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Abstract

Gene therapy represents a potential efficient approach of disease prevention and therapy.
However, due to their poor in vivo stability, gene molecules need to be associated with delivery
systems to overcome extracellular and intracellular barriers and allow access to the site of action.
Cationic polymeric nanoparticles are popular carriers for small interfering RNA (siRNA) and
DNA-based therapeutics for which efficient and safe delivery are important factors that need to be
optimized. Micelle-like nanoparticles (MNP) (half micelles, half polymeric nanoparticles) can
overcome some of the disadvantages of such cationic carriers by unifying in one single carrier the
best of both delivery systems. In this review, we will discuss how the unique properties of MNP
including self-assembly, condensation and protection of nucleic acids, improved cell association
and gene transfection, and low toxicity may contribute to the successful application of sSiRNA- and
DNA-based therapeutics into the clinic. Recent developments of MNP involving the addition of
stimulus-sensitive functions to respond specifically to pathological or externally applied “triggers”
(e.g., temperature, pH or enzymatic catalysis, light, or magnetic fields) will be discussed. Finally,
we will overview the use of MNP as two-in-one carriers for the simultaneous delivery of different
agents (small molecules, imaging agents) and nucleic acid combinations.
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1. INTRODUCTION
1.1. Opportunities and Challenges for DNA- and siRNA-Based Therapeutics

Gene therapy holds great promise for treating gene-related disorders. In this therapeutic
approach, specific sequences of genes or transcriptional mediators are externally introduced
into the patient’s cells in order to replace defective genes or regulate their abnormal
expression. Since the first successful clinical trial in a patient with Adenosine Deaminase
Deficit (ADA) in 1990, the number of gene therapy applications has expanded from rare
monogene diseases to more common multifactorial and complex ones, such as infectious or
cardiovascular diseases and cancer.? Depending on the type of nucleotide molecule that is
used, gene therapy can be divided into two possible categories: function enhancement [i.e.,
by using plasmid DNA (pDNA)] and function inhibition [i.e., by using small interfering
RNA (siRNA)], respectively, via different mechanisms (Figure S1 in the Supporting
Information).

Gene-based drugs offer unique opportunities to fine-tune the expression of genome end
products that operate at multiple levels of a given disease pathway. In cancer, most studies
target genes involved in apoptotic or proliferative cellular pathways as adjuvant therapies to
treat nonresectable tumors or tumors that are resistant to conventional chemotherapy or
radiotherapy.3# Silencing genes with siRNA targeting antiapoptotic genes (i.e., Bcl-2
siRNA,® siRNA,8 survivin siRNA’) or pDNA expressing proapoptotic genes (TNF-a gene®
and p53 gene®) are popular strategies. In addition, other targets have been developed from
the study of mechanisms related to resistance to chemotherapy or irradiation such as
molecules related to DNA repair mechanisms or multidrug resistance (MDR) proteins.10
One of the most studied resistance mechanisms is the reduction of intracellular drug
concentration by ATP-binding cassette (ABC) transporter proteins, including P-glycoprotein
(P-gp, encoded by the MDR-1 gene), that pump drug out of the cells before they reach their
site of action. In tumor tissues, intrinsic or induced overexpression of P-gp after exposure to
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chemotherapy drugs has been determined to be a major reason for chemotherapy failure in
different MDR cancer types.11-13 Recent studies have shown that silencing of the MDR-1/P-
gp gene using siRNA can improve the effectiveness of anticancer drugs on MDR
tumors.14-17 Research is currently being carried out to evaluate whether treatments in which
small anticancer molecules (i.e., doxorubicin, paclitaxel) and nucleic acids simultaneously
delivered into cancer cells can act synergistically for a greater anticancer effect.18

To date, the DNA/RNAI technology has achieved some promising results in cell culture and
preclinical animal models. However, only a few products are undergoing clinical trials or are
in the market.1® This is due mostly to the difficulties found in delivery of genes to the target
site due to their instability, inefficient cell entry, and poor pharmacokinetic profile (i.e.,
circulatory half-lives of <5 min and low in vivo stability due to a rapid enzymatic
degradation within the first minute after administration).20-23 To overcome these problems,
various delivery technologies have been developed, including direct introduction of nucleic
acids by physical methods,24 recombinant viral vectors,2° and synthetic systems based on
the use of cationic lipids or polymers.26-28 Compared to viral vectors, nonviral vectors are
attractive alternatives with improved safety and are easier to scale up but they achieve lower
levels of gene expression.29 Among cationic carriers, polyethylenimine (PEI)
polyamidoamine (PAMAM) dendrimers, polylysine (PLL), and chitosan have been widely
used as sSiIRNA/DNA delivery systems with little in vivo success due to low efficiency and
toxicity issues.28:30.31

to siRNA/DNA Delivery Using Cationic Carriers

Nucleotide-based molecules must be delivered in the cytoplasm (small interfering RNA) or
the nucleus (plasmid DNA) to exert a therapeutic effect. This is not a simple task since there
are several barriers that make this process difficult (Figure 1).

