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Abstract

Nanoparticle-mediated gene and siRNA delivery has been an appealing area to gene therapists
when they attempt to treat the diseases by manipulating the genetic information in the target cells.
However, the advances in materials science could not keep up with the demand for multifunctional
nanomaterials to achieve desired delivery efficiency. Researchers have thus taken an alternative
approach to incorporate various materials into single composite nanoparticle using different
fabrication methods. This approach allows nanoparticles to possess defined nanostructures as well
as multiple functionalities to overcome the critical extracellular and intracellular barriers to
successful gene delivery. This chapter will highlight the advances of fabrication methods that have
the most potential to translate nanoparticles from bench to bedside. Furthermore, a major class of
composite nanoparticle-lipid-based composite nanoparticles will be classified based on the
components and reviewed in details.

1. NANOMEDICINE AND GENE THERAPY

Nanomedicine generally refers to the medical application of nanotechnology. It is an
interdisciplinary field that exploits the distinguishing features of nanomaterials to fulfill the
demanding needs of future research and clinical purposes. Due to the fact that the
nanomaterials fall in the same size range as biological molecules and vesicles, researchers
are seeking to integrate nanomaterials with biology to develop novel diagnostic devices,
contrast agents, analytic tools, and drug delivery carriers.

Nanoparticle-based drug delivery systems are gradually shifting the paradigm of the
traditional pharmaceutical industry through targeted delivery and releasing therapeutics to
specific cells in order to minimize undesired adverse effects. Moreover, some highly potent
drugs with low bioavailability due to pharmaceutically unfavorable physical or chemical
properties can now be formulated into nanoparticles, manifesting their real therapeutic
efficacy. One such example is nucleic acid-based therapeutics, which encompass a large
class of highly potent drugs.

The development of recombinant DNA technology has provided a tool to manipulate DNA
and RNA sequences at will. This has led to the emergence of Gene Therapy, a promising
technology that treats inherited or acquired diseases by introducing exogenous genetic
information into specific cells of the patients (Mulligan, 1993). Later, the discovery of RNA
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interference expanded the field of gene therapy by administrating regulatory RNA
molecules, specifically and effectively silencing the targeted gene expression (Fire et al.,
1998). Both strategies are appealing to researchers due to the simplicity of the drug
development. As long as the therapeutic targets are identified, a new drug can be instantly
generated with high specificity and potency based on the genetic code. This cost-effective
drug development strategy circumvents the high-throughput screening process for the
development of chemically based drugs, which is costly and time consuming.

As promising as it looks, the clinical translation of gene therapy has been successful only in
limited indications using viral vectors due to the physicochemical properties of nucleic acid
drugs, such as vulnerability to nuclease degradation, high molecular weight, and anionic
charge. All of these significantly reduce the bioavailability of the drugs after systemic
administration. Therefore, advances in gene therapy demand the development of carriers to
deliver the therapeutics to the target cells with high efficiency. Among all the viral or
nonviral approaches, the development of nanoparticle-mediated gene delivery has been put
on center stage due to the progress of materials science.

2. COMPOSITE NANOPARTICLES

The emergence of novel nanomaterials with outstanding physicochemical properties and
biological performances has fueled the application of nanotechnology in gene delivery. The
carriers fabricated with these materials have to go through a variety of physiological
conditions, such as pHs, ionic and osmotic strengths after systemic administration.
Meanwhile, the carriers need to keep their integrity during blood circulation and respond to
particular stimuli for intracellular cargo release. However, it is difficult for single
component-based nanoparticles to satisfy the complicated needs to achieve a sophisticated
controlled-release platform for gene delivery.

Instead of developing a single novel material, it may be advantageous to fabricate carriers
with multiple materials that are equipped with diverse functionalities. These classes of
nanoparticles are referred to as composite nangparticles. The fabrication of composite
nanoparticles is an area of materials science, which has gained an increasing attention due to
its scientific and technological importance. The most important step in developing these
nanoparticles is the preparation of tailored composite nanostructures. To achieve structurally
defined composite nanoparticles, virtually all physicochemical properties of the novel
materials have been exploited to set up reproducible and well-controlled fabrication
protocols, each one with its specific advantages and shortcomings.

In this chapter, we will review the three well-established and popular fabrication methods
and analyze their pros and cons. Later, we will review the most extensively studied lipid-
based core—shell-structured composite nanoparticles reported in recent years and categorize
these nanoparticles based on the materials used. The specific features of the nanostructures
as well as the properties of the materials will be discussed in light of their contributions to
gene delivery.
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3. FABRICATION METHODS OF COMPOSITE NANOPARTICLES

Composite nanoparticles are fabricated with various methods and usually with multiple steps
due to the complicated composition of the nanoparticles. The synthesis methods of inorganic
nanoparticles such as gold nanoparticles (Bao, Mitragotri, & Tong, 2013), magnetic
nanoparticles (Cohen & Shoushan, 2013), quantum dots (Probst, Zrazhevskiy, Bagalkot, &
Gao, 2013), and silica nanoparticles (Fine et al., 2013), as well as polymeric nanoparticles
(Feng et al., 2013) for drug delivery have been extensively reviewed. The composite
nanoparticles, however, require further steps to incorporate other materials into the
nanosystem. The fabrication of such nanoparticles primarily involves bulk mixing, which
takes advantage of the physicochemical properties of the nanomaterials to achieve a defined
nanostructure via self-assembly mechanism. As is recognized by the field of nanomedicine,
bulk mixing often results in nanoparticles with large polydispersity as well as batch-to-batch
variation. These issues represent critical challenges to clinical translation of the
nanoparticles. To date, the applications of customized mixing devices and lithography
technology to microfabrication have shown great potentials in solving the issues. Therefore,
we will review the advances of the technologies in the fabrication of composite
nanoparticles.

