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CONSPECTUS

O ver the last few decades a great variety of nanotechnology based
platforms have been synthesized and fabricated to improve the
delivery of active compounds to a disease site. Nanoparticles currently
used in the dinic, and the majority of nanotherapeutics/nanodiagnostics
under investigation, accommodate single- or multiple- functionalities on
the same entity. Because many heterogeneous biological barriers can
prevent therapeutic and imaging agents from reaching their intended
targets in sufficient concentrations, there is an emerging requirement to
develop a multimodular nanoassembly, in which different components
with individual specific functions act in a synergistic manner.

The multistage nanovectors (MSVs) were introduced in 2008 as the
first system of this type. It comprises several nanocomponents or
“stages”, each of which is designed to negotiate one or more biological
barriers. Stage 1 mesoporous silicon particles (S1MPs) were rationally
designed and fabricated in a nonspherical geometry to enable superior
blood margination and to increase cell surface adhesion. The main task of
STMPs is to efficiently transport nanoparticles that are loaded into their porous structure and to protect them during transport from
the administration site to the disease lesion. Semiconductor fabrication techniques including photolithography and electrochemical
etching allow for the exquisite control and precise reproducibility of STMP physical characteristics such as geometry and porosity.
Furthermore, STMPs can be chemically modified with negatively/positively charged groups, PEG and other polymers, fluorescent
probes, contrast agents, and biologically active targeting moieties induding antibodies, peptides, aptamers, and phage.

The payload nanoparticles, termed stage 2 nanoparticles (S2NPs), can be any currently available nanoparticles such as
liposomes, micelles, inorganic/metallic nanoparticles, dendrimers, and carbon structures, within the approximate size range of
5—-100 nm in diameter. Depending upon the physicochemical features of the STMP (geometry, porosity, and surface
modifications), a variety of S2NPs or nanoparticle “cocktails” can be loaded and efficiently delivered to the disease site.

As demonstrated in the studies reviewed here, once the S2NPs are loaded into the STMPs, a variety of novel properties
emerge, which enable the design of new and improved imaging contrast agents and therapeutics. For example, the loading of
the MRI Gd-based contrast agents onto hemispherical and discoidal S1MPs significantly increased the longitudal relaxivity (r1) to
values of up to 50 times larger than those of dlinically available gadolinium-based agents (~4 mM~" s~ '/Gd*" ion). Furthermore,
administration of a single dose of MSVs loaded with neutral nanoliposomes containing small interfering RNA (siRNA) targeted
against the EphA2 oncoprotein enabled sustained EphA2 gene silencing for at least 21 days. As a result, the tumor burden was
reduced in an orthotopic mouse model of ovarian cancer.

We envision that the versatility of the MSV platform and its emerging properties will enable the creation of personalized
solutions with broad dlinical implications within and beyond the realm of cancer theranostics.
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Introduction

The essential requirement in the administration of active
agents is to achieve a favorable outcome in the treatment of
a medical condition, minimizing detrimental adverse effects.
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However, the body encompasses a number of sequential,
intrinsic defense mechanisms that efficiently prevent injected
foreign agents such as chemicals, biopharmaceutics, and
nanovectors from homing to their intended destinations.
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In addition to general defense mechanisms, there are a
number of disease-related heterogeneous barriers that ad-
versely affect the biodistribution of untargeted and molecu-
larly targeted therapeutics.'? As a result, an extremely low
fraction (<0.01%) of untargeted pharmaceuticals or specific
antibodies has been shown to home to cancer lesions after
intravenous administration."® The use of nanovectors as
carriers for therapeutic and imaging contrast agents is based
on the concurrent, projected advantages of drug localization
at disease lesions, and the ability to circumvent the biological
barriers encountered between the point of administration
and the projected target.* Nanomedicine, a field at the inter-
section of nanotechnology, medicine, chemistry, physics, and
biology, can take advantage of the recent developments in
each of the above-mentioned research areas for the creation
of platforms with superior drug carrier capabilities, selective
responsiveness to the environment, unique contrast en-
hancement profiles, and improved accumulation at the
disease site.

