of the Hep3B population, and, at a

siRNA concentration of 125 pM, DOTAP LNPs caused a ~30% reduction in hepatocyte

viability, an effect that was even more dramatic at the particle concentration necessary to

induce apoptosis in the majority of Hep3B.

Discussion

The full potential of therapeutic RNAs, which are under extensive investigation for the

treatment of many diseases mediated by aberrant patterns of gene expression, remain

unfulfilled due to marked deficiencies in delivery systems.17,18 In this paper, we present

evidence indicating that protocells exhibit characteristics that enable efficient encapsulation

and cell-specific delivery of siRNAs.

Unmodified nucleic acids, including siRNA, cannot be systemically administered for several

reasons. They are highly susceptible to plasma nucleases and have a very short circulation

half-life due to efficient renal filtration.3 In addition, nucleic acids are not readily taken up

by cells because of their net negative charge and large size.36 To circumvent these issues,

siRNAs have been conjugated to a variety of polymers or encapsulated in nanoparticles such

as liposomes. Incorporation into neutral liposomes or conjugation to cationic lipids have

increased stability and circulating half-life and, in the case of cationic complexes, enhanced

electrostatically-mediated delivery to cells.37,38 Natural products, including chitosan39 and
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cyclodextran40 have been used to form biologically-active complexes with siRNAs.

Conjugation with cationic polymers, such as polyethyleneimine, has also been shown to

enhance the therapeutic efficiency of siRNA by helping to prevent degradation and enhance

delivery.41

The therapeutic use of systemically-administered siRNA requires delivery to specific organs

or subsets of cells to enhance efficacy and decrease non-specific toxicity. This is especially

true in the case of anti-cancer therapies, where it is necessary to protect normal cells from

the actions of cytotoxic siRNAs. Complications also arise if targeted cells exist at multiple

locations in the body, as is the case with hematological tumors or metastatic disease where

neoplastic cells are widely disseminated. To address this issue, molecules that recognize

antigens differentially-expressed on the surfaces of targeted cells have been conjugated

either directly to siRNAs or to particles that encapsulate the nucleotides. Receptor ligands,

such as folate42, cholesterol43, and transferrin13 have been successfully used to direct the

binding of siRNA complexes to cells that over-express the respective cellular receptor.

Antibodies that recognize appropriate molecules on target cells have also been used to direct

selective binding of particles containing siRNAs to specific classes of cells.44 Additionally,

peptides or nucleic acid aptamers, selected by a multiplex screening procedure to bind

desired cellular epitopes, have been conjugated directly to siRNAs or to classes of siRNA-

containing particles to enhance specific cellular interactions.45

Despite the marked advances in some aspects of nucleic acid delivery systems, including

modification of their chemical structure to protect against degradation or conjugation to

targeting reagents, a number of deficiencies remain. While a number of reagents that employ

cationic lipids or polymers to electrostatically complex, condense, and deliver nucleic acids

are commercially-available, the majority of these formulations result in the non-specific

transfection of eukaryotic cells. In addition, cationic lipid/nucleic acid complexes (lipid

nanoparticles, or LNPs) have been found to be cytotoxic46 and their transfection efficiency

and colloidal stability tend to be limited in the presence of serum. Conversely, zwitterionic

lipids are incapable of efficiently compacting nucleic acids, even in the presence of divalent

cations. All such nanoparticle delivery systems also suffer from limited cargo capacities.

As shown by our experimental results, protocells offer significant advantages over existing

delivery strategies. We have previously described their utility as targeted nanocarriers for

small molecule therapeutic agents and demonstrated that their cargo capacity, stability, and

cell-specific cytotoxicity exceed those of traditional liposomes. Nanoparticle-based delivery

of macromolecules presents even greater challenges due to their large size, charge

characteristics, and potential issues with intracellular cargo release. Here we have shown

that protocells offer distinct advantages in these applications as well. Multimodal porous

silica nanoparticles can be rapidly loaded with nucleic acids, toxins, and macromolecular

cocktails by soaking them in solutions of the desired cargo(s).31 Fusion of DOPC liposomes

to cargo-loaded cores results in the formation of a stabilized supported lipid bilayer (SLB)

that retains cargo at neutral pH, reduces non-specific binding, improves colloidal stability,

and mitigates the cytotoxicity associated with cationic liposomes and lipid nanoparticles (see

reference 31 for more details). Targeting peptides conjugated to the fluid but stable SLB

interact multivalently with cell surface receptors, inducing receptor-mediated endocytosis.

Within the acidified endosomal environment, SLB destabilization along with osmotic

swelling and disruption of endosomes (caused by the proton sponge effect of endosomolytic

peptides), result in dispersion of silica cores within the cytoplasm. Combined diffusion and

silica core dissolution enable controlled, sustained cargo release for > 12 hours (see

reference 31 for more details about successive steps of binding, endocytosis, and cytosolic

dispersion of cargo). The combined capacity, stability, and targeting and internalization
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efficiency of protocells result in exceptionally low IC90 values for Hep3B with practically

no adverse effects on normal hepatocytes.

Protocells with 165-nm cores encapsulate, on average, ~6 × 107 siRNA molecules per

particle (per L) and retain nearly 100% of their cargo upon exposure to a simulated body

fluid for 72 hours. In comparison, lipid and polymer nanoparticles have a 10 to 1000-fold

lower capacity for siRNA and are substantially less stable at neutral pH.47,48 Protocells,

furthermore, have a higher capacity for nucleic acid cargos than other mesoporous silica

particles. S1MPs, developed by Tanaka et al. for sustained delivery of siRNA-loaded

nanoliposomes to ovarian cancer, encapsulate approximately the same amount of RNA as

protocells (2.0 pg per particle vs. 1.3 pg per particle, respectively), even though their

average diameter is ten times greater (1.6 µm vs. 165 nm, respectively)49.