3.1 Self-assembly: Microfluidic Mixing

One of the major hurdles to the clinical translation of nanomedicine is the difficulty in
reproducing batches of nanoparticles with identical properties in large-scale manufacturing
for clinical use (Murday, Siegel, Stein, & Wright, 2009). Microfluidics is an
interdisciplinary technology, which incorporates engineering, physics, chemistry,
nanotechnology, and biotechnology, with extensive applications to systems in which small
volumes of fluids are handled (1079-10718 I). Microfluidics has expanded from chemical
separations and its original semiconductor technology to the processing of ultralow sample
volumes as well as accessing biological length scales. This expansion is also supported by
the development of soft lithography, which allows rapid prototyping of microfluidic devices
(McDonald et al., 2000), as well as the development of a simple method for fabricating
pneumatically activated valves, mixers, and pumps (Thorsen, Maerkl, & Quake, 2002).
These innovations significantly shorten the time needed to fabricate prototype devices for
testing new ideas (Whitesides, 2006). In the drug delivery field, the applications of
microfluidics are focused on the synthesis of nanoparticles. So far, this technology is
anticipated to be the very solution to the reproducibility and large-scale issues for clinical
evaluation (Valencia, Farokhzad, Karnik, & Langer, 2012).

Amphiphilic molecules such as lipids and copolymers will self-assemble into aggregates
when the polarity of the solvent changes. The conventional way to cause this solvent change
is to mix the molecularly favorable solvent with an unfavorable solvent. This forces the
molecules to form nanoparticles. The mixing timescale (Tmix) is usually a few seconds,
which is longer than the characteristic 10-100 ms timescale (t,gg) for chains to aggregate
(Valencia et al., 2012). The long mixing time causes the aggregates to be exposed to the
heterogeneous solvent environment, preventing the effective stabilization of the
nanoparticles by the hydrophilic portion of the molecules. This will lead to further
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aggregation of the molecules and result in larger, polydisperse nanoparticles. Microfluidics
technology shortens the Tty from milliseconds to microseconds (Johnson & Prud’homme,
2003; Karnik et al., 2008) by mixing the two solvents in an ultrasmall volume. When Ty <
Tagg, the molecular aggregates are exposed to the homogenous solvent and the hydrophilic
portion will stabilize the nanoparticle more effectively. In this way, smaller and more
homogenous nanoparticles are produced.

Compared with macroscale mixing, which is achieved by a turbulent flow, the microfluidic
system does not generate turbulence due to the hydrodynamic stability. In order to overcome
this issue, microfluidic devices are designed to dramatically increase the effect of diffusion
and advection by exploiting the small length of the system (Capretto, Cheng, Hill, & Zhang,
2011). Microfluidic mixing devices are generally classified as either passive or active mixing
according to the design principle. Active micromixers use external energy input such as a
pressure field, acoustics, or temperature to introduce perturbations, which result in efficient
mixing. However, these devices require the integration of an energy source referred to as an
actuator and is inconvenient to researchers working on chemical and biological applications.
On the other hand, passive mixing relies entirely on pumping energy. The devices restructure
the flow via channel design to maximize the contact surface area between flows. These
devices are relatively inexpensive, convenient, and popular in nanoparticle engineering. Liu
et al. (2010) have reported a digital droplet generator for the fabrication of nanoparticles
with multiple building blocks including 1-adamantanamine (Ad)-polyamidoamine
dendrimer conjugate, Ad-PEG (polyethylene glycol) conjugate, p-cyclodextrin—
polyethylenimine (PEI) conjugate, and Ad-Arg-Gly-Asp (RGD)-PEG conjugate. The
building blocks are introduced into the mixing device in a sequential pattern with digitally
controlled processing parameters on a single chip. They have demonstrated successful
fabrication of uniform, RGD-functionalized nanoparticles with defined sizes ranging from
30 to 350 nm. In addition, they are also capable of adjusting the density of targeting ligands
on the nanoparticles (0-10% based on feeding) and correlating this with the cellular uptake
efficiency (Liu et al., 2010). Rhee et al. have demonstrated preparation of (polylactic-co-
glycolic acid) PLGA-PEG nanoparticles using a simplified 3D hydrodynamic focusing
technique in microfluidic channel design (Figure 5.1) (Rhee et al., 2011). This device is
composed of a monolithic single layer with three sequential vertical inlets followed by
horizontal focusing. This method avoids the clogging of channels due to the aggregation of
high molecular weight polymers in the channel walls. Valencia et al. (2010) have
demonstrated the fabrication of a core—shell-structured nanoparticle composed of PLGA in
the core, lipid in the core-shell interface, and PEG on the surface (Figure 5.1 B, C and D).
Their microfluidic device has passive mixing Tesla structures built into the mixing channels
to facilitate the formation of nanoprecipitation. They have shown that a single, rapid mixing
of PLGA in acetonitrile and lipid/lipid-PEG micelles in water using hydrodynamic flow
focusing can fabricate homogenous nanoparticles with narrow size distribution. Similarly,
they were able to control the physicochemical properties of the nanoparticles such as zeta
potential, size, and surface functionalization. It is also noteworthy that the nanoparticles
fabricated in one-step mixing showed no difference from the nanoparticles formed by
mixing lipid with preformed PLGA cores. The explanation by the author was that the
formation of the PLGA core was not affected by the presence of lipids. It is unclear if this
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one-step mixing could be applied to core-shell-structured nanoparticles made of other
materials (Valencia et al., 2010).