Nanovectors can historically be classified into three main
subcategories, or generations.>> First and second genera-
tions of nanovectors can be described as single-entity par-
ticles. First generation nanovectors, which made it to the
clinicmore than 15 years ago, passively home to the disease
loci based on the permeability of tumor-associated neo-
vasculature by a mechanism, known as enhanced permea-
tion and retention (EPR).® Second-generation nanovectors
offered new degrees of sophistication compared to their
predecessors by employing additional complexities such as
targeting moieties, remote activation, and environmentally
sensitive components.”° However, these improvements
can be viewed simply as a progressive development of the
first-generation vectors, which is conceptually unable to
address the primary set of sequential biobarriers. As of
today, none of the representatives of the second-generation
subcategory have been granted FDA approval. The funda-
mental task of evading consecutive biobarriers has triggered
a paradigm shift in the field of nanotherapeutics and, as a
result, given rise to third-generation nanovectors, which
decouple multiple tasks using separate hanocomponents,
actingin a synergistic fashion. While a few platforms of third-
generation nanocarriers are currently under investigation,' '
multistage nanovectors (MSVs), reviewed in this Account, are
the emblematic system in this category.

The Multistage Concept

MSVs, introduced in 2008,'> comprise several distinct
nanoelements or “stages”. Each stage is designed to negotiate
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one or several biobarriers from the site of administration to
the target lesion. The nonspherical geometry of stage 1
mesoporous silicon particles (S1TMPs) was selected in the
process of rational mathematical design to enable superior
blood margination and cell surface adhesion properties
during the negotiation of biobarriers en route to the affected
locus.>' To yield a precise control of characteristics such as
size, shape, and porosity, STMPs are produced by semicon-
ductor fabrication techniques: photolithography and elec-
trochemical etching.'* STMPs were optimized to carry,
protect, and distribute the second-stage nanoparticles
(S2NPs) that are embedded within the porous structure
and, once released at the vasculature of the lesion, can
penetrate and diffuse into the tissue, delivering the thera-
peutic payload or enabling enhanced image contrast
(Figure 1). The STMP prevents direct exposure of the cargo
to the body's surveillance system, inhibiting degradation of
sensitive payloads and allowing avoidance of benign tis-
sues. Following efficient margination in the bloodstream
and attachment to the disease vasculature, MSVs release
S2NPs containing any of the following: cytotoxic agents,
contrast enhancing imaging agents, bioactives, or metal
nanoparticles. In the case of metal S2NPs (e.g., gold, silver
and iron oxide), the activation of the system can be triggered
with an external energy source, such as radio frequency'® or
near-infrared'® energy. Another possible mode of action
includes targeting specific cell elements, such as macro-
phages and myofibroblasts, in the disease location to
achieve preferential localization. The intracellular payload
can then be released to destinations influenced by STMP and
S2NP surface chemistry. Similar principles can be applied for
overcoming biobatrriers specific to a variety of other condi-
tions such as cardiovascular, infectious and neurological
diseases.

Fabrication and Characterization of STMPs

Nanoporous silicon (pSi) was chosen as the material for
STMP fabrication based on its biodegradability,'”'°
biocompatibility,'®?° and versatile fabrication protocols
allowing the control of shape, size, and porosity.'? pSi-based
nanostructured materials are widely explored for various
biomedical applications including implantable devices,*'
drug delivery systems,?*~24 and tissue engineering scaffolds.?>
A series of combinatorial manufacturing protocols for STMP
fabrication were developed by integration of top-down
electrochemical porosification with the industry standard
silicon microfabrication process.'®'42® The silicon micro-
machining industry provides well-established techniques for
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FIGURE 1. Schematic summary of possible MSV mechanisms of action. Central compartment: hemispherical or disk-shaped nanoporous silicon
ST1MPs are engineered to exhibit an enhanced ability to marginate within blood vessels and adhere to disease-associated endothelium. Once
positioned at the disease site, the S1MP can (top right) release the drug/siRNA loaded S2NP to achieve the desired therapeutic effect, prior to complete
biodegradation of the carrier particle; release an imaging agent (top left) or external energy activated S2NP (e.g., gold nanoparticles, nanoshells,
bottom right). Another possible mechanism of action is cell based delivery of the MSVs into the disease loci followed by triggered release of the

S1MP/S2NP from the cells (bottom left).

production and characterization, enabling scalability, preci-
sion, and reproducibility, important features for products
intended for clinical translation.