Polyethyleneimine-coated mesoporous silica nanoparticles, developed by Xia et al.,

complex ~1 µg of siRNA per 10 µg of particles (10 wt%)30; in comparison, 10 µg of

protocells can be loaded with ~6.5 µg of siRNA (65 wt%). Enhancements in capacity and

stability enable siRNA-loaded protocells to silence target genes and induce apoptosis of

HCC at concentrations that are 10 to 10,000 times less than values reported in the

literature.47,48,50–54 siRNA-loaded, SP94-targeted protocells silence 90% of cyclin A2, B1,

D1, and E expression at siRNA concentrations ranging from 90 pM to 370 pM (IC90) and

kill > 90% of HCC within 48 hours at a siRNA concentration of 125 pM (LC90). In

comparison, targeted liposomes reported in the literature have IC90 and LC90 values of 5–

500 nM, depending on the type of particle and conditions under which experiments were

conducted.50–52,54–56 The therapeutic efficacy of siRNA-loaded, SP94-targeted protocells

exceeds that of polymer-encased mesoporous nanoparticles as well. Several groups have

used mesoporous silica nanoparticles encapsulated within polycationic polymers to complex

siRNA; such particles result in 30–60% knockdown of reporter and endogenous gene

expression within 24–48 hours at nanoparticle:siRNA (w/w) ratios of 10–20.30,57 Since we

load siRNA within the nanopores of AEPTMS-modified silica nanoparticles, the capacity of

protocells is significantly higher, resulting in complete silencing of cyclin A2, B1, D1, and E

expression at a protocell:cell ratio of ~8 (i.e. ~8 × 106 protocells per 1 × 106 cells). In

conclusion, our findings suggest that protocells might serve as universal targeted

nanocarriers for multiple classes of macromolecules, including siRNA. The mesoporous

cores can also be loaded with other disparate cargo types, including the imaging and

diagnostic agents needed for the burgeoning fields of theranostics and personalized

medicine.

Materials and Methods

Materials

Antibodies against cyclin A2 (mouse mAb), cyclin B1 (mouse mAb), cyclin D1 (mouse

mAb), and cyclin E (mouse mAb) were purchased from Abcam, Inc. (Cambridge, MA).

Silencer Select siRNAs (siRNA IDs for cyclin A2, B1, D1, and E are s2513, s2515, s229,

and s2526, respectively), Silencer Select negative control siRNA, and the TaqMan® Fast

Cells-to-CT™ Kit were purchased from Applied Biosystems™ by Life Technologies

Corporation (Carlsbad, CA). Human Hep3B (HB-8064), human hepatocytes (CRL-11233),

Eagle's Minimum Essential Medium (EMEM), Dulbecco's Modified Eagle's Medium

(DMEM), fetal bovine serum (FBS), and 1X trypsin-EDTA solution (0.25% trypsin with

0.53 mM EDTA) were purchased from American Type Culture Collection (ATCC;

Manassas, Virginia). 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-

glycero-3-phosphoethanolamine (DOPE), 1,2-dioleoylsn-glycero-3-phosphoethanolamine-

N-[methoxy(polyethylene glycol)-2000] (18:1 PEG-2000 PE), 1,2-dioleoyl-3-

trimethylammonium-propane (DOTAP), and cholesterol were purchased from Avanti Polar

Lipids, Inc. (Alabaster, AL). ABIL® EM 90 (cetyl PEG/PPG-10/1 dimethicone) was

Ashley et al. Page 8

ACS Nano. Author manuscript; available in PMC 2013 March 27.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



purchased from Evonik Industries (Essen, Germany). Hoechst 33342 (350/461), Alexa

Fluor® 488 Antibody Labeling Kit (495/519), Alexa Fluor® 488 conjugate of annexin V

(495/519), Alexa Fluor® 488-labeled mouse monoclonal antibody to BrdU (clone MoBU-1)

(494/519), propidium iodide (535/617), Alexa Fluor® 647 carboxylic acid succinimidyl ester

(650/668), SlowFade® Gold antifade reagent, Image-iT® FX signal enhancer, 1X Dulbecco's

phosphate-buffered saline (D-PBS), bovine albumin fraction V solution (BSA, 7.5%), and

Lipofectamine™ RNAiMAX were purchased from Invitrogen Life Sciences (Carlsbad, CA).

BEGM Bullet Kits were purchased from Lonza Group Limited (Clonetics; Walkersville,

MD). Amicon® Ultra-4 Centrifugal Filter Units (10 kDa MWCO) were purchased from

Millipore (Billerica, MA). All peptides were synthesized by New England Peptide (Gardner,

MA). Succinimidyl-[(N-maleimidopropionamido)-tetracosaethyleneglycol] ester

(SM(PEG)24) was purchased from Pierce Protein Research Products (Thermo Fisher

Scientific LSR; Rockford, IL). Ultra pure, EM-grade formaldehyde (16%, methanol-free)

was purchased from Polysciences, Inc. (Warrington, PA). Absolute ethanol, hydrochloric

acid (37%), tetraethyl orthosilicate (TEOS, 98%), 3-[2-(2-

aminoethylamino)ethylamino]propyltrimethoxysilane (AEPTMS, technical grade),

hexadecyltrimethylammonium bromide (CTAB, ≥ 99%), sodium dodecyl sulfate (SDS, ≥
98.5%), Triton® X-100, hexadecane (≥ 99%), tert-butanol (≥ 99.5%), 2-mercaptoethanol (≥
99.0%), DL-dithiothreitol ≥ (99.5%), dimethyl sulfoxide (≥ 99.9%), pH 5 citric acid buf fer,

ethylenediaminetetraacetic acid (EDTA, 99.995%), sodium tetraborate (99%), glycine ≥
(99%), 5-bromo-2’-deoxyuridine (BrdU, ≥ 99%), goat serum, human epidermal growth

factor, L-α-phosphatidylethanolamine, bovine fibronectin, bovine collagen type I, soybean

trypsin inhibitor (≥ 98%), DMEM without phenol red, and Sephadex® G-200 were

purchased from Sigma-Aldrich (St. Louis, MO). Holey carbon-coated copper TEM grids

were purchased from SPI Supplies (West Chester, PA).