Although nanoparticles prepared with microfluidic devices are often in micro- to milligram
scale, the stackability and reproducibility of this preparation allows gram to kilogram scale
manufacturing of nanoparticles for clinical evaluation. This undoubtedly is the most feasible
approach to commercialize self-assembled nanomedicine to comply with good
manufacturing practices.

3.2 Self-assembly: Layer-by-Layer

Layer-by-layer (LbL) self-assembly is a method that can be used to construct nanoparticles
with multilayer structures. This method involves alternative and repetitive adsorption of
materials with opposite charges on the surface of the core materials (Deshmukh et al., 2013).
In 2001, Qiu et al. applied the LbL method to the fabrication of ibuprofen microparticles.
Biocompatible polyelectrolytes such as chitosan, dextran sulfate, carboxymethyl cellulose,
and alginate were used as coating materials to fabricate polyelectrolyte microcapsules with a
shell as thick as 20-60 nm. The capsule thickness affects the release rate of the drugs. This
represented the first LbL-based self-assembly system in drug delivery (Qiu, Leporatti,
Donath, & Mohwald, 2001). Electrostatic interaction between oppositely charged
polyelectrolytes is considered to be the major stabilizing force. However, hydrogen bonding,
hydrophobic interactions, and van der Waals forces contribute to LbL formation as well (de
Villiers, Otto, Strydom, & Lvov, 2011). The coating stability, morphology, thickness, drug
depositions, and permeation of the film are primarily affected by these forces (Hammond,
1999; Lvov, Ariga, Onda, Ichinose, & Kunitake, 1999).

LbL-based multilayers offer several distinct advantages compared to other fabrication
methods. (1) The thickness of the walls can be tailored to control the particle size; (2) The
selection of polyelectrolytes for coating can be engineered to control the stability of the
nanoparticle; (3) the location and sequence of the layers can be controlled to manipulate the
drug release kinetics.

3.3 Imprint Lithography: PRINT (Particle Replication in Nonwetting Templates) Technology

The imprint lithography-based method is considered to be a promising technique for
scalable preparation of colloidal particles with specific shape and size (Merkel et al., 2010).
This technology involves the use of a rigid template for casting an elastomeric mold, which
will be used to replicate the shape of the original template (Qin, Xia, & Whitesides, 2010). It
features high resolution, high fidelity, and low cost for large-scale manufacturing of
particles. PRINT is a top-down fabrication method that is capable of producing uniform,
micro- and nanoparticles with absolute control over size, shape, and composition. This
versatile technology can be applied to fabricate particles with a variety of chemical
structures. In 2004, DeSimone et al. reported the successfully generation of nanoparticles
using photocurable perfluoropolyether (PFPE)-based materials with high-resolution imprint
lithography (Figure 5.2) (Rolland, Hagberg, Denison, Carter, & De Simone, 2004). They
have developed a chemically robust and durable PFPE-based mold that is also solvent
resistant. More importantly, PFPE solved the swelling (Lee, Park, & Whitesides, 2003) and
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surface energy issues of polydimethylsiloxane-based soft lithography and allowed the
fabrication of nanomaterials with high fidelity and quality (Rolland et al., 2004). Another
impressive feature of PRINT compared with traditional imprint lithography is that PFPE-
based molds are nonwetting to both inorganic and organic materials (Rolland, Van Dam,
Schorzman, Quake, & DeSimone, 2004). This unique feature allows the production of
isolated nanoparticles instead of embossed films. With this PFPE-based mold, they were
able to fabricate monodispersed particles with a variety of materials including PEG, poly-(d-
lactic acid), poly-(pyrrole), and triacrylate resin. Also, they were able to incorporate fragile
biological molecules such as DNA or protein into these particles without sacrificing their
activity (Rolland et al., 2005). Later, Kelly et al. applied this technology to protein-based
materials. They molded insulin,albumin,and albumin mixtures with siRNA or paclitaxel
using PRINT technology and generated uniform nano- and microparticles that have potential
applications in drug delivery (Kelly & DeSimone, 2008).

The unique feature of imprint lithography-based fabrication compared to self-assembled
nanoparticles is the ability to control the shape of the particles. Therefore a variety of shapes
including cylinders, spheres, prolate ellipsoids, and toroidal particles can be fabricated using
this technology. As potential drug delivery carriers, the cellular uptake efficiency is usually
affected by size, surface charge, targeting ligands, and shape. The first three parameters can
be manipulated by adjusting the input of building blocks during fabrication. However, shape
can only be controlled by using a mold. Therefore, imprint lithography offers a useful tool to
study the correlation between the particle shape and cellular uptake efficiency. It was
demonstrated that HeL a cells can readily internalize both cubic and cylindrical particles with
dimensions as large as 3 um. However, the cylindrical particles were more efficiently taken
up. A higher aspect ratio also contributes to the uptake rate (Gratton et al., 2008). Therefore,
the shape of the particle is taken into consideration for rational design of drug delivery
carriers.