The fabrication of STMPs consists of two major steps:
formation of nanoporous silicon by electrochemical etching
and defining the particle pattern by photolithography. STMP
geometry is precisely controlled by photolithography, while
the porous structure depends on the electrochemical etching
parameters such as concentration of etching solution,
doping, electrical current, and etching time (Figure 2).

The fabrication protocol of quasi-hemispherical STMPs
(Figure 2A), yielding monodisperse particles 900 nm to
3.2 um in diameter, 30—65% porosity, and 3—55 nm pores,
was described by Chiappini et al.'* Briefly, starting with a
silicon wafer coated with a dielectric silicon nitride (SiN) film,
an array of particle patterns is first transferred to a dielectric

layer by a photolithography process and reactive ion etch
(RIE). A silicon etch is followed to define the trenches
that nucleate S1MPs with different profiles.' A subsequent,
two-step electrochemical etch process is applied to yield the
STMP of desired porosity, pore size, and thickness. A highly
porous release layer is formed at the wafer—S1MP interface
retaining STMP on the substrate and allowing for differential
chemical modifications of the two sides of STMP if desired.

Discoidal vectors (Figure 2B) are fabricated by photolitho-
graphic patterning of a porous silicon film, a process that
eliminates potential distortion effects introduced by nonuni-
form current distribution during electrochemical etch, simul-
taneously granting independent control of the porous
structure. A novel sealing strategy to pattern pSi films using
low pressure chemical vapor deposition of low temperature
oxide (LTO) was implemented to overcome the problem of
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FIGURE 2. Fabrication of STMP. (A1) Patterned SiN layer and trenches etched into silicon. (A2) Electrochemically etched S1MPs with release layer.
(A3) STMP array on wafer after removal of SiN. (A4) Cross-section of hemispherical STMP. (B1) Photoresist pattern on LTO capped porous silicon
film with release layer. (B2) Particle array on wafer after RIE. (B3) Discoidal STMP array on wafer after LTO removal. (B4) Released discoidal S1MPs.
(C1) Silver nanopattern etched into silicon forming porous silicon nanowires. (C2) Nanowire barcode under white light. (C3) SEM image of nanowire
barcode. (C4) three-channel confocal microscopy images of nanowire barcode with green Q-dot loaded in small pore segment and red Q-dot in bigger

pore segment.

photoresist adsorption within the pores. After electrochemi-
cal etch of double layered porous silicon films, the porous
films is sealed by LTO, and an array of circles is patterned on
the LTO film. A CF4 RIE is then performed to etch through LTO
and two layered porous silicon, producing monodisperse
discoidal STMPs with diameter as small as 400 nm and pore
size ranging from 3 to 150 nm. The S1MP fabrication process
is robust and well-characterized. Using 1000 nm diameter
disks as an example, more than 2 billion STMPs patterned
on a 4” wafer can be obtained. Our recent studies point
toward the possibility for a multilayer fabrication method of
discoidal particles, which should increase the production
yield by tens times.

Porous silicon nanowires (Figure 2C) are fabricated by
metal assisted electroless etch in a solution of HF and H,0»
following deposition of Ag nanopatterns.?” pSi barcode
nanowires were fabricated with multiple segments of differ-
ent porosities by tuning the concentration of hydrogen
peroxide during metal assisted etch, and multicolor reflec-
tion and photoluminescence from a single barcode nano-
wire were demonstrated. The morphology of nanowires is a
function of metal employed, H,O, concentration, ethanol
concentration, and silicon resistivity, while the geometry
and density of the nanowires can be controlled by means
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of nanoscale lithography. These novel structures can be used as
a drug delivery platform, as demonstrated through a segment-
spedific loading of quantum dots (QDs) of two different sizes.