The first requisite for the successful delivery of sSiRNA or pDNA in cationic assemblies is
the formation of highly compacted nanostructures generally termed “complexes”32 that
decrease the hydrophilicity, charge, and size of nucleic acids. This increases their cellular
tropism and uptake, and protects the nucleic acids by shielding them from enzymatic attack.
The formation of complexes is mediated by electrostatic interactions beween the protonated
(positively charged) amine groups in the carrier backbone and the negatively charged
phosphate groups of the nucleotides. Usually, complexes are prepared in neutral pH buffers
by mixing equal volumes of a solution of nucleic acids with a solution of the cationic carrier
at different complex N/P ratio (N/P ratio = number of carrier nitrogen/DNA phosphate).
Unless targeting moieties are present for receptor specific interaction, the major cell entry
for cationic complexes is the nonspecific endocytosis by interaction with heparan sulfate
proteoglycans (HSPGs) located in the extracellular matrix.32 Therefore, a slightly overall
positive charge is usually preferred to generate stable nanosized complexes and to assist in
their interaction with cellular membranes.28:30:33 On the other hand, the net positive charge
on the surface of these complexes may induce adverse effects (embolism, hepatotoxicity)
due to serum protein induced aggregation after intravenous injection of the complexes and
cell damage due to an excessive interaction of the complexes with cell membranes.34
Immediately after cell internalization, sSiRNA or DNA complexes are confined within the
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endosomes and lysosomes where acidic enzymatic degradation occurs.3® This is one major
limitation for the effective intracellular delivery of gene molecules. Certain polyamine-based
polymers, mainly polyethylenimine (PEI), polyamidoamine (PAMAM) dendrimers and
chitosan, provide the capacity to escape from the endosomes via the “proton sponge”
mechanisim.38 “Proton-sponge” polymers contain inner secondary and tertiary amines that
exhibit pK? values between neutral and lysosomal acidic pH can prevent acidification of
endosomes, causing the osmotic swelling and rupture of the endosomal membrane and
triggering the release of complexes into the cytosol. In recent years, the proton sponge
hypothesis has been heavily debated especially as to whether the osmotic stress produced by
the proton sponge effect can induce the rupture of the endosomes. 37 Several studies
concluded that the “proton sponge” effect is not the dominant mechanism in complex
endosomal release and pointed out as one plausible mechanism that protonated polymer
amines under the acidic pH might interact with the endosomal membrane, inducing its
destabilization and promoting the formation of pores for the escape of the complexes
entrapped.38:39

In addition to endosomal entrapment, the nuclear membrane is an additional barrier to DNA
delivery. DNA can gain access to the nucleus in actively dividing cells that are undergoing a
temporary nuclear envelope breakdown. Neither naked DNA nor DNA carriers can
passively diffuse through the 10 nm diameter nuclear pore complex. However, cationic
assemblies modified with nuclear localization signals can be specifically recognized by
importin proteins and actively transported to the nucleus through the nuclear pore
complex.40

1.3. Strategies To Improve Cationic Polymeric Carriers

Because of the aforementioned problems, developing a stable and efficient delivery system
is a major challenge for gene therapy. Cationic polymers are advantageous in gene delivery
due to their (i) high stability, (ii) well-defined size and low polydispersity index, and (iii)
great variety of molecular weights, architectures (linear, branched, dendrimeric), and
functional groups. At present, polyethylenimine (PEI), poly(L-lysine) (PLL), chitosan, and
PAMAM dendrimers, among others, have been developed for effective gene delivery. Their
chemical structures are shown in Table 1. However, the balance between the efficacy and
toxicity of these systems is still suboptimal. Structure—function relationships showed a
correlation between charge density of amine groups on polymer structure and the
transfection efficiency of complexes. As outlined in Table 1, high molecular weight (MW)
highly charged cationic polymers generate stable complexes and have high transfection
efficiencies, but they are toxic. Lower molecular weight polymers have better toxicity
profiles but are less efficient.41-43

In order to balance cationic polymers’ efficacy and toxicity, different approaches have been
investigated. The coating of complexes with hydrophilic polyethylene glycol (PEG) blocks
to shield the superficial charge of complexes and hinder their interaction with blood
components is a common strategy.44° Kissel and co-workers showed that a sufficiently
high graft density with at least 2-5 kDa PEG is necessary to achieve a stabilizing effect,
prevent opsonization, and avoid rapid clearance.*647 Another method to produce highly
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charged but less toxic polymers is to chemically cross-link low MW nontoxic polymers via
cleavable reductive or acid labile linkages to enhance their condensation ability and
transfection efficacy while reducing their toxicity after cellular uptake.8-50