Cell Culture Conditions

Hep3B and hepatocytes were obtained from ATCC and grown per manufacturer’s

instructions. Briefly, Hep3B was maintained in EMEM with 10% FBS. Hepatocytes were

grown in flasks coated with BSA, fibronectin, and bovine collagen type I; the culture

medium used was BEGM (gentamycin, amphotericin, and epinephrine were discarded from

the BEGM Bullet kit) with 5 ng/mL epidermal growth factor, 70 ng/mL

phosphatidylethanolamine, and 10% FBS. Cells were maintained at 37°C in a humidified

atmosphere (air supplemented with 5% CO2) and passaged with 0.05% trypsin at a sub-

cultivation ratio of 1:3.

Synthesis of Multimodal Silica Nanoparticles

The emulsion processing technique used to synthesize mesoporous silica nanoparticles with

multimodal porosity has been described by Carroll et al.32 Briefly, 1.82 g of CTAB (soluble

in the aqueous phase) was added to 20 g of deionized water, stirred at 40°C until dissolved,

and allowed to cool to 25°C. 0.57 g of 1.0 N HCl, 5.2 g of TEOS, and 0.22 g of NaCl were

added to the CTAB solution, and the resulting sol was stirred for 1 hour. An oil phase

composed of hexadecane with 3 wt% ABIL® EM 90 (a nonionic emulsifier soluble in the oil

phase) was prepared. The precursor sol was combined with the oil phase (1:3 volumetric

ratio of sol:oil) in a 1000-mL round-bottom flask, stirred vigorously for 2 minutes to

promote formation of a water-in-oil emulsion, affixed to a rotary evaporator (R-205; Buchi

Laboratory Equipment; Switzerland), and placed in an 80°C water bath for 30 minutes. The

mixture was then boiled under a reduced pressure of 120 mbar (35 rpm for 3 hours) to

remove the solvent. Particles were then centrifuged (Model Centra MP4R; International

Equipment Company; Chattanooga, TN) at 3000 rpm for 20 minutes, and the supernatant

was decanted. Finally, the particles were calcined at 500°C for 5 hours to remove surfactants

and other excess organic matter.
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To make unmodified particles more hydrophilic, they were treated with (i) 4% (v/v)

ammonium hydroxide and 4% (v/v) hydrogen peroxide and (ii) 0.4 M HCl and 4% (v/v)

hydrogen peroxide for 15 minutes at 80°C. Particles were then washed several times with

water and re-suspended in 0.5 X D-PBS at a final concentration of 25 mg/mL. Mesoporous

cores were modified with the amine-containing silane, AEPTMS, by adding 25 mg of

calcined particles to 1 mL of 20% AEPTMS in absolute ethanol; the particles were

incubated in AEPTMS for 4–6 hours at room temperature, centrifuged (5,000 rpm, 1

minute) to remove unreacted AEPTMS, and re-suspended in 1 mL of 0.5 X D-PBS.

AEPTMS-modified particles were fluorescently-labeled by adding 5 µL of an amine-

reactive fluorophore (Alexa Fluor® 647 carboxylic acid, succinimidyl ester; 1 mg/mL in

DMSO) to 1 mL of particles; the particles were kept at room temperature for 2 hours prior to

being centrifuged to remove unreacted dye. Fluorescently-labeled particles were stored in

0.5 X D-PBS at 4°C. Particles larger than ~400-nm in diameter were removed via size

exclusion chromatography or differential centrifugation before cargo loading and liposome

fusion; ~5% of the total mass of particles (mostly > 1-µm in diameter) was retained upon

fractionation.

Characterization of Silica Nanoparticles

A 200 kV JEOL-2010 High Resolution Transmission Electron Microscope (JEOL, Ltd.;

Carlsbad, CA) was used to image the mesoporous silica particles. Particles were dispersed in

ethanol at a concentration of 5 mg/mL, and 4 µL of this solution was transferred onto a

holey carbon-coated copper TEM grid (SPI Supplies; West Chester, PA). Excess liquid was

wicked off using a Kim wipe, and the grid was allowed to dry before imaging. Dynamic

light scattering of mesoporous silica nanoparticles, as well as cargo-loaded protocells and

lipid nanoparticles, was performed using a Zetasizer Nano (Malvern; Worcestershire, United

Kingdom). Samples were prepared by diluting 48 µL of silica particles (25 mg/mL) in 2.4

ml of 0.5 X D-PBS. Solutions were transferred to 1 mL polystyrene cuvettes (Sarstedt;

Nümbrecht, Germany) for analysis. Zeta potential measurements were made using a

Zetasizer Nano (Malvern; Worcestershire, United Kingdom). Silica particles were diluted

1:50 in 0.5 X D-PBS and transferred to 1-mL folded capillary cells (Malvern;

Worcestershire, United Kingdom) for analysis. Nitrogen sorption was performed using an

ASAP 2020 Surface Area and Porosity Analyzer (Micromeritics Instrument Corporation;

Norcross, GA); surface area was determined using the Brunauer-Emmett-Teller (BET)

model, and the cumulative pore volume plot was calculated from the adsorption branch of

the isotherm using the Barrett-Joyner-Halenda (BJH) model. Pore size is defined as the

Kelvin diameter plus the statistical thickness of the adsorbed film.