Effect Physicochemical Characteristics on
S2NP Loading and Release

The versatility in the design parameters of STMPs enables
them to serve as carriers for a wide spectrum of therapeutic
and diagnostic S2NPs. At the same time, MSVs can be
optimized to release their cargo in a controlled fashion as
summarized in Figure 3. Loading of the porous silicon matrix
occurs by the incipient wetness method, with retention
based on electrostatic interactions.'>?*?8 The pore size
and surface charge of the STMP can be tailored and opti-
mized for the loading and release of virtually any type of
S2NP. The knowledge of the S2NP composition, surface
charge, size, and concentration guides the choice of the
physical and chemical features of the MSV. In general, four
critical factors determine the loading efficiency of S2NPs into
S1MPs as well as the way they will be retained and even-
tually released: (1) physicochemical characteristics of S2NPs;
(2) surface potential of STMPs; (3) pore size, morphology,
and density of STMPs; and (4) conditions in which the
degradation/release occurs. The size of the pores obviously
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FIGURE 3. Loading and release of S2NPs to/from S1MPs. (A) Loading of negatively and positively charged SPIONs into discoidal oxidized (—) S1MPs
and the association of gold nanoparticles/phage displaying targeting peptide assemblies on top of hemispherical STMP; (B) coloading and (E)
corelease of QDs and PEGylated single-wall carbon nanotubes (SWNTSs) to/from a hemispherical particle with differential porosities; (D) schematic
presentation of the payload release from STMP in the process of degradation; (F) tuning degradation kinetics of the hemispherical 3.2 um STMP
through covalent conjugation of PEG possessing various molecular weights; loading (C) and release (G) of siRNA containing liposome (DOPC) into the
hemispherical 1.6 «um STMP. Parts of this Figure are reproduced with permission fromrefs 12,18, 23, and 28. Copyright 2008, 2010 Nature Publishing
Group, John Wiley and Sons, and American Association of Cancer Research.

governs the nature of S2NPs that can be loaded into STMPs.
S2NPs with a nominal diameter larger than pore size will
remain loosely associated with the pSi surface based on
electrostatic interactions. By modifying the pore size and
S2NP diameter, various payloads can be associated with
the same STMP as shown in Figure 3 for carbon nano-
tubes (SWNTSs) with d = 2—3 nm and 50 nm length and QD
(d= 15 nm)."> When S2NPs possess diameters smaller than
the pore size in STMP, the loading process is governed by

capillary forces acting on a liquid suspension flowing into a
porous matrix. The retention of the loaded cargo and its
stability in circulation, dependent on the interaction be-
tween the payload and the carrier, is governed by electro-
static interactions. S2NPs with a similar charge to that of the
S1MPs are partially or completely repelled from the pores.
Oxidized STMPs with negative net surface potential due
to the presence of hydroxyl units can be efficiently loaded
with S2NPs of a near neutral or positive surface potential,
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but fail to load S2NPs with a negative surface charge
(Figure 3A).28%° As an example, a scanning electron micro-
scopy (SEM) image shows only a single carboxylated super
paramagnetic iron oxide nanoparticle (carboxy-SPION).
Conversely, an abundance of amine-modified SPIONs
(@mine-SPION) are found within the porous matrix through-
out the length of the pores when loaded under the
same conditions. In order to accommodate negative nano-
particles within the pores, SIMPs can be modified with
3-aminopropyltriethoxysilane (APTES).

Theoretically, the pore volume of each 1000 nm x 400 nm
GP particle is about 0.2 um?3, in which up to 3.8 x 10°> 10 nm
S2NPs can be loaded. Empirically, loading of 0.3 pg of 10 nm
SPIONs per STMP particle was detected, corresponding to
~1 x 10° SPIONS.

The release Kinetics of the S2NPs can be linked to the
degradation of the STMP and can be adjusted by controlling
their porosity or pore distribution. Alternatively, the particles
can be embedded into, conjugated to, or coated with poly-
mer shells that delay the release of the payload. Conjugation
of polyethylene glycols (PEGs) of various molecular weights
to the surface of STMP had a significant effect on patrticle
degradation kinetics. Quantitative analysis (Figure 3F) and
SEM visualization have shown that degradation of STMP can
be considerably delayed when high MW PEGs are covalently
attached to the surface.'®

Surface Chemistry Prescribed Logic-Embedded
Intracellular Trafficking

A unique feature of multistage multiparticle delivery sys-
tems is the ability of a single delivery vehicle to be “intra-
cellularly partitioned” into separate regions and trafficked to
distinct cellular locations. Through fine control of STMP and
S2NP surface chemistry, various stages of MSVs can concur-
rently or consecutively be delivered to intracellular locations
for multiple autonomous or synergistic effects (Figure 4).
Furthermore, the cargo can comprise a combination of imaging
and therapeutic agents, creating a theranostic system for
real time monitoring of intracellular drug delivery with
concomitant therapeutic effect.