Alternatively, low MW polymers can be modified with hydrophobic moieties including
alkanes, 5152 fatty acids,>® and phospholipids.>*° The resulting cationic amphiphiles can
self-assemble in aqueous solution and form micellar structures that, now having clustered
cationic groups, possess enough charge density to adsorb nucleic acids into a dense core. In
the borderline between micelles and polyplex nanoparticles, these so-called “micelle-like
nanoparticles” (MNP) offer unique advantageous features including self-assembly,
condensation and protection of nucleic acids, improved cell association and gene
transfection, solubilization of hydrophobic and hydrophilic drugs, and safer toxicity profile.
In this review, we will discuss the main methods to produce MNP and how the unique
properties of MNP may contribute to the successful application of siRNA- and DNA-based
therapeutics into the clinic. Recent developments of MNP involving the addition of
stimulus-sensitive functions to respond specifically to pathological or externally applied
“triggers” (e.g., temperature, pH or enzymatic catalysis, light, or magnetic fields) will be
discussed. Finally, we will overview the use of MNP as two-in-one carriers for the
simultaneous delivery of different agents (small molecules, imaging agents) and nucleic acid
combinations.

2. ASSEMBLY OF MICELLE-LIKE NANOPARTICLES (MNP)

The interaction between nucleic acids and positively charged amphiphiles, either as
hydrophobically modified polyamines or as more complex copolymer designs, leads to the
formation of micelle-like nanoparticles. (Figure 2). Two driving forces are responsible for
MNP formation: (i) the hydrophobic interactions between the hydrophobic segments of the
amphiphiles due to the reorganization of the surrounding water and (ii) the attractive
electrostatic forces that exist between oppositively charged nucleic acids and cationic
amphiphiles. From a thermodynamic perspective, the formation of MNP is an entropically
driven process in which hydrophobic and electrostatic contributions are highly
cooperative.”9-81 The stability of micelles is generally given as their critical micelle
concentration (CMC) defined as the concentration of a monomeric amphiphile at which
micelles appear. Early studies performed by Ghirlando and co-workers demonstrated that
the stability of micellar aggregates had a large influence in the DNA packing process since
they can act as counterions of very high valency that interact strongly with DNA and
stabilize the system.82 The thermodynamic and structural features of nucleic acid packing in
charged micellar aggregates have been studied in detailed in refs 82 and 83.

3. MICELLE-LIKE NANOPARTICLES BASED ON HYDROPHOBICALLY
MODIFIED CATIONIC POLYMERS

One major approach to produce MNP is the modification of low MW cationic polymers with
hydrophobic moieties to improve their performance as gene carriers while keeping toxicity
levels low. As discussed in this section, the attachment of hydrophobic moieties can modify
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the physicochemical properties of complexes and improve their gene compactation capacity,
their binding to the cell surface and cellular uptake, and their escape from the endosomes.

3.1. Hydrophobization of Polyethylenimine (PEI)

High MW PElI is a popular gene transfection agent, both in vitro and in vivo, due to its
relatively high efficiency. However, its high toxicity remains a major drawback especially
for in vivo applications.84-86 Lower MW PEIs have better toxicity profiles but are far less
efficient delivery systems (i.e., less than 5% reduction of gene expression mediated by PEI/
siRNA complexes).41:53

The majority of studies are focused on the hydrophobization of low MW PEI (1.8-2 kDa) by
the attachment of lipid moieties. This particular MW PEI exhibits great condensation
capacity, meaning that only very low N/P ratios = PEI amine/nucleic acid phosphate molar
ratios, N/P ~4, are necessary for the complete compaction and adsorption of SiRNA/DNA in
polyplexes. In addition, it has a very low toxicity. While the ICsq for PEI 25 kDa = 15
ug/mL, PEI 1.8 kDa concentrations of up to 250 ug/mL gave cell viabilities around 80—
100%.54

Early studies by Kim and colleagues showed for the first time that the conjugation of PEI
with cholesterol improved DNA transfection to mammalian cells.87:88 They demonstrated
that cholesterol modification of low MW PEI gave rise to “water-soluble lipopolymers”
(WSLP) that greatly increased plasmid DNA transfection compared to PEI 1.8 kDa and self-
assembled into micelles (CMC = 1.43 mg/mL, 7.1 x 1074 M).87:88 Still, the novel
lipopolymers showed a discrete improvement of gene expression efficacy corresponding to
15% green fluorescent protein (GFP) positive cells as compared to 0.5% and 5% GFP
positive cells for PEI 1.8 and PEI 25 complexes, respectively.