Liposome Fusion to Mesoporous Silica Nanoparticles

The procedure used to synthesize protocells has been described previously31,34,58,59 and will

be mentioned only briefly. Lipids were ordered from Avanti Polar Lipids pre-dissolved in

chloroform and stored at −20°C. Immediately prior to protocell synthesis, 2.5 mg of lipid

was dried under a stream of nitrogen and placed in a vacuum oven (Model 1450M, VWR

International, West Chester, PA) overnight to remove residual solvent. Lipids were re-

hydrated in 0.5 X D-PBS at a concentration of 2.5 mg/mL and were passed through a 100-

nm filter at least 10 times using a Mini-Extruder set (Avanti Polar Lipids, Inc.; Alabaster,

AL). Resulting liposomes (~120-nm in diameter) were stored at 4°C for no more than one

week. Mesoporous silica cores (25 mg/mL) were incubated with a 2- to 4-fold volumetric

excess of liposomes for 30–90 minutes at room temperature. Protocells were stored in the

presence of excess lipid for up to 1 month at 4°C. To remove excess lipid, protocells were

centrifuged at 5,000 rpm for 1 minute, washed twice, and re-suspended in 0.5 X D-PBS.
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Lipids were lyophilized together prior to rehydration and extrusion; for example 75 µL of

DOPC (25 mg/mL), 5 µL of DOPE (25 mg/mL), 10 µL of cholesterol (75 mg/mL), and 10

µL of 18:1 PEG-2000 PE (25 mg/mL) were combined and dried to form liposomes

composed of DOPC with 5 wt% DOPE, 30 wt% cholesterol, and 10 wt% PEG-2000. A

DOPC:DOPE:cholesterol:18:1 PEG-2000 PE mass ratio of 55:5:30:10 was used to

synthesize ‘DOPC protocells’, while a DOTAP:DOPE:cholesterol:18:1 PEG-2000 PE mass

ratio of 55:5:30:10 was used to synthesize ‘DOTAP protocells’.

Conjugation of Peptides to the Supported Lipid Bilayer

SP94 and H5WYG peptides, synthesized with C-terminal cysteine residues, were conjugated

to primary amines present in the head groups of PE using the heterobifunctional crosslinker,

SM(PEG)24, which is reactive toward sulfhydryl and amine moieties and possesses a 9.52-

nm PEG spacer arm. Protocells were first incubated with a 10-fold molar excess of

SM(PEG)24 for 2 hours at room temperature and centrifuged (1 minute at 5,000 rpm) to

remove unreacted crosslinker. Activated protocells were then incubated with a 5-fold molar

excess of SP94 for 2 hours at room temperature to attain a peptide density of 0.015 wt% (~6

peptides/protocell) and with a 500-fold molar excess of H5WYG for 4 hours at room

temperature to attain a peptide density of 0.500 wt% (~240 peptides/protocell). Protocells

were washed to remove free peptide, and average peptide density was determined by

Tricine-SDS-PAGE, as described previously.31

Synthesis of siRNA-Loaded Protocells

AEPTMS-modified cores (25 mg/mL) were soaked in siRNA (250 µM in 1X D-PBS) for 2

hours at 4°C. Unencapsulated cargo was removed via centrifugation at 5,000 rpm for 1

minute, and DOPC liposomes were immediately fused to cargo-loaded cores as described

above. Unmodified cores were loaded with siRNA via the synergistic mechanism previously

described by us.34 Briefly, 25 µL of siRNA (1 mM) was added to 75 µL of silica

nanoparticles (25 mg/mL). The solution was gently vortexed and incubated with 200 µL of

DOTAP liposomes overnight at 4°C. Excess lipid and unencapsulated siRNA were removed

via centrifugation immediately before use.

Synthesis of siRNA-Loaded Lipid Nanoparticles

To prepare siRNA-loaded DOPC lipid nanoparticles (LNPs), DOPC, DOPE, cholesterol,

and 18:1 PEG-2000 PE were first mixed in a 55:5:30:10 mass ratio, dried under a stream of

nitrogen, and placed in a vacuum oven overnight to remove residual chloroform. The lipid

film was then dissolved in tert-butanol and mixed 1:1 (v/v) with a siRNA solution (diluted

in 10 mM Tris-HCl (pH 7.4) with 0.85% (w/v) NaCl and 0.25 M sucrose) such that the final

DOPC:siRNA ratio was 10:1 (w/w). The mixture was vortexed, flash frozen in a bath of

acetone and dry ice, and lyopholized. Immediately before use, the LNP preparation was

hydrated with an isotonic sucrose solution (10 mM Tris-HCl (pH 7.4) with 0.85% (w/v)

NaCl and 0.25 M sucrose) to a final siRNA concentration of 100 µg/mL; unencapsulated

siRNA was removed via centrifugal-driven filtration (10 kDa MWCO).

We prepared siRNA-loaded DOTAP LNPs as described by Wu et al.,60 with minor

modifications. We replaced PEGylated ceramide with 18:1 PEG-2000 PE and used a

DOTAP:DOPE:cholesterol:PEG-2000 PE ratio of 55:5:30:10. We, additionally, dissolved

lyopholized LNPs in 10 mM Tris-HCl (pH 7.4) with 0.85% (w/v) NaCl and 0.25 M sucrose

to a final siRNA concentration of 100 µg/mL and removed unencapsulated siRNA using a

centrifugal filtration device (10 kDa MWCO). LNPs were dissolved in 0.5 X D-PBS for zeta

potential analysis.
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To modify DOTAP LNPs with SP94 and H5WYG, they were first incubated with a 10-fold

molar excess of SM(PEG)24 for 2 hours at room temperature; after removal of unreacted

crosslinker via centrifugal-driven filtration (10 kDa MWCO), they were incubated with a 5-

fold molar excess of SP94 and a 1000-fold molar excess of H5WYG for 2 hours at room

temperature. Free peptide was removed using a centrifugal filtration device (10 kDa

MWCO).