To evaluate the impact of the surface chemistry on
intracellular release and trafficking of S2NPs, SPIONs with
different surface characteristics were loaded into discoidal
S1MPs and delivered to mouse macrophages.*® Following
the internalization, within the endosome, SPIONs were
shown to dissociate from the STMPs. Following a surface
modification of SPIONs with a PEGylated amine, endosomal
sorting of particles led to the formation of vesicular regions
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rich in S2NPs.?® These SPION-rich regions are believed to
bud off of the endosome, creating novel vesicles which were
seen both intracellularly and in association with the outer
plasma membrane, indicating vesicular release from the cell
(Figure 4B, left). The ability of cells to communicate with
other cells in a contact-independent manner through secre-
tion and uptake of vesicles containing both cellular and
nanoparticle-delivered signals, as well as cellular protein,
RNA, and lipid, allows for rapid signal propagation, expand-
ing the impact of the therapeutic agent to the entire lesion
microenvironment. Alternatively, when SPION S2NPs were
modified with chitosan, they escaped from the endosome
and entered the cytosol (Figure 4B, right). The data support
the notion that nanovector surface chemistry can govern
delivery to intracellular destinations and intracellular com-
munication, which in an MSV system can be programmed in
a logic-embedded fashion.

The biocompatibility of MSVs was tested and confirmed
in anumber of in vitro and in vivo studies. STMP were shown
to degrade in physiological environments in vitro and in
vivo.'®23 In vitro studies in endothelial cells and macro-
phages have demonstrated that, following the interaction
with MSVs, the cells do not produce inflammatory cytokines
(33 cytokines were tested), and exhibit normal cell cycle.'®3°
Cellular proliferation, cell cycle, and apoptosis are all unal-
tered by the presence of the internalized microparticles.3°
Mitosis of cells, with as many 30 microparticles, supported
normal partitioning of endosomes between daughter cells,
despite the presence of the microparticles within the endo-
somal vesicles (Figure 4Q). In in vivo studies examining the
effect of MSV acute and subchronic administration in
healthy mice, no release of biochemical markers and plas-
ma cytokines was observed.'®

MSVs as Advanced Imaging Agents

Magnetic resonance imaging (MRI) is currently one of the
most powerful noninvasive diagnostic imaging techniques,
and early diagnosis, treatment, and prognosis of numerous
conditions depend on the ability to provide greater MRI
resolution. Relaxivity (ri), which expresses the ability of a
paramagnetic material to perform as an MRI contrast agent,
can be described as the change in the relaxation rate (1/Ti) of
water protons normalized to the concentration of the con-
trast agent (CA). The majority of clinically used MRI CAs are
based on Gd** ions which are highly toxicin a free form and
thus have to be chelated. Though chelation minimizes the
toxicity of Gd*" ions, it also reduces the number of coordina-
tion sites, resulting in low relaxivities of lessthan4mM's™!
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FIGURE 4. Intracellular delivery of MSVs. (A) SE micrograph of early stage STMP phagocytosis in an endothelial cell. (B) TE micrographs showing a
secreted SPION-loaded vesicle (left) and an internalized MSV with dual cell localization (right; endosome and cytosol).?8 (C) Live confocal images of
endothelial mitosis in the presence of internalized S1MPs, showing how STMPs in the parent cell are split between the two daughter cells. Parts of this
Figure are reproduced with permission from ref 28. Copyright 2010 John Wiley and Sons.

at 1.41 T. Using the MSV approach, a new category of MRI
contrast enhancing agents was designed through loading
Gd-based CAs, such as a dlinically used chelate (Magneuvist,
MAG) and Gd>* loaded carbon nanoparticles (carbon nano-
tubes, GDNT; and fullerenes, GF), into the nanoporous
structure of discoidal (D) or hemispherical (HS) STMPs
(Figure 5A).2® The resulting MSV constructs showed a sig-
nificant boost in longitudinal relaxivity resulting in up to 40
times higher values than clinically used MAG. The pro-
posed mechanism of the prominent enhancement in the
MRI contrast is based on the geometrical confinement of
Gd CAs within the porous silicon STMPs, which affects the
paramagnetic behavior of the Gd*>" ions by enhancing
interactions between neighboring CAs through reducing
the mobility of water molecules and the potential of CAsto
rotate.?®