Dewa and co-workers developed three types of polyamine-dialkyl phosphate that were
synthesized via the dimerized dialkyl phosphate as synthetic intermediate and evaluated for
plasmid DNA transfection.82 Among the polyamine portions that were tested (spermine,
spermidine, and PEI 1.8 kDa), the MNP constructed with diacetyl phosphate—PEI showed
the highest transfection efficiency. Later, the authors demonstrated that the transgene
expression was enhanced by 2-3 orders when the MNP formulation included cholesterol and
the phospholipids dioleoylphosphatidylethanolamine (DOPE) or
dipalmitoylphosphatidylcholine (DPPC). At a conjugate/cholesterol/DOPE 1:1:1 mol ratio,
the transfection efficacy of MNP was 3 times larger than the corresponding conjugate only
based MNP. The authors attributed this increment in gene transfection to the bilayer
structure of the lipid/conjugate/DNA mixture in the MNP that may favor the interaction with
cell membranes and to the fusogenic properties of DOPE that facilitates fusion and
destabilization of endosomal membranes. 9

Regarding siRNA delivery, the modification of PEI with different fatty acids or alkane
chains was reported to improve gene downregulation efficiency that was dependent mostly
on the degree of lipid substitution in the modified PEI and the conjugate-to-siRNA ratio.
These features were associated with the siRNA binding affinity and other complex
properties such as surface charge, which in turn affects uptake and intracellular trafficking
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of such complexes.>3:91 For example, Schroeder and collaborators performed gel retardation
studies showing that the binding affinity of alkylated PEI derivatives to siRNA decreased as
the conjugation levels increased and that, due to this reduction of the binding affinity within
the complex, the siRNA was readily released into the cytoplasm after cellular
internalization.52

Uludag’s group reported on a fatty acid substituted PEI 2 kDa library for DNA92:93 and
SiRNA delivery.>3 They showed that lipid-PEI substitution (1:1) maintains the condensation
capacity of PEI and improves the cellular uptake of the complexes. Regarding silencing
efficacy, a 30% functional downregulation was observed using caprylic (C8:0) and palmitic
(C:16:0)-PEI derivatives and a 60% downregulation using linolenic(C18:1)-PEI derivative.
As for their cytotoxicity, fatty acid—PEI conjugates complexed with siRNA (not free
polymer) prepared at polymer concentration of 10 pg/mL resulted in cell viabilities of 60—
80% depending on the lipid moiety, with higher toxicities for longer unsaturated fatty acids
than saturated ones.

In a different study by the same group, computer simulations were used to understand the
molecular mechanism of lipid modified PEI and DNA aggregation and condensation.®* It
was found that the lipids associated significantly one with another, which linked the lipid
modified PEIs and served as a mechanism for aggregating the DNASs and stabilizing the
formed MNP. In addition, the molecular dynamics simulations showed that some lipid tails
on the lipid modified PEIs stayed at the periphery of the DNA complex. The finding of the
external location of the lipids in the complex is quite important since it provides a feasible
explanation for the hydrophobic interactions of this kind of carrier and supports previous
experimental observations of their better internalization through cellular membranes
compared with native PEI complexes.

Our group has also reported on phospholipid-modified PEI.5455:95-97 phospholipid
conjugation dramatically improved the gene silencing of PEI 1.8 kDa that was otherwise
ineffective. We showed that MNP based on the combination of phosphatidylcholine
modified PEI (PC-PEI) with PEG and lipids delivered plasmid DNA to a distal tumor in
vivo.9” These MNP combined the favorable properties of the low MW PEI 1.8 kDa (nucleic
acid condensation, low cytotoxicity,) with those of PEG-stabilized nanocarriers (in vivo
stability, prolonged blood circulation) that resulted in MNP tumor accumulation and
transgene expression upon intravenous injection. In addition, the MNP were suitable for
SiRNA delivery, although the gene silencing efficacy of (PC-PEI) MNP was low.% We
optimized this formulation and constructed MNP based on phosphatidylethanolamine
modified PEI (DOPE-PEI) that showed higher siRNA silencing transfection than PC-PEI-
based ones (75% vs 20% downregulation). The optimized MNP mediated a downregulation
of P-glycoprotein (P-gp) expression that overcame doxorubicin (DOX) resistance in breast
cancer cells.% Further evaluation in vivo confirmed the utility of MNP(DOPE-PEI) for
systemic delivery of anti-P-gp siRNA to resistant breast tumors.%? They had small particle
sizes (<150 nm) compatible with parenteral administration and showed improved colloidal
stability when lipidated PEG (PEG-PE) was incorporated in the MNP formulation by
hydrophobic interactions. PEGylated MNP showed prolonged circulation and improved
SiRNA tumoral delivery via enhanced permeability and retention (EPR) effect as compared
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with non- PEGylated formulations. Regardless of the presence or the absence of PEG, the
nanopreparations delivered sufficiently high amounts of siRNA to mediate the specific P-gp
downregulation and the sensitization of resistant tumors to noneffective doses of DOX.
Simultaneous or sequential administration of the anti-P-gp siRNA formulation and DOX
was equally effective in inhibiting tumor growth and was well-tolerated by the animals even
after repeated dosing.