4. COMPOSITE NANOPARTICLES FOR TARGETED GENE DELIVERY

The pursuit of successful delivery of targeted nucleic acid-based therapeutics will never
cease. Numerous talented researchers are committed to the engineering and development of
ideal nanoparticles to achieve this goal. With their efforts,various sophisticated nanoparticle
platforms have been devised that have demonstrated high delivery efficiency and specificity.
Material-oriented innovation has been the driving force of the field. However, researchers
have started to realize that it is highly unlikely that one material is capable of dealing with
all the barriers present in gene delivery. Failure to overcome anyone of the barriers will
significantly compromise the delivery efficiency. In order to resolve this problem, distinct
functional materials are chosen and incorporated into one nanoparticle to overcome these
barriers. This modular-based design approach has turned out to be very effective in
engineering nanoparticles for efficient gene delivery. There are a large number of
publications on these composite nanoparticles and their sophisticated design to overcome the
critical barriers to gene delivery. The barriers to gene delivery are: (1) The adsorption of
serum protein compromises the colloidal stability of nanoparticles after systemic
administration; (2) the reticuloendothelial system takes up the nanoparticles in the blood
circulation; (3) the cytoplasmic membrane prevents the nanoparticles from entering the cells;
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(4) the nanoparticles are trapped in the endo/lysosome compartment; (5) the nuclear
envelope blocks the DNA from entering the nucleus for transcription. We will review the
recent advances of composite nanoparticles in this section.

4.1 Lipid-Coated Composite Nanoparticles

Lipids have been extensively used in the fabrication of composite nanoparticles because they
can be easily formulated into other nanoformulations through electrostatic or hydrophobic
interaction. Lipid coating allows the nanoparticles to acquire liposomal characteristics. The
surface of the lipid-coated nanoparticles can be easily manipulated with simple and well-
established protocols for liposome modification. For example, PEGylation of nanoparticles
can be achieved by postinsertion of lipid-PEG conjugates. Targeting ligands or other
functional motifs can be incorporated in the same way. These nanoparticles are PEGylated
with lipid-PEG conjugates by simultaneous or postinsertion, giving the nanoparticles a
stealth property after systemic administration. The cores of these lipid-coated composite
nanoparticles are diverse and can be classified into several categories, which include self-
assembled cores such as polyplexes or polymeric nanoparticles, as well as inorganic cores
such as gold, silica nanoparticle, or calcium phosphate nanoparticles (details Haynes et al.,
this book).

4.1.1 Polyplex-Based Cores—Polyplexes refer to nanosized complexes between
negatively charged polyanions such as nucleic acids and positively charged polycations
including synthetic polymers (polyethyleneimine, polylysine), polypeptides (protamine,
spermidine, or histone), and natural polymers (chitosan). These nanoparticles are widely
used as gene delivery carriers for sSiRNA and DNA in vitro. However, due to serum
instability and nonspecific uptake by reticuloendothelial system (RES) after systemic
administration, their applications in vivo are limited. One of the most exploited approaches
to address this issue is coating the polyplexes with lipids. A lipid bilayer spontaneously
forms on the surface of the polyplexes when mixing the polyplexes with preformed
liposomes or rehydrating the dry lipid membrane with the polyplex solution. This approach
takes advantage of the low toxicity and immunogenicity of liposomes along with their ability
to be PEGylated for extended circulation.

Most representative examples of these core-membrane nanoparticles have been developed in
Dr Leaf Huang’s lab. As early as the mid-1990s, Li et al. formulated these core-membrane
nanoparticles using poly(l-lysine) and protamine (Li & Huang, 1997) to condense pDNA
into negatively charged polyplexes. The cores were then coated with a preformed cationic
liposome containing 3B-[AV-(NV, N -dimethylaminoethane)-carbamoyl]cholesterol (DC-
Chol) and dioleoyl-phosphatidylethanolamine (DOPE) for lipid coating. These core-
membrane-structured composite nanoparticles were named lipid—protamine—-DNA (LPD)
nanoparticles. Compared with lipoplexes formed by cationic liposomes and pDNA, the size
of LPD nanoparticles dramatically decreased and effectively protected DNA from nuclease
degradation (Gao & Huang, 1996). This lipid coating enhanced the transfection efficiency of
the lipid nanoparticles by up to 28-fold in vitro compared with lipoplexes (Gao & Huang,
1996). LPD was also able to transfect the lungs in vivo with minor modifications; possibly
due to the excessively positive charge carried by the nanoparticles (Li & Huang, 1997).
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Later, Li et al. optimized LPD nanoparticles by incubating the lipid-coated LPD with 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)] (DSPE-
PEG) micelles to PEGylate the nanoparticle. PEGylation reduced the serum protein
adsorption and increased the colloidal stability of the nanoparticles. Therefore, less
nanoparticles were taken up by the RES system and a higher tumor accumulation was
achieved due to the enhanced permeation and retention effect (Li, Chen, Hackett, & Huang,
2008; Li, Chono, & Huang, 2008). This PEGylated LPD substantially increased in vivo
siRNA delivery efficiency by fourfold and the gene silencing effect by two- to threefold (Li
& Huang, 2006). It is worth noting that the negatively charged protamine/calf thymus DNA/
siRNA core played a critical role in supporting the lipid bilayer, allowing more surfactant-
like DSPE-PEG conjugates to be inserted on the membrane without detaching the lipid
membrane (Li & Huang, 2009). This high density of sheddable PEG significantly improved
the PK of LPD nanoparticles in the blood stream (Li & Huang, 2010). An outstanding issue
that remained for LPD nanoparticles was the high binding affinity between nucleic acid and
protamine, which was so strong that cytoplasmic release of the cargos became insufficient.
This could compromise delivery efficiency as well. To address this issue,Wang et al.
engineered a histone-derived fusion protein to replace protamine for nucleic acid
condensation. The fusion protein is composed of four repeats of histone H2 peptide derived
from A-terminal of histone H2 protein as the condensing element. The tandem repeats were
linked with the enzyme-responsive degradation element, cathepsin D cleavage substrate. The
exposure of the fusion protein to the corresponding enzyme in the endosome led to the
degradation of the fusion protein. This degradation mechanism engineered in the
condensation agent facilitated the cargos release and efficiently increased the in vivo target
gene knock down efficiency by twofold (Wang, Zhang, Guo, Hatefi, & Huang, 2013) (Figure
5.3).