SPIONs were another MRI contrast agent tested as S2NPs.
SPIONs have a greater impact on transverse, spin—spin
relaxation (T2, decrease x—y component), leading to areas
of negative contrast. Transverse relaxations due to suscep-
tibility (T>*) measured using a multigradient echo sequence
in the presence or absence of SPIONs have shown that

loading of STMPs with SPIONs led to shorter relaxation times,
in a SPION concentration-dependent manner (Figure 5B).®
The differences in signal intensities were more dramatic
at lower echo times in gradient-echo images (Figure 5B, the
four images below). The ability to load an abundance of
SPIONs within a single silicon particle supports delivery of a
large contrast agent payload to a single target, creating a
powerful contrast agent with the ability for single cell
imaging and targeted delivery.

The surface of the STMP provides a suitable platform for
covalent conjugation and electrostatic attachment of a vast
spectrum of dyes, fluorophores, fluorescent tags, radioactive
molecules, and other imaging contrast agents. Systems such
as phage displaying targeting peptides/gold nanoparticles
networks (nanoshuttles) can be easily attached to the sur-
face of the STMP based on electrostatic interactions producing
multifunctional nanoassemblies (Figure 3A). Established pro-
tocols for silane chemistry enable the use of several com-
mercially available bioconjugation Kits for easy covalent
functionalization of the STMP surface. This allows for incor-
poration of imaging components, such as near-infrared (NIR)
dye, single photon emission computed tomography agent,
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FIGURE 5. MSVs as advanced imaging agents. (A) Longitudinal relaxivity, 11,
of the MSV based new MRI nanoconstructs measured by a benchtop
relaxometer as compared with the corresponding Gd-based CAs.® (B) Axial
spin- (top) and gradient- (bottom) echo magnetic resonance images of NMR
tubes containing PBS (blank), STMPs, and MSVs loaded with SPIONSs (MDS,
and MDS;,).22 (Q) In vivo NIR imaging following intravenous administration of
3.2 um hemispherical STMPs tagged with Dylight 750.3" Parts of this Figure
are reproduced with permission from refs 26, 28, and 31. Copyright 2010,
2011 Nature Publishing Group, John Wiley and Sons, and Decker Publishing.

and positron emission tomography agent, onto the STMP
surface, while still keeping the pores available for loading
S2NPs with additional synergistic functionalities. NIR repre-
sents another technique that is currently being used in clinic,
since the intrinsic absorption from tissue and molecules in
this spectral region is minimal. Through conjugation of an
NIR probe to the surface of STMPs, the biodistribution of the
nanovectors in healthy mice was successfully tracked and
the accumulation of the NIR-STMPs in the different organs
was quantified based on image analysis (Figure 5C).3' The
biodistribution observed through NIR imaging forupto 72 h
from the time of administration was further confirmed by
a quantitative analysis of silicon in the different organs by
inductive coupled plasma atomic emission spectroscopy
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(ICP-AES). While direct conjugation of imaging agents to
the surface of STMP provided a method to monitor MSV
distribution, this strategy is dependent on the stable con-
jugation of molecules to the STMP surface. Thus, in the time
course of events, when the STMP undergoes degradation,
covalently bound molecules gradually detach from the sur-
face, making in vivo imaging less reliable and accurate. On
the other hand, imaging agents are expected to be efficiently
cleared after fulfillment of their function. Flow dynamics and
tumor accumulation of fluorescently labeled MSVs of var-
ious geometries is currently being investigated using ICP and
intravital microscopy. Recent biodistribution data in mice
show that for untargeted disk-shaped STMPs up to 10%/g
tissue of the injected dose homes to tumors (Godin et al.
and VandeVen et al.,, unpublished data). When spherical
particles are considered, no more than 2% of the injected
dose/g tissue is accumulated in the tumor (Godin et al.,
unpublished data).