In looking for structure/activity relationships for MNP improvement, we synthesized a third
conjugate of dipalmitoyl-phosphatidylethanolamine (C16:0)-modified PEI (DPPE-PEI),
which differs from DOPE-PEI (DOPE: C18:1) in the absence of unsaturations in the fatty
chains of the phospholipid. We compared the PC-PEI, DOPE-PEI, and DPPE-PEI potential
as siRNA carriers and the effect of the phospholipid moiety on the in vitro performance.>
Phospholipid conjugation did not change the size, superficial charge, or siRNA compaction
within the complexes but had a large impact on their transfection efficacy (60%, 30%, and
5% decrease of GFP expression respectively for DOPE-, DPPE-, and PC-PEI). We
attributed these results to the self-assembly of DOPE-PEI and DPPE-PEI into micellar
aggregates that significantly improved PEI’s interaction with cell membranes and the siRNA
internalization. The CMC values of the conjugates were 97 pg/mL and 75 ug/mL for DOPE-
PEI and DPPE-PEI, respectively, indicating a high micellation capacity. For comparison,
PEG-PE amphiphiles, which are extensively used in micelle formulation for drug delivery,
have CMC values of 43 pg/mL.100 Nonmicellizable PC-PEI-based complexes did not
associate with cell membranes and displayed low gene downregulation. Although DPPE-PEI
and DOPE-PEI carriers showed similar cell membrane interaction and siRNA uptake,
DOPE-PEI displayed a more effective gene silencing. Our mechanistic studies showed
differences in their cytosolic trafficking and pointed out the advantage of the DOPE
conjugation over other lipidic moieties for improved intracellular trafficking of SiRNA
complexes due to a greater endosomal escape.100

3.2. Hydrophobization of Polyamidoamine (PAMAM) Dendrimer

Among dendritic polymers, polyamidoamine (PAMAM) dendrimers are the most studied for
gene delivery.28 These dendrimers are a relatively new class of synthetic polymers that have
a hyperbranched, globular architecture, together with defined monodisperse MW, and
numerous accessible terminal groups which can be functionalized for specific delivery
purpose along with the ability to encapsulate compounds within cavities. Their synthesis
requires an iterative multistep reaction sequence, from which the molecule is built up from
the core to the periphery. Each complete reaction sequence results in a new generation with
tertiary amines at the branched points and primary amines at the termini that are protonated
at physiological pH. As other cationic polymers, PAMAM dendrimers have been shown to
be highly effective in transfecting plasmid DNA or siRNA into a variety of cell
types.’0:101.102 Agditionally, in vivo studies suggest that they are not immunogenic or
carcinogenic.”1103 The highest dendrimer generations (e.g., G7, G9) are known to be highly
effective in vitro and in vivo but present certain toxicities. In contrast, lower generations
(<G4) possess a better balance between efficacy and toxicity.28:104 The hydrophobization of
noneffective nontoxic dendrimers with lipid moieties, dexamethasonel9 or their inclusion
into liposomes106:107 are strategies to improve the transfection of these carriers.
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The work of Kono and co-workers on alkyl modified dendrimers illustrates how minor
changes in the architecture of PAMAM-based MNP can have a great impact in the potency
of the carrier. First, they modified G1 to G4 PAMAM dendrimers with two dodecyl chains
(C12) and evaluated the resulting amphiphiles as DNA carriers.198 The DNA condensation
and transfection activity increased concomitantly with the dendrimer generation and was
higher than that of nonmodified dendrimers with the exception of G1, which was ineffective
regardless of the C12 modification. Later, they showed that elongation of the alkyl chains
from C12 to C18 in modified G3 PAMAM dendrimers led to smaller complexes
(hydrodynamic diameter of 2 um vs 250 nm) bearing highly condensed DNA and high
serum resistance.109 Surprisingly, C18 modification of G1 PAMAM dendrimers converted
the inefficient G1 into the most potent carrier of the set.119 To further optimize the
transfection efficiency, the effect of unsaturated chains in diC18-G1 PAMAM was
evaluated.11 Unsaturated C18 chains gave stable and smaller complexes that achieved high
endosomal escape through the synergy of a proton sponge effect derived from the tertiary
amines of the dendron moiety and a high fusion ability derived from hydrophobic and
flexible unsaturated chains. This study and others®*112 suggest the advantages of
hydrophilic moieties resembling fusogenic helper lipids (i.e., DOPE, C18:1) for the
improvement of MNP as gene carriers.

Liu, Yu, and co-workers also investigated PAMAM-based MNP. They modified a set of
dendrimers (G1, G2, G3) with one (mono-C18)88 or two alkyl chains (di-C18).113
Interestingly, mono-C18 G1 was a very ineffective siRNA carrier, in sharp contrast to the
powerful di-C18 G1 previously reported.110 The most powerful carriers were those
constructed with G3. For instance mono-C18 G3 showed a CMC ~14 pg/mL and formed
100 nm sized complexes that protected siRNA from enzymatic degradation. Such complexes
delivered siRNA targeting heat shock protein 27 (Hp27) in vitro to P-13 prostate cells and in
vivo to P-13 xenografted tumors with high silencing efficiency and anticancer activity.110