Determination of Cargo Capacities and Release Rates

The capacity of protocells and lipid nanoparticles (LNPs) for siRNA was determined by

incubating 1 × 1010 particles in 1 wt% SDS (dissolved in D-PBS) for 24 hours and

centrifuging the solutions to remove protocell cores and other debris. The concentration of

siRNA in the supernatant was determined by comparing the absorbance at 260 nm to a

standard curve.

The rate of siRNA release under neutral and acidic pH conditions was determined by

suspending 1 × 1010 particles in 1 mL of a simulated body fluid (EMEM with 150 mM NaCl

and 10% serum, pH 7.4) or citric acid buffer (pH 5.0) for various periods of time at 37°C.

Particles were pelleted via centrifugation (5 minutes at 5,000 × g for protocells and 30

minutes at 15,000 × g for LNPs; Microfuge® 16 Centrifuge; Beckman-Coulter; Brea, CA).

siRNA concentrations in the supernatant were determined using UV-visible spectroscopy, as

described above. The concentration of released cargo was converted into a percentage of the

cargo concentration that was initially encapsulated within 1010 particles.

Quantification of Cyclin A2, B1, D1, and E Protein Expression

To determine the concentration of siRNA necessary to silence 90% of cyclin A2, cyclin B1,

cyclin D1, or cyclin E expression (IC90, see Figure 4A), 1 × 106 Hep3B cells were exposed

to various concentrations of siRNA loaded in SP94-targeted DOPC protocells for 48 hours

at 37°C. Cells were then harvested by gentle shaking in 5 mM EDTA for 30 minutes at

37°C, centrifuged (1000 rpm, 1 minute) to remove excess particles, fixed with 3.7%

formaldehyde (15 minutes at room temperature), and permeabilized with 0.2% Triton X-100

(5 minutes at room temperature); cells were then exposed to a 1:500 dilution of anti-cyclin

A2, anti-cyclin B1, anti-cyclin D1, or anticyclin E, labeled using an Alexa Fluor® 488

Antibody Labeling Kit, for 1 hour at 37°C. Cells were washed three times and re-suspended

in D-PBS for flow cytometry analysis (FACSCalibur). GraphPad Prism (GraphPad

Software, Inc.; La Jolla, CA) was employed to calculate IC90 values from plots of

log(siRNA concentration) versus mean fluorescence intensity; the initial protein

concentration was taken to be the mean fluorescence intensity of antibody-labeled cells prior

to treatment with siRNA-loaded protocells.

To determine the time-dependent decrease in cyclin A2, cyclin B1, cyclin D1, and cyclin E

expression (see Figure 4B), siRNA-loaded, SP94-targeted DOPC protocells were mixed

with 1 × 106 Hep3B cells such that the final siRNA concentration was 125 pM; cells and

protocells were incubated at 37°C for various periods of time, and resulting protein levels

were determined via immunofluorescence as described above. The same process was used to

quantify cyclin levels in Hep3B treated with free siRNA, siRNA-loaded DOTAP LNPs, and

SP94-targeted protocells loaded with Silencer Select negative control siRNA (see the

Supplementary Figures 2 and 3); the total siRNA concentration was maintained at 125 pM

in all time-dependent experiments.

The dose- and time-dependent decreases in cyclin A2 mRNA (Figures 4A and 4B,

respectively) were determined by incubating Hep3B with SP94-targeted protocells loaded

with the cyclin A2-specific siRNA as described above. Cells were washed three times with
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cold 1X PBS to remove excess protocells. mRNA was then isolated from cells and

converted to cDNA using the TaqMan® Fast Cells-to-CT™ Kit. Quantitative PCR was

performed by SeqWright, Inc. (Houston, TX).

To collect the data depicted in Figure 4C (left axis), a sufficient volume of siRNA-loaded,

SP94-targeted DOPC protocells or DOTAP LNPs was added to 1 × 106 Hep3B or

hepatocytes such that the final siRNA concentration was 125 pM. Samples were incubated

at 37°C for 48 hours, and the resulting decrease in cyclin A2 expression was quantified as

described above. To determine the values plotted in Figure 4C (right axis), 1 × 106 Hep3B

cells were exposed to various concentrations (particles/mL) of siRNA-loaded, SP94-targeted

DOPC protocells or DOTAP LNPs for 48 hours at 37°C; cyclin A2 expression was

quantified using immunofluorescence, and the number of particles necessary to reduce

cyclin A2 expression by 90% was calculated from a plot of particle concentration versus

cyclin A2 concentration.

Cells depicted in Figure 5 were exposed to 10-fold excess of siRNA-loaded, SP94-targeted

DOPC protocells with Alexa Fluor® 647-labeled cores for either 1 hour or 48 hours at 37°C.

Cells were washed 3 times with D-PBS, labeled with Hoechst 33342 per manufacturer’s

instructions, fixed with 3.7% formaldehyde (15 minutes at room temperature),

permeabilized with 0.2% Triton X-100 (5 minutes at room temperature), and blocked with

Image-iT® FX signal enhancer (30 minutes, room temperature). Cells were then exposed to

Alexa Fluor® 488-labeled antibodies against cyclin A2, B1, D1, or E (diluted 1:500 in 1%

BSA) overnight at 4°C, washed 3 times in D-PBS, and mounted with SlowFade® Gold.