A similar approach has been employed by Harashima et al., who have developed a series of
lipid-based core-membrane-structured nanoparticles, namely multifunctional envelope-type
nanodevice (MEND) (Akita et al., 2009;EIl-Sayed,Masuda,Khalil,Akita,& Harashima,
2009;Hatakeyama,Akita, & Harashima, 2011; Hatakeyama, AKita, Ito, et al., 2011;
Hatakeyama et al., 2007, 2009; Ishitsuka, Akita, & Harashima, 2011; Khalil, Hayashi,
Mizuno, & Harashima, 2011; Khalil et al., 2007; Kogure et al., 2004; Kuramoto et al., 2008;
Masuda et al., 2008; Moriguchi et al., 2005; Mudhakir, Akita,Tan, & Harashima, 2008;
Nakamura, Kogure, Futaki, & Harashima, 2007; Nakamura, Kogure, Yamada, Futaki, &
Harashima, 2006; Sasaki et al., 2005; Shaheen et al., 2011). However, the lipid-coating
procedure for MEND nanoparticles is slightly different from LPD nanoparticles. Instead of
using preformed liposomes, the polyplex solution is used to rehydrate a lipid film, which had
been dried down from an organic solvent solution. The hydration initiates the formation of
the liposome, which subsequently coats the polyplex condensates. In those formulations,
stearyl-octaarginine and cholesteryl-GALA
(WEAALAEALAEALAEHLAEALAEALEALAA) are incorporated into the membrane for
efficient cellular uptake and endosomal escape as a pH responsive fusogenic peptide
(Hatakeyama et al., 2009; Khalil et al., 2007, 2011; Nakamura et al., 2006, 2007). The final
nanoparticle is sonicated for self-assembly and homogeneity. MEND has been employed to
deliver genes to the liver (Khalil et al., 2011) or the lung (Ishitsuka et al., 2011) with surface
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modifications of octaarginine or IRQ peptide (IRQRRRR), respectively. The incorporation
of octaarginine and IRQ peptide facilitate the internalization of MEND nanoparticles
through macropinocytosis or caveolar endocytosis, respectively.

4.1.2 Mesoporous Silica Nanoparticle Cores—Mesoporous silica nanoparticles
(MSNs) are one of the most well-studied inorganic nanoparticles for the delivery of drugs
and contrast agents. These nanoparticles possess some unique characteristics such as high
drug-loading capacity due to large surface area and high pore volume as well as tunable pore
and particle size. The surfaces of MSNs are also subject to a variety of modifications. In
order to deliver nucleic acid agents, the silica surface of the MSNs is converted to carry
positive charges for the binding of DNA or siRNA. This is realized by grafting an amine
group on the surface (Kneuer et al., 2000) or coating the MSNs with polycations such as PEI
(Meng et al., 2010; Shen et al., 2014) and polyamidoamine (Radu et al., 2004). Due to the
relatively small pore sizes of MSNs, nucleic acid therapeutics such as DNA and siRNA are
usually immobilized on the external surface of the MSNs. Recent advances have engineered
MSNSs with large pores, which make encapsulation of genes possible. Min et al. synthesized
250 nm monodispersed MSNs with large cationic pores (>15 nm) to load plasmid DNA
(Kim et al., 2011). This strategy held DNA inside and provided better protection against
nuclease degradation. Qiao et al. fabricated 100-200 nm MSNs that contain 28 nm cage-like
pores and a large entry size of 13.4 nm. This is large enough to encapsulate siRNA with a
polylysine surface functionalization (Hartono et al., 2012).

The Brinker lab is a pioneer for the engineering of MSN-based composite nanoparticles,
referred to as “protocells” (Liu, Stace-Naughton, Jiang, & Brinker, 2009). The protocells are
fabricated by fusing liposomes on MSNs and simultaneously loading and sealing the cargos
inside the particles with the lipid membrane. Compared to the traditional liposomes,
protocells have demonstrated higher drug-loading capacity and stability (Ashley et al.,
2011). They are able to encapsulate a variety of cargos including chemodrugs, proteins,
quantum dots, and siRNAs (Ashley et al., 2011). Ashley et al. exploited the emulsion
processing technique (Carroll, Pylypenko,Atanassov, & Petsev, 2009) to prepare 165 nm
MSNs with ultralarge pores (23-30 nm) (Ashley et al., 2012). These MSNs were
characterized by a Brunauer—-Emmett—Teller surface area of 850 m2/g and a pore volume
fraction of 65% with 3-13 interconnecting surface accessible pores. Surface modification of
MSNs with 3-[2-(2-aminoethylamino)ethylamino]propyltrimethyoxysilane resulted in a
siRNA-loading capacity of about 1 nmol per 1019 particles. Cationic 1,2-dioleoyl-3-
trimethylammonium-propane (DOTAP)- or zwitterionic 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC)-based lipid coating did not cause much of a difference in siRNA
loading, although both types of lipid-coated MSNs showed 10-100 times higher loading
than the corresponding lipid nanoparticles. These results confirmed that high surface area
cores confer a higher intrinsic loading capacity. To facilitate the targeted cellular uptake and
endosomal escape of the cargos, the protocells were surface modified with targeting peptide
and lipidated endosomolytic peptide (HSWYG) using the postinsertion method. In vitro
studies have shown that the delivery of siRNA using lipid-coated MSNs is able to silence the
expression of the target protein by 90% in 72 h (Ashley et al., 2012). In the same group,
Dengler et al. reported the delivery of pDNA using a similar platform. The MSNs in this
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study were prepared by the surfactant template aerosol-assisted self-assembly method (Liu
et al., 2009) and surface modified with ATPES to carry a positive charge. These 230 nm
MSNSs are characterized by a surface area of 935 m2?/g and a small pore size of 2-5 nm.
During the pDNA loading procedure, the positively charged MSNs adsorbed the pDNA to
the external surface of the nanoparticles and was then followed by lipid coating. Due to the
extralarge size of the pDNA, the cargo was not meant to be loaded inside the MSNs.
Hypothetically, the pDNA were trapped between the nanoparticle surface and lipid layer,
although this was not confirmed experimentally. Without a targeting ligand, DOTAP coating
of the MSNSs resulted in a much higher transgene expression level (Interleukin 10) than
DOPC-coated MSNs in HEK cells. Presumably, this is due to enhanced cellular uptake and
endosomal escape caused by the cationic lipid. Although the composite MSNs particles have
shown capacity for sSiRNA and pDNA delivery, the loading mechanism is better
characterized for siRNA. In contrast, the loading of pDNA primarily depends on surface
adsorption to the positively charged nanoparticles, which provides negative charges for the
cationic liposomes to bind and fuse. However, whether the cationic liposomes have a chance
to compete and rip off the pDNA from the surface of the MSNs, is not well investigated.
With advances in MSN fabrication technology, the ultralarge pore size could be engineered
to accommodate the loading of pDNA inside the particles.