3.3. Hydrophobization of Polylysine (PLL)

Poly-L-lysine (PLL) has been an extensively investigated polymer for the construction of
cationic assemblies.63.114-116 p| | has a biocompatible and biodegradable nature as a
peptide, which is an advantage for in vivo use. It has the ability to pack nucleotides into
complexes at physiological pH (pK, ~10.0). The biological and physicochemical
characteristics of PLL assemblies depend on their MW. Inefficient gene transfer was
reported with a low MW (~5,000 Da) complex.6:117-119 Their comparatively low
transfection efficiency, poor circulatory halflives, high toxicity, and no buffering ability that
prevents escape from the endosome are the main reasons for PLL’s insufficient gene
transfer,120-122

Early studies showed the advantages of DOPE conjugation for the improvement of
noneffective low MW PLL (~3 kDa) transfection efficiency in cultured mammalian cells.112
Also, the modification of PLL (~14 kDa) with D, L-lactic-co-glycolic acid (PLGA)
decreased PLL toxicity (ICsg ~100 pg/mL vs 540 pug/mL).123 The PLL-PLGA amphiphile
had a CMC of 9.6 ug/mL and self-assembled into micellar aggregates with sizes of 150 nm.
Condensation of DNA produced ~200 nm sized MNP with slightly better gene transfer
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capacity than native PLL. Utilizing the same PLL-PLGA, Blum and co-workers used a
double emulsion method (w/o/w) to fabricate nanoparticles acting as a depot for controlled
release of DNA. Variations in the preparation methods led to changes in the DNA release
profiles from the particles (i.e., burst vs linear). The DNA encapsulated was bioactive after
the fabrication process, however, the transfection efficiency of the particles was very low.124

In another study, several endogenous lipids were incorporated into PLL to serve as effective
DNA carrier.125 PLL of low and high MW (4 kDa and 25 kDa) were selected to study the
influence of the polymer size on the DNA delivery. Endogenous lipids from variable chain
lengths (C8 to C18) were used to study the influence of chain length and the degree of
substitution. The transfection efficiency of the amphiphiles was positively correlated with
the degree of lipid substitution and the size of the PLL. However, no particular trend was
observed with regard to the chain length. Lipid-modified high MW PLL demonstrated DNA
transfection of bone marrow stromal cells!2> and fibroblasts.126

3.4. Hydrophobization of Chitosan

Chitosan is a natural biodegradable polymer obtained by chitin deacetylation. Due to its low
immunogenicity and low toxicity, it has received attention in several different fields of
pharmaceutical formulation including gene delivery.’8:127-132 The major drawbacks
affecting the transfection efficiency of chitosan include its insolubility at physiological pH
and the deficient release of the cargo in the cytosol due to excessive interaction between
protonated amines from chitosan and phosphate groups from nucleic acids.

As has been shown for other cationic polymers, the modification of chitosan with
hydrophobic moieties such as lipid chains!33 or bile acids!34 can enhance the attachment of
complexes to cell surfaces, can facilitate endocytic uptake, and, in the case of chitosan, may
assist unpacking of DNA from chitosan complexes due to the weakening of electrostatic
attractions between DNA and chitosan.13% With this purpose, low MW chitosan was grafted
with C18 chains bearing increasing saturations in the chain.13¢ The CMC of the chitosan
derivatives was in the range of 15-60 pug/mL. The lipid modification did not affect the low
cytotoxicity of chitosan and significantly improved gene transfection. As reported for other
polymers, the presence of 1 or 2 double bounds in the lipid chain grafted to chitosan
produced greater transfection efficiencies than saturated chains, whereas higher number of
unsaturations produces no improvement.

4. MICELLE-LIKE NANOPARTICLES BASED ON TRIBLOCK COPOLYMERS

The electrostatic interactions between siRNA/DNA molecules and cationic amphiphiles in
MNP are inevitably interfered with in vivo due to the abundance of charged biomolecules.
Upon injection, charged nanocarriers are opsonized by blood proteins,37 following which
they can be recognized by the cells of the MPS and cleared from the circulation.138 The
properties that lipid-grafting renders to MNP (improved condensation, protection against
nuclease degradation, and stability in serum) are not enough to overcome the in vivo
barriers. To compensate for the in vivo low stability, MNP can be produced as complex
triblock copolymer designs in which a hydrophilic moiety is added to the cationic and the
hydrophobic segment. As discussed in this section, the inclusion of an external hydrophilic
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layer (i.e., PEG) in the MNP design can provide enhanced colloidal stability and reduce the
interaction with serum proteins. In addition, this is a common approach used to transform
nanocarriers into stable and long-circulating ones139-142 and to promote their passive
accumulation in tumors or inflamed areas.143 Under certain pathological states like
inflammation, infarcts, and tumors, the vascular endothelial lining of tends to become more
permeable, leading to “gaps” in the lining. Matsumura and Maeda were the first to show that
nanoparticles are able to extravasate through these gaps to reach the tumor space and stay
there due to the poor lymphatic drainage of tumors.144 This phenomenon was later termed as
enhanced permeability and retention (EPR) effect.