Quantification of Growth Arrest

The numbers of proliferating and growth arrested Hep3B cells (Figures 6A and 6B,

respectively) were determined by first exposing 1 × 106 cells to SP94-targeted, siRNA-

loaded protocells for various periods of time at 37°C; protocells were loaded with a siRNA

cocktail specific for cyclin A2, B1, D1, and E, and the total siRNA concentration was

maintained at ~125 pM. Cells were then washed three times in 1X PBS to remove excess

protocells. To determine the percentage of proliferating Hep3B, protocell-treated cells were

incubated with 10 µM BrdU (in complete growth medium) for 12 hours at 37°C, harvested

by gentle shaking in 5 mM EDTA for 30 minutes at 37°C, and fixed with 4% formaldehyde

for 30 minutes at 4°C. Cells were then washed three times in 1X PBS with 0.1% Triton

X-100; incubated in 1 N HCl for 10 minutes on ice; incubated in 2 N HCl for 10 minutes at

room temperature and then 20 minutes at 37°C; incubated in 0.1 M borate for 12 minutes at

room temperature; and washed three times in 1X PBS with 0.1% Triton X-100. Cells were

blocked in 1X PBS with 0.1% Triton X-100, 1 M glycine, and 5% goat serum for one hour

at room temperature and then incubated with an Alexa Fluor® 488-labeleled mouse

monoclonal antibody to BrdU (1:100 dilution in 1X PBS with 1% BSA) overnight at 4°C.

Cells were washed three times with 1X PBS, and the number of cells positive for BrdU

incorporation was determined using a FACSCalibur flow cytometer. Cells were considered

positive if their mean fluorescence intensities (MFI) were 100 fluorescence units (FU)

greater than the MFI of unlabeled cells. To determine the percentage of G0/G1 and G2/M

arrested Hep3B, protocell-treated cells were harvested by gentle shaking in 5 mM EDTA for

30 minutes at 37°C, incubated with 1 µg/mL of Hoechst 33342 for 15 minutes at 37°C,

washed three times with 1X PBS, and immediately analyzed using a MoFlo High

Performance Cell Sorter (Dako-Cytomation; Carpinteria, CA) equipped with Dako-

Cytomation’s SUMMIT software, version 4.3.01. Cells were detected using a 488-nm

Innova 90 laser (Coherent Inc.; Santa Clara, CA), and a gate was placed on the forward

scatter-side scatter plot that excluded cellular debris. Hoechst 33342 was excited with a 355-

nm Innova 90 laser, and emission intensity was collected in the FL-6 channel (450/65 filter/

bandpass). Single cells were gated using width and area parameters; the area parameter
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histogram was used to determine the percentage of gated cells in G0/G1, S, and G2/M

phases. Data were acquired with the SSC channel in log mode and all other channels in

linear mode.

Quantification of Apoptosis

The time-dependent viability of Hep3B and hepatocytes (see Figure 6C) exposed to siRNA-

loaded, SP94-targeted protocells was determined by incubating 1 × 106 cells with 125 pM of

siRNA for various periods of time at 37°C. Cells were harvested by gentle shaking in 5 mM

EDTA for 30 minutes at 37°C, centrifuged (1000 rpm, 1 minute) to remove excess

protocells and stained with Alexa Fluor® 488-labeled annexin V and propidium iodide per

manufacturer’s instructions. The numbers of viable (double-negative) and non-viable

(single- or double-positive) cells were determined via flow cytometry (FACSCalibur).

Voltages were established using (1) untreated, unlabeled Hep3B (100% of cells were

contained within the lower left quadrant, spanning from 100 to 102 fluorescence units on the

FL-1 and FL-2 axes); (2) Hep3B transfected with the cyclin-specific siRNA cocktail using

Lipofectamine™ RNAiMAX and singly stained with Alexa Fluor® 488-labeled annexin V

(96% of cells were contained within the lower right quadrant, spanning from 102 to 104 FUs

on the FL-1 axis and 100 to 102 FUs on the FL-2 axis); and (3) Hep3B transfected with the

cyclin-specific siRNA cocktail using Lipofectamine™ RNAiMAX and singly stained with

propidium iodide (98% of cells were contained within the upper right quadrant, spanning

from 100 to 102 FUs on the FL-1 axis and 102 to 104 FUs on the FL-2 axis). Cells were

transfected according to Invitrogen’s ‘reverse transfection’ protocol with an initial cell

concentration of 5 × 105 (seeded in 60-mm plates), a final siRNA concentration of 50 nM,

and a total incubation time of 72 hours.

To collect the data depicted in Figure 6D (left axis), a sufficient volume of siRNA-loaded,

SP94-targeted DOPC protocells or DOTAP LNPs was added to 1 × 106 Hep3B or

hepatocytes such that the final siRNA concentration was 125 pM. Samples were incubated

at 37°C for 48 hours, and the number of apoptotic cells was determined as described above.

To determine the values plotted in Figure 6D (right axis), 1 × 106 Hep3B cells were exposed

to various concentrations (particles/mL) of siRNA-loaded, SP94-targeted DOPC protocells

or DOTAP LNPs for 48 hours at 37°C; the number of apoptotic Hep3B was quantified using

the annexin V/propidium iodide assay.

Cells shown in Figure 7 were exposed to a 10-fold excess of siRNA-loaded, SP94-targeted

protocells with Alexa Fluor® 647-labeled cores for either 1 hour or 48 hours at 37°C. Cells

were then washed 3 times with D-PBS, stained with Hoechst 33342, Alexa Fluor® 488-

labeled annexin V, and propidium iodide per manufacturer’s instructions, fixed (3.7%

formaldehyde for 10 minutes at room temperature), and mounted with SlowFade® Gold.

To collect the data depicted in Supplementary Figure 1, 1 × 106 Hep3B cells were incubated

with 1 × 109 AEPTMS-modified multimodal silica nanoparticles, DOPC protocells with

AEPTMS-modified cores, or DOTAP LNPs, all loaded with Silencer Select negative control

siRNA for 48 hours at 37°C. Cells were then washed three times with 1X PBS to remove

excess particles and stained with propidium iodide, per manufacturer’s instructions. Cells

were immediately analyzed via flow cytometry; cells were considered positive if their mean

fluorescence intensities (MFI) were 100 fluorescence units (FU) greater than the MFI of

unlabeled cells.