MSVs as Novel Therapeutic Agents

One of the first agents tested with MSVs belongs to the class
of small interfering RNA (siRNA) therapeutics, which are
double-stranded RNAs able to specifically suppress the
activity of a gene.32 siRNAs were discovered a decade ago
by Fire et al.>* opening new therapeutic avenues via the
selective downregulation of pathological proteins. The re-
sults of a recent phase I trial on a patient with refractory solid
tumor demonstrated the first clinical proof of concept that
gene silencing can be achieved following a systemic adminis-
tration of siRNA.* However, dlinical translation of this promis-
ing concept is significantly hampered by several limitations
due to some of the following aforementioned biobartriers:
extensive and prompt siRNA degradation by nucleases in the
bloodstream and the inability of this hydrophilic substance to
efficiently cross cell membranes to reach the target site.
Liposomes were investigated as a delivery system for
SiRNA therapeutics which can protect them from degrada-
tion and inhibit harmful nonspecific binding to normal
tissues. In vitro and in vivo studies have demonstrated some
improvement of siRNA delivery to melanoma, lung cancer,
breast cancer, and ovarian cancer when liposomal carriers
were used.>>>® The efficacy of MSVs loaded with neutral
dioleoyl phosphatidylcholine (DOPC) nanoliposomes con-
taining EphA2-specific SiRNA was evaluated in two indepen-
dent orthotopic mouse models of ovarian cancer.>® EphA2 is
an oncoprotein overexpressed in most malighancies includ-
ing ovarian tumors. After a single treatment with EphA2-
targeted MSVs and without concurrent chemotherapy,
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FIGURE 6. Systemic delivery of siRNA-DOPC using STMPs results in
long-lasting in vivo gene silencing. Mice with SKOV3ip1 orthotopic
ovarian tumors were injected with STMP-EphA2-siRNA-DOPC or left
nontreated. (A) Western blot to measuring EphA2 expression levels at
predetermined time-points. (B) densitometric analysis of normalized
EphA2 expression by $-actin; (C) immunohistochemical analysis of
EphA2 expression in the SKOV1ip3 tumor; (D) therapeutic efficacy of
sustained EphA2-siRNA-DOPC delivery by STMPs in SKOV3ip1
bearing mice. Treatment groups (n = 10): saline, STMP, nonsilencing
control siRNA-DOPC, ST1MP-nonsilencing control-siRNA-DOPC, EphA2-
siRNA-DOPC, and STMP-EphA2-siRNA-DOPC (MSV). SIRNA-DOPC was
intravenously injected biweekly at a dose of 5 ug of siRNA. STMP-
EphA2-siRNA-DOPC was injected as a single administration in 3 weeks
at a dose of 15 ug of siRNA. Reproduced from ref 23 with permission
from AACR.

gene silencing and decrease in tumor burden, evaluated
through cell proliferation (K-67) and angiogenesis (CD31),
were observed (Figure 6). To achieve a similar effect with
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SiRNA-DOPC, twice higher dose administered in six aliquots
(twice a week for 3 weeks) was required. The mechanism of
the efficient and sustained liposomal siRNA delivery was
likely to rely on surface modification, tissue distribution, and
slow biodegradation of the STMPs. STMPs not only served as
storage for liposomal siRNA but also shielded siRNA oligos
from degradation by enzymes inside the body. This novel
approach opens new avenues in personalization of siRNA
therapeutics through controlled delivery of synergistic pay-
loads in a time-controllable fashion.

Conclusions and Perspectives

Personalization of treatment is the focus of research world-
wide, with overwhelming bias toward personalization by
way of molecular target recognition. The progressive evolu-
tion in the field of nanotechnology can provide additional
and required dimensions to the personalization of treatment
by integrating chemistry, mathematics, physics, and engi-
neering science to synthetize by-design therapeutics, sensi-
tive and lesion-specific imaging agents, and responsive
theranostic vectors.

Multistage nanovectors, described in this Account, were
rationally designed as the first modular system that can
systematically address sequential biobarriers in a controlla-
ble/chronological fashion. One of the key features of the
MSVs is the capacity to incorporate and take advantage of a
variety of existing, novel, or clinically used, therapeutic and
imaging vectors from a “nano-toolbox”, while enabling
synergistic application of these nanotechnologies to form
a higher generation nanosystem. Some examples of the
advantageous loading of S2NPs in STMPs to produce MSVs
are summarized in Table 1 of the Supporting Information.
The versatility of the MSV platform allows for a multiplicity
of applications. Moreover, upon loading of the S2NPs
into STMPs, a variety of new properties emerge, enabling
design of new generations of imaging contrast agents and
therapeutics.
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