MNP were prepared based on ABC triblock copolymers consisting of PEG, poly-¢&-
caprolactone (PCL), and low MW PEI 2.5 kDa.14> The effect of varying PEG MW (2 kDa, 5
kDa, and 500 Da) and PCL MW (10 kDa, 5 kDa, 2.4 kDa) on the size, stability, and toxicity
of the amphiphiles was studied. Increasing the MW of the PCL in the amphiphiles led to
larger particles (>100 mn), whereas increasing the MW of PEG chains stabilized the carrier
formation and gave smaller micellar structures (~40 nm). As suggested by the lack of
aggregation of the particles at high salt concentrations or in the presence of albumin, the
PEG block prevented the excessive agglomeration of PCL block. Longer PEG chains (5
kDa) also resulted in reduced toxicity as they produce particles with thicker PEG shells for
effective charge shielding and decreased cell interaction. Later, PEG-PLC-PEI particles
were coloaded with siRNA and quantum dots (QD) combine nucleic acid delivery and
imaging capabilities in a single carrier.146 QD were encapsulated in the core of the MNP by
means of the QD’s small size and hydrophobicity. The QD-siRNA-MNP were internalized
in the pulmonary epithelium upon intratracheal instillation and mediated gene silencing,
MNP with thinner shells (PEG MW 500 Da) being the more effective ones. The fact that
thicker PEG shells provided better biocompatibility but thinner PEG shells provided better
efficacy brings out the contradictory effect of PEGylation, usually called the “PEG
dilemma” 147 and the need to render MNP with stimulus-sensitive detachable protective
PEGs (see section 5).

The effect of certain changes in the ABC design was also investigated in PEG-PLL-
polyaspartamide triblocks.148 Their stability and in vitro SIRNA delivery was compared with
that of randomly hydrophobized triblock particles and with non- PEGylated diblock
particles. Non-PEGylated diblock MNP showed the best cellular internalization due to the
absence of PEG steric hindrance but aggregated fast in the presence of serum. Random
addition of hydrophobic moieties to the cationic core of MNP produced particles that did not
aggregate immediately but disintegrated overtime and did not retain siRNA in their core.
Only a truly ABC designed MNP stably encapsulated siRNA without dissociation or
aggregation and achieved the best performance in terms of gene silencing and cytotoxicity.

Our group recently synthesized a triblock copolymeric MNP system, G4 PAMAM- PEG (2
kDa)-DOPE. G4 PAMAM dendrimer was utilized as a cationic source for efficient SiRNA
condensation; DOPE provided optimum hydrophobicity and compatible cellular interaction
for enhanced cell penetration; PEG rendered flexibility to the G(4)-D for easy accessibility
of siRNA for condensation.14 The triblock copolymer was mixed with PEG (5 kDa)-DOPE
system that improved the micellization of the MNP system from CMC values of 5 x 107° to
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values of 2.5 x 1072, Such improved MNP formed stable polyplexes with siRNA at low N/P
and showed excellent serum stability and a significantly higher cellular uptake of sSiRNA
that resulted in target protein downregulation when compared to the G4 PAMAM
dendrimer. Moreover, the mixed micellar system was able to incorporated DOX with high
loading efficiency. The combination of dendrimer and polymeric micelles in a single MNP
nanocarrier resulted in superior properties in terms of drug loading and siRNA drug
codelivery, which could address the challenges of drug and siRNA codelivery for
therapeutic purposes, especially in multidrug resistant cancers.

Self-assembled MNP made of amphiphilic ABC copolymers of PEG-PCL-poly(2-
aminoethylethylene phosphate) (PPEEA) were evaluated for siRNA delivery in vitro and in
vivo.150.151 The MNP were small (50 nm) and negatively charged and produced significant
reporter gene silencing and low toxicity in normal44 and cancer cells.14> Systemic
administration of such MNP loaded with siRNA targeting acid ceramidase oncogene
produced significant apoptosis and growth inhibition in breast cancer xenografts.14° In a
different study, a PEG-PCL-PPEEA system was coloaded with apoptotic anti-polokinase-1
siRNA and paclitaxel. The simultaneous delivery of siRNA and chemotherapy in MNP
resulted in synergistic anticancer activity toward melanoma cancer in vitro and in vivo.
Importantly, it was demonstrated that a physical mixture of anti-polokinase-1 sSiRNA MNP
and paclitaxel MNP could not deliver both drugs to the same cells in the tumor mass and,
thus, lesser synergistic effects were possible.152 Alternatively, a MNP system was prepared
by mixing PCL-PPEEA and PCL-PEG diblocks to form mixed micelles without the need of
difficult synthetic protocols and with easy tuning of size, zeta potential, and PEG density by
simple changes in the molar ratio of the two diblock components.153:154 The mixed system
was loaded with siRNA targeting hypoxia-inducible factor 1« (HIF-1a) and transfected to
prostate cancer cells (PC-3). The treatment suppressed the migration and proliferation of
PC-3 cells and prevented VEGF secretion under hypoxia conditions. In vivo, HIF-1a siRNA
MNP inhibited tumor growth and sensitized prostate cancer tumors to DOX chemotherapy.
Finally, liver targeting of MNP was proposed by N-acetylgalactosamine modification of
PCL-PEG diblock (PCL-PEG- Gal).147