Flow Cytometry Equipment and Settings

For Figures 4A–C, 6A, 6C, and 6D, as well as Supplementary Figures 1–3, cell samples

were analyzed with a FACSCalibur flow cytometer (Becton Dickinson; Franklin Lakes, NJ)
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equipped with BD CellQuest™ software, version 5.2.1. Samples were acquired with the fsc

channel in linear mode and all other channels in log mode. Events were triggered based

upon forward light scatter, and, for data depicted in Figure 4 and Supplementary Figures 2

and 3, a gate was placed on the forward scatter-side scatter plot that excluded cellular debris.

Alexa Fluor® 488 was excited using the 488-nm laser source, and emission intensity was

collected in the FL1 channel (530/30 filter/bandpass). Propidium iodide was excited using

the 488-nm laser source, and emission intensity was collected in the FL2 channel (585/42).

Mean fluorescence intensity was determined using FlowJo Software, version 6.4 (Tree Star,

Inc.; Ashland, OR). All plots were generated using Sigma Plot, version 11.0 (Systat

Software, Inc.; San Jose, CA).

Fluorescence Microscopy Equipment and Settings

Three- and four-color images were acquired using a Zeiss LSM510 META (Carl Zeiss

MicroImaging, Inc.; Thornwood, NY) operated in Channel mode of the LSM510 software; a

40X, 1.4-NA oil immersion objective was employed in all imaging. Typical laser power

settings were: 10% transmission for the 405-nm diode laser, 5% transmission (50% output)

for the 488-nm Argon laser, 100% transmission for the 543-nm HeNe laser, and 80%

transmission for the 633-nm HeNe laser. Gain and offset were adjusted for each channel to

avoid saturation and were typically maintained at 500–700 and −0.1, respectively. 8-bit z-

stacks with 1024 × 1024 resolution were acquired with a 0.7 to 0.9-µm optical slice.

LSM510 and Zen 2009 Light Edition software were used to overlay channels and to create

collapsed projections of z-stack images. All fluorescence images are collapsed projections.

For all microscopy experiments, cells were grown in culture flasks to 70–80% confluence,

harvested (0.05% trypsin, 10 minutes), centrifuged at 4000 rpm for 2 minutes, and re-

suspended in complete growth medium. 1 × 104 – 1 × 106 cells/mL were seeded on sterile

coverslips (25-mm, No. 1.5) coated with 0.01% poly-L-lysine (150–300 kDa) and allowed

to adhere for 4–24 hours at 37°C before being exposed to protocells. 48-hour samples were

spun back onto coverslips using a Cytopro® Centrifuge, model 7620 (Wescor, Inc.; Logan,

UT).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematic depicting the process used to synthesize siRNA-loaded mesoporous silica
nanoparticle-supported lipid bilayers (protocells)

To form protocells loaded with therapeutic RNA and targeted to hepatocellular carcinomas

(HCC), mesoporous silica cores modified with an amine-containing silane (AEPTMS) were

first soaked in a solution of small interfering RNA (siRNA). Liposomes composed of

DOPC, DOPE, cholesterol, and 18:1 PEG-2000 PE (55:5:30:10 mass ratio) were then fused

to siRNA-loaded cores. The resulting supported lipid bilayer (SLB) was modified with a

targeting peptide (SP94) that binds to HCC and an endosomolytic peptide (H5WYG) that

promotes endosomal/lysosomal escape of internalized protocells. Peptides, modified with

glycine-glycine (GG) spacers and C-terminal cysteine residues, were conjugated to primary

amines present in DOPE moieties via a heterobifunctional crosslinker (SM(PEG)24) with a

9.5-nm polyethylene glycol (PEG) spacer. The SP94 and H5WYG sequences reported by Lo

et al.61 and Moore et al.62 are given in red.
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Figure 2. Characterization of the mesoporous silica nanoparticles that form the protocell core

(A) Transmission electron microscopy (TEM) image of multimodal silica nanoparticles

formed via the emulsion processing technique described by Carroll et al.32 Scale bar = 100

nm. The inset shows a scanning electron microscopy (SEM) image of a 5-µm multimodal

silica particle, in which surface-accessible pores are visible; large particles were used to

enhance resolution. Inset scale bar = 200 nm. (B) Dynamic light scattering (DLS) of

multimodal silica nanoparticles after size-based separation. Resulting particles had an

average diameter of ~165 nm. (C) Nitrogen sorption isotherm for size-separated multimodal

silica nanoparticles. The presence of hysteresis is consistent with a network of larger pores

interconnected by smaller pores. (D) A cumulative pore volume plot, calculated from the

adsorption branch of the isotherm in (C) using the Barrett-Joyner-Halenda (BJH) model,

demonstrates the presence of large (23–30 nm) pores and small (3–13 nm) pores.
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Figure 3. Protocells have a high capacity for siRNA, the release of which is triggered by acidic
pH

(A) The concentrations of siRNA that can be loaded within 1010 protocells and lipid

nanoparticles (LNPs). Zeta potential values for unmodified and AEPTMS-modified silica

cores in 0.5 X PBS (pH 7.4) are −32 mV and +12 mV, respectively. (B) and (C) The rates

at which siRNA is released from DOPC protocells with AEPTMS-modified cores, DOPC

LNPs, and DOTAP LNPs upon exposure to a pH 7.4 simulated body fluid (B) or a pH 5.0

buffer (C) at 37°C. The average diameters of siRNA-loaded protocells, DOPC LNPs, and