4.1.3 Polymeric Nanoparticle-Based Core—Biodegradable and biocompatible
polymers are a dominant class of nanomaterials for drug delivery. This can be seen through
an increasing number of publications and clinical trials. Polymeric nanoparticles (PNPSs)
exhibit high structural integrity, stability, and controlled release. They are fabricated with
distinct synthetic polymers or modified natural polymers through a variety of preparation
methods (Hadinoto, Sundaresan, & Cheow, 2013). Therefore rational design of the building
block polymers allows fine-tuning of the size, charge, shape, and functionality of the
nanoparticles (Panyam & Labhasetwar, 2003). For the aforementioned reasons, lipid-coated
polymeric nanoparticles have been developed in an effort to mitigate the shortcomings of
PNPs such as in vivo instability, nonspecific toxicity, and early drug release. The lipid-
coated PNPs are engineered to load chemodrugs, nucleic acid therapeutics, proteins and
peptides by entrapment, adsorption or covalent conjugation. The nanoparticles have a well-
defined core—shell nanostructure, which is composed of three parts: (1) the polymeric core
where the drugs are loaded; (2) the lipid membrane, which confers the liposomal
characteristics to the core and prevents the leakage of the drugs from the core; and (3) the
PEG layer, which can also be functionalized for targeting, membrane penetration, or
endosomal escape. The most commonly studied polymers are PLGA and polycarprolactone
due to their low cost of synthesis and easy functionalization.

In order to load nucleic acids into PLGA nanoparticles, a polycation-based condensing agent
is usually used to condense and increase the hydrophabicity of the cargos so that they can be
loaded into the hydrophobic core. Zhong et al. (2010) have characterized three methods to
encapsulate pDNA in a lipid-PLGA-based composite nanoparticle formulation prepared
with a conventional double emulsion method (W/O/W). These pDNA loading methods were
designated as: (1) “OUT,” pDNA is adsorbed at the surface of the nanoparticles; (2) “IN,”
pDNA is encapsulated in the PLGA core of the nanoparticles; (3) “BOTH,” pDNA is
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adsorbed and encapsulated in the nanoparticles. This was realized by adding protamine-
condensed pDNA before and/or after the formation of PLGA core. In vitro release and
transfection studies using luciferase reporter gene in human embryonic kidney cells
indicated that the “OUT” loading method tended to cause a burst effect of transgene
expression with shorter expression longevity.“IN” and “BOTH” loading methods could
generate a sustained expression profile, which indicated a slow release of the cargo due to
the hydrolysis of PLGA (Zhong et al., 2010).

Numerous formulations have been developed for the delivery of siRNA using lipid/polymer
composite nanoparticles (Desai et al., 2013; Gao et al., 2014; Shi, Xiao,Votruba,Vilos, &
Farokhzad, 2011;Yang et al., 2012) (Figure 5.4). Desai et al. (2013) exploited the OUT
loading method to codeliver anti-TNFa siRNA and antinociception agent Capsaicin with
lipid-coated PLGA nanoparticles prepared through the one-step double emulsion method.
Capsaicin was encapsulated into the core and siRNA was adsorbed on the surface of cationic
lipid membrane. The topical administration of the nanoparticles significantly reduced
inflammatory cytokines, such as TNF-a, NK-xB, and IL-17 and effectively treated chronic
skin inflammation on imiquimod-induced psoriatic plague-like model (Desai et al., 2013).
Shi et al. (2011) have reported hollow-structured lipid-PLGA composite nanoparticles that
encapsulated siRNA in the cavity of the nanoparticle. The nanoparticle was formulated by
adding a siRNA solution to an organic solvent in the presence of ethylphosphocholine (EPC)
and PLGA. The amphiphilic EPC stabilized the water-in-oil microemulsion with the
hydrophilic head in the aqueous phase and hydrophobic chain in the PLGA phase. This
allows the effective encapsulation of siRNA in the aqueous phase. In a second emulsion and
subsequent solvent evaporation, DSPE-PEG coated on the surface of PLGA and formed an
outer lipid-PEG layer. The lipid bilayer was separated by ester-terminated PLGA and the
hollow structure densely loaded siRNA for delivery (Shi et al., 2011).