5. MICELLE-LIKE NANOPARTICLES WITH STIMULUS SENSITIVITY

MNP can be constructed to release their contents in response to specific pathological
“triggers” which are unique to sites of disease (e.g., pH or enzymatic catalysis) or externally
applied ones such temperature or magnetic fields.15° The construction of MNP with
stimulus-responsive “detachable” PEG shells has been a major approach. As shown in
previous sections, the PEG shell in MNP prolongs their blood circulation by reducing their
association with plasma proteins and tissues nonspecifically. However, once the target site is
reached, the PEG protective function is no longer needed. Moreover, it may prevent the
association of the carrier with the cell surface. To deal with this inconvenience, detachable
protective coatings are employed. A cleavable PEG coating may provide the prolonged
circulation time of MNP, and reconstitute the cellular affinity for such carriers after arriving
at the target location by detachment of the protective polymer chains.
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To improve the delivery of phospholipid modified PEI-MNP34.95.97 tg the relatively acidic
tumor microenvironment, 156 two strategies for PEG detachment from MNP were
investigated. In the first, MNP were assembled by the mixing of phospholipid modified PEI
and phospholipid modified PEG (PEG-PE) diblocks. The resulting particles exhibited a
neutral surface charge, resistance to salt-induced aggregation, and good DNA transfection
activity in the presence of serum. The use of the low-pH-degradable PEG-hydrazone-PE
produced particles with transfection activity sensitive to changes in pH which were proposed
for site-specific transfection of acidic tumors.>® In the second strategy, MNP constructed
with a cleavable phospholipid- hydrazone-PEI, PEG-PE, and lipids were evaluated for in
vitro and in vivo DNA delivery. The pH-cleavable MNP showed higher cellular association
at acidic pH and exhibited comparable in vivo stability and tumor accumulation to that of
noncleavable MNP.97

Xiong and co-workers developed MNP for colading of siRNA and doxorubicin: DOX that
combined passive and active cancer targeting, cell membrane translocation, and pH-
triggered drug release.1>’ MNP were assembled with degradable poly(ethylene oxide)-
block-poly(e-caprolactone) (PEO-b- PCL) block copolymers. The PCL block was used to
incorporate short polyamines for complexation with siRNA or to chemically conjugate DOX
via a pH-sensitive hydrazone linkage. In addition the MNP were modified with integrin
av3-specific ligand for active cancer targeting and a cell-penetrating peptide for enhanced
internalization. The MNP simultaneously deliver edDOX and anti-P-gp siRNA to their
intracellular targets, leading to the inhibition of P-gp-mediated DOX resistance in vitro and
targeting of av/3-positive tumors in vivo.

Enzymatic-sensitive MNP were proposed for enhanced tumor cell internalization and
synergistic antitumor activity of coloaded siRNA and paclitaxel. A matrix
metalloproteinase-2 sensitive (MMP-2) self-assembly copolymer (PEG-pp-PEI-PE) was
developed.158.159 The siRNA in PEI corona and paclitaxel was solubilized in the
hydrophobic core of the MMP-2 cleavable MNP. Tumor overexpression of MMP-2 is
considered a biomarker in many cancer types and has been used as a strategy for tumor
targeted delivery via enzymatic-triggered release.15% Upon systemic injection, PEG shielded
MNP delivered the dual cargo to A549 MMP-2 expressing tumors via the EPR effect. Once
in the tumor site, the MMP-2 mediated cleavage, deshielded PEG, and exposed PEI, leading
to the enhanced tumor internalization of the nanoparticles.

6. CONCLUSIONS

Although micelle-like nanoparticles (MNP) have long been used in gene and drug delivery
(initial developments were reported in the early 1990s), new challenges in the field have
renewed research interest in these carriers. In the borderline between micellar and
nanopaticulate systems, MNP contain many important features, i.e., tunable size and
superficial charge, effective nucleic acid condensation, enhanced cellular interaction with
low cytotoxicity, improved intracellular trafficking via endosomal escape mechanism, and
improved pharmacokinetics due to decreased opsonization and clearance. Also, a MNP
design based on diblock or triblock copolymers offers endless possibilities for arrangement
and modification of different functional segments (micelle forming condensing and
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stabilizer segments) including stimulus-sensitive or targeting functions. Finally, MNP
capacity to be simultaneously loaded with gene molecules and imaging agents or small
chemical entities expands the possibilities of these carriers for synergistic combinatorial
therapies and theranostic applications.
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Figure 1.
Schematic explanation of the main hurdles in siRNA/pDNA delivery using cationic carriers

from the administration site to the target site.
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Figure 2.
Micelle-like nanoparticles for gene delivery are constructed from amphiphilic diblock AB or

triblock ABC copolymers where A counts for the hydrophobic micelle-forming segment, B
for the cationic nucleic acid-loading segment, and C for hydrophilic micelle-stabilizer
segment.
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