DOTAP LNPs were 178-nm (± 24.3-nm), 135-nm (± 19.1-nm), and 144-nm (± 14.8-nm),

respectively. Error bars represent 95% confidence intervals (1.96 σ) for n = 3.
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Figure 4. siRNA-loaded, SP94-targeted protocells silence various cyclin family members in HCC
but not hepatocytes

(A) and (B) Dose (A) and time (B) dependent decreases in the expression of cyclin A2, B1,

D1, and E protein upon exposure of Hep3B to siRNA-loaded, SP94-targeted protocells. 1 ×

106 cells were continually exposed to various concentrations of siRNA for 48 hours in (A)

and to 125 pM of siRNA for various periods of time in (B). Cyclin A2 mRNA levels are

included for comparison. Protein concentrations were determined via flow cytometry

analysis of cells stained by immunofluorescence. mRNA concentrations were determined by

real time PCR. (C, left axis) Percentages of initial cyclin A2 protein concentrations that

remain upon exposure of 1 × 106 Hep3B or hepatocytes to 125 pM of siRNA, loaded within

DOPC protocells or DOTAP lipid nanoparticles (LNPs), for 48 hours at 37°C. (C, right

axis) The number of siRNA-loaded, SP94-targeted DOPC protocells or DOTAP LNPs that

must be incubated with 1 × 106 Hep3B cells to reduce expression of cyclin A2 protein to

10% of the initial concentration. DOPC LNPs were omitted from these experiments, as well

as all subsequent analyses, as their efficacy was similar to that of free siRNA. Protocell

SLBs were composed of DOPC with 5 wt% DOPE, 30 wt% cholesterol, and 10 wt%

PEG-2000 and were modified with 0.015 wt% SP94 and 0.500 wt% H5WYG. DOTAP

LNPs were prepared using a 55:5:30:10 ratio of DOTAP:DOPE:cholesterol:PEG-2000 PE
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and were modified with 0.015 wt% SP94, and 0.500 wt% H5WYG. Error bars represent

95% confidence intervals (1.96 σ) for n = 3.
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Figure 5. Confocal fluorescence microscopy images of Hep3B (A) and hepatocytes (B) after
exposure to siRNA-loaded, SP94-targeted protocells for 1 hour or 48 hours at 37°C

Cells were incubated with a 10-fold excess of Alexa Fluor 647-labeled protocells (white)

prior to being fixed, permeablized, and stained with Hoechst 33342 (blue) and Alexa Fluor

488-labeled antibodies against cyclin A2, cyclin B1, cyclin D1, or cyclin E (green).

Protocell SLBs were composed of DOPC with 5 wt% DOPE, 30 wt% cholesterol, and 10 wt

% PEG-2000 and were modified with 0.015 wt% SP94 and 0.500 wt% H5WYG. Scale bars

= 20 µm.

Ashley et al. Page 25

ACS Nano. Author manuscript; available in PMC 2013 March 27.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 6. SP94-targeted protocells loaded with the cyclin-specific siRNA cocktail induce growth
arrest and apoptosis in HCC without affecting hepatocyte viability

(A) – (C) The percentage of 1 × 106 Hep3B that were proliferating (A), arrested in G0/G1 or

G2/M (B), or apoptotic (C) upon exposure to SP94-targeted protocells loaded with 125 pM

of the cyclin-specific siRNA cocktail for various periods of time at 37°C. Proliferation was

determined using a flow cytometric assay for 5-bromo-2’-deoxyuridine (BrdU)

incorporation, where cells positive for BrdU incorporation were considered to be actively

proliferating. The numbers of cells in G0/G1, S, or G2/M phases of the cell cycle was

determined via Hoechst 33342 staining followed by flow cytometry-based cell cycle

analysis. Apoptosis was quantified using Alexa Fluor 488-labeled annexin V and propidium

iodide (PI). Cells positive for annexin V were considered to be in the early stages of

apoptosis, while cells positive for both annexin V and PI were considered to be in the late

stages of apoptosis; the total number of apoptotic cells was determined by adding the

numbers of cells in early and late apoptosis. (D, left axis) The percentages of 1 × 106 Hep3B

or heaptocytes that become apoptotic, i.e. double-positive for Alexa Fluor 488-labeled

annexin V and propidium iodide, upon exposure to 125 pM of the siRNA cocktail, loaded

within DOPC protocells or DOTAP lipid nanoparticles (LNPs), for 48 hours at 37°C. (D,

right axis) The number of siRNA-loaded, SP94-targeted DOPC protocells or DOTAP LNPs

that must be incubated with 1 × 106 Hep3B to induce apoptosis in 90% of cells in the

population. Protocell SLBs were composed of DOPC with 5 wt% DOPE, 30 wt%

cholesterol, and 10 wt% PEG-2000 and were modified with 0.015 wt% SP94 and 0.500 wt%
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H5WYG. DOTAP LNPs were prepared using a 55:5:30:10 ratio of

DOTAP:DOPE:cholesterol:PEG-2000 PE and were modified with 0.015 wt% SP94, and

0.500 wt% H5WYG. Error bars represent 95% confidence intervals (1.96 σ) for n = 3.
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Figure 7. Confocal fluorescence microscopy images of Hep3B (A) and hepatocytes (B) after
exposure to siRNA-loaded, SP94-targeted protocells for 1 hour or 48 hours at 37°C

Cells were incubated with a 10-fold excess of Alexa Fluor 647-labeled protocells (white)

prior to being stained with Hoechst 33342 (blue), Alexa Fluor 488-labeled annexin V

(green), and propidium iodide (red). Differential Interference Contrast (DIC) images are

included to show cell morphology. Protocell SLBs were composed of DOPC with 5 wt%

DOPE, 30 wt% cholesterol, and 10 wt% PEG-2000 and were modified with 0.015 wt%

SP94 and 0.500 wt% H5WYG. Scale bars = 20 µm.
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