Gao et al. reported a composite nanoparticle platform composed of a cholesterol-grafted
poly(amidoamine) (rPAA-Chol) core and a lipid coating (Gao et al., 2014). The amphiphilic
polymer self-assembled into a nanoparticle in aqueous solution using the thin-film hydration
method, followed by the addition of siRNA molecules. The anionic core was then coated
with DOTAP-based cationic liposomes for lipid coating. The lipid—polymer nanoparticles
were then subject to PEGylation by postinsertion of a lipid-PEG conjugate. An
endosomolytic peptide, T7 (HAIYPRH), or transferrin, was conjugated to the distal end of
the PEG chain for either enhanced endosomal escape or targeting purposes. The lipid-rPAA-
Chol composite nanoparticles were relatively small in size (100 nm) compared to lipid-
PLGA nanoparticles and showed a significant tumor inhibition effect when delivering anti-
EGFR siRNA to an MCF-7 bearing tumor model (Gao et al., 2014).

Recently, Hasan et al. reported the fabrication of lipid-PLGA nanoparticles using PRINT
technology to generate a PLGA/siIRNA core with high siRNA loading (Hasan et al., 2012).
The siRNA and PLGA (85:15 lactic/glycolic acid) were prepared in Dimethyl sulfoxide/
Dimethylformamide/water and molded using PRINT technology. The 80 x 320 nm
monodispersed needle-shaped core was fabricated for better cellular uptake. The core was
then subject to cationic lipid coating and PEGylation. These particles have been tested in
multiple cell lines and target genes knockdown has been demonstrated. This study was a
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hallmark for the development of composite nanoparticle-based siRNA delivery. The
nanoparticles showed great translational potential due to their high reproducibility from
batch to batch and a relatively easy scale-up production for clinical evaluation (Hasan et al.,
2012).

4.1.4 Gold Nanoparticle-Based Cores—The gold nanoparticles (AuNPs) draw much
attention as their applications in bimolecular sensing, computed tomography imaging, as
well as photothermal therapy. Over the past decades, AuNPs have also been investigated as
efficient nucleic acid delivery systems (Ding et al., 2014) due to their biocompatibility,
versatility, and facile surface modification through gold-thiol linkages.

Chad Mirkin and his colleagues have been dedicated to the investigation of such nucleic
acid-gold nanostructures as well as their biomedical applications (Barnaby, Lee, & Mirkin,
2014; Choi, Hao, Narayan, Auyeung, & Mirkin, 2013; Giljohann, Seferos, Prigodich, Patel,
& Mirkin, 2009; Jensen et al., 2013). In their studies, citrate-stabilized AUNPs were mixed
with thiolated siRNA, where siRNAs duplexes were allowed to chemisorb via thio—gold
bonds (Giljohann et al., 2009). The dense surface functionalization of nucleic acids increases
the stability of the bound cargos, while maintaining the biological activity of the siRNAs.
However, negatively charged, nucleic acid-adsorbed AuNPs showed compromised cellular
uptake due to the weak interactions between the cellular membrane and nanoparticles. To
address this issue, Rhim, Kim, & Nam (2008) coated nucleic acid-adsorbed AuNPs with
cationic liposomes to enhance the cellular uptake and protect cargos from nuclease-mediated
degradation (Figure 5.5). In this study, they used AuNPs of various sizes (15, 30, 50, and 80
nm) to load pDNA for lipid coating. Two types of lipid—gold nanoparticles were observed
under cryo-TEM observation. Type | hybrids were believed to be the intermediate status,
which showed the adsorption of AuNPs to the surface of liposomes. Type Il hybrids showed
that AuNPs were encapsulated in the liposomes, and the diameters of the lipid membrane
were much larger than those of AuNPs. The cryo-TEM images suggested that the lipid
membrane was not supported by the AuNP core. Although the author did not give the
explanation for the structural discrepancy between lipid-AuNPs and other lipid-coated
nanoparticles, it could be speculated that the small AuNPs with high curvature made it
difficult for the lipid to form bilayer on them. The in vitro transfection studies showed that
lipid-coated AuNPs resulted in significantly higher transfection efficiency compared with
liposome-mediated or naked AuNPs-mediated DNA delivery due to the high DNA loading
capacity and higher cellular uptake. Recently, Kong et al. reported a distinct method for the
fabrication of lipid-coated AUNP for siRNA delivery using 5 nm AuNPs. The AuNPs were
dissolved in chloroform in the presence of DC-Chol, DOPE, and cholesterol. The system
was then emulsified followed by the evaporation of the solvent. Final particles contained
cationic lipid membrane with cluster of gold nanoparticle cores. sSiRNAs were adsorbed on
the surface of such nanoparticles via electrostatic interaction (Kong, Bae, Jo, Kim, & Park,
2012). Recently, Alhasan et al. have introduced an approach to take advantage of cells for
the fabrication of lipid—gold composite nanoparticle (Alhasan, Patel, Choi, & Mirkin, 2014).
In their study, it was discovered that when endocytosed into PC-3 prostate cancer cells, a
small percent of the nucleic acid-adsorbed gold nanoparticles could be naturally sorted into
exosomes. These AuNPs-containing exosomes could be isolated and enriched for in vivo
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miRNA delivery. Although the coating and loading efficiency for the nanoparticles
fabricated with this method was not efficient, the approach represented engineered
nanoparticle of biogenesis, which is a trend regarding the fabrication of the nanoparticles.

4.1.5 Magnetic Nanoparticle-Based Core—Magnetic field has been exploited as an
external energy to enhance the transfection efficiency of nonviral-mediated gene delivery
(Duan et al., 2014; Hao et al., 2010; Miao et al., 2014; Scherer et al., 2002). For efficient in
vivo delivery of siRNA,Namiki et al. have prepared lipid-coated magnetic nanocrystals
termed “LipoMag.” LipoMags were fabricated by dispersing oleic acid-coated magnetite
nanocrystal cores with cationic lipid in chloroform and removing solvent afterward. Final
nanoparticles were generated by spontaneously coating of monolayer cationic lipid on top of
the nanocrystal cores via hydrophobic interactions. The siRNAs were then adsorbed on the
surface of the LipoMag through electrostatic interaction. Under a magnetic field, heavy
accumulation of siRNA delivered by LipoMag was observed in the tumor lesions compared
with other organs, which resulted in target gene silencing (Namiki et al., 2009). Recently,
Jiang, Eltoukhy, Love, Langer, and Anderson (2013) reported a simple method to coat iron
oxide nanoparticles with lipid or lipid-like materials and form uniform nanoparticles. In their
method, the solvent A-methyl-2-pyrrolidone (NMP) was added to the chloroform where
oleic acid-coated iron oxide nanoparticles and lipids were dispersed. NMP serves as
adhesive between the lipids and nanoparticle surface, which could be removed by dialyzing
nanoparticles against water since it is miscible with both chloroform and water. Introduction
of NMP promoted the full arrangement and assembly of outer leaflet lipid into a more
complete layer and prevented the aggregation from happening. The nanoparticles generated
were highly homogenous and showed high efficiency in delivering pDNA and siRNA in
vitro (Jiang et al., 2013).

5. CONCLUSION

The chapter highlights core—shell-structured composite nanoparticles for gene therapy with a
focus on lipid-coated systems. The fusion of lipid with other nanomaterials renders colloidal
stability as well as other liposome-like properties to the composite nanoparticles, which
makes them suitable carriers for in vitro and in vivo delivery. In addition, the well-defined
nanostructure allows modular design of multifunctional nanoparticle, with each component
overcoming designated extracellular or intracellular barriers to efficient gene delivery in a
spatiotemporal manner. The fabrication of composite nanoparticles lowers the demand for
the development of omnipotent nanomaterials for nonviral gene delivery and accelerates the
advances in clinical translation of the nanomedicine. Moreover, some inorganic components
such as gold or magnetic could be used for thermal activation and as contrast agent for
noninvasive diagnosis of the cancers as well as monitoring of drug distribution. Therefore,
lipid-based composite nanoparticle clearly affords new options for gene therapy and hold
great potential for clinical translation.
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Figure5.1.

(A) Schematic illustration of 3D hydrodynamic focusing composed of three inlets for
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vertical focusing and separate inlet for side sheath flows. (Reprinted with permission from
Rhee et al. (2011).) (B) Schematic illustration of the microfluidic device with three inlets
that allows the formation of lipid-coated polymeric nanoparticles in the microchannels with
Tesla structures. (C) Solvent mixing in the Tesla channels using fluorescent dye and water
respectively. The mixing is complete at the fourth turn in the channel. (D) Comparison of
slow and rapid mixing of lipid and PLGA solutions. Aggregation forms under slow mixing
conditions without the input of any energy, but not under rapid mixing conditions. (See the

color plate.) (Reprinted with permission from Valencia et al. (2010).)

Adv Genet. Author manuscript; available in PMC 2016 September 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wang and Huang Page 21

UV curable
liquid
mold/cure release

=

(B)
4 e
— -

Non-wetting Isolated particles
substrate

Figure5.2.
(A) Schematic illustration of the imprint lithography process. (Reprinted with permission

from Rolland et al. (2004).) (B) Schematic illustration of the PRINT process. In PRINT, the
nonwetting feature allows the generation of isolated particles. (C) Manipulation of PRINT
nanoparticles with different shape and size. (See the color plate.) (Reprinted with permission
from Rolland et al. (2005).)
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(A) Schematic illustration of fabrication of polyplex core-based composite nanoparticle for
SiRNA delivery using histone-based recombinant protein as nucleic acid condensing agent.

(B) Intracellular release profiles of oligonucleotides using the different histone-based

recombinant proteins and mutants. Lack of degradation element (LHH/ACathD) prohibited
the dissociation of oligonucleotides and the punctate forms were observed. (C) 1C50 of
luciferase knockdown with antiluciferase siRNA delivered by different nanoparticles. (See

the color plate.) Reprinted with permission from Wang et al. (2013).
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(A) Schematic illustration of fabrication of lipid-coated Polylactic acid (PLA) nanoparticles
with siRNA adsorbed on the surface of carrier. (Reprinted with permission from Yang et al.
(2012).) (B) Schematic representation of lipid—polymer nanoparticle composed of outer
lipid-PEG, a middle polymer layer, and an inner cationic lipid hollow core for sSiRNA
entrapment. (Reprinted with permission from Shi et al. (2011).) (C) SEM (top) and TEM
(bottom) images of lipid-coated PRINT nanoparticles composed of PLGA and siRNA. (See
the color plate.) (Reprinted with permission from Hasan et al. (2012).)

Adv Genet. Author manuscript; available in PMC 2016 September 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Wang and Huang Page 24

(A)

(B
°2.02.00-@ |

Gold PDNA- Liposome ]

Nanoparticle Modified

AuNP Lipid-pDNA-AuNP Hybrid

@ Transfection

A:-"d

Cellular Phenotypic Change

Figure5.5.
(A) Schematic illustration of lipid-coated AuNP for the delivery of plasmid DNA. (B) Cryo-

TEM images of two types of lipid-coated AuNPs loaded with pDNA. Scale bars: 50 nm.
Reprinted with permission from Rhim et al. (2008).
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