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Abstract. Lipid-based colloidal particles have been extensively studied as systemic gene delivery

carriers. The topic that we would like to emphasize is the formulation/assembly of lipid-based

nanoparticles (NP) with diameter under 100 nm for delivering nucleic acid in vivo. NP are different

from cationic lipidYnucleic acid complexes (lipoplexes) and are vesicles composed of lipids and

encapsulated nucleic acids with a diameter less than 100 nm. The diameter of the NP is an important

attribute to enable NP to overcome the various in vivo barriers for systemic gene delivery such as: the

blood components, reticuloendothelial system (RES) uptake, tumor access, extracellular matrix

components, and intracellular barriers. The major formulation factors that impact the diameter and

encapsulation efficiency of DNA-containing NP include the lipid composition, nucleic acid to lipid ratio

and formulation method. The particle assembly step is a critical one to make NP suitable for in vivo gene

delivery. NP are often prepared using a dialysis method either from an aqueous-detergent or aqueous-

organic solvent mixture. The resulting particles have diameters about 100 nm and nucleic acid

encapsulation ratios are >80%. Additional components can then be added to the particle after it is

formed. This ordered assembly strategy enables one to optimize the particle physico-chemical attributes

to devise a biocompatible particle with increased gene transfer efficacy in vivo. The components

included in the sequentially assembled NP include: poly(ethylene glycol) (PEG)-shielding to improve

the particle pharmacokinetic behavior, a targeting ligand to facilitate the particleYcell recognition and in

some case a bioresponsive lipid or pH-triggered polymer to enhance nucleic acid release and

intracellular trafficking. A number of groups have observed that a PEG-shielded NP is a robust and

modestly effective system for systemic gene or small interfering RNA (siRNA) delivery.
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WHAT DID WE LEARN FROM THE CATIONIC
LIPID-BASED GENE DELIVERY SYSTEMS?

Using nucleic acids as drugs has been claimed to be an
important future direction of molecular medicine. Non-viral
gene therapy or other nucleic acid therapies have been
proposed to treat the more serious diseases which require
systemic administration for the gene to enter the target cells
affected by genetic diseases, viral infections or cancer. To
date, the production of effective gene delivery vectors is the
bottleneck limiting the success of gene-based drugs in clinical
trials. Naked nucleic acids can be delivered locally into
specific organs such as muscle or liver by physical methods,
such as electroporation (1) or hydrodynamic injection (2).
However, these methods are not applicable for systemic gene
delivery or are unrealistic for a commercial gene therapy. At

the minimum, a synthetic gene vector must be capable of
accessing the distal sites of disease following systemic
(intravenous) administration (3). Cationic liposomes have
been among the more efficient synthetic gene delivery
reagents in vitro since the landmark publications in the late
1980s (4). Cationic liposomes can condense DNA into a
cationic particle when the two components are mixed
together. This cationic lipid/DNA complex (lipoplex) can
protect DNA from enzymatic degradation and deliver DNA
into cells by interacting with the negatively charged cell
membrane. Lipoplexes are not an ordered DNA phase
surrounded by a lipid bilayer, rather they are a partially
condensed DNA complex with an ordered substructure and
an irregular morphology (5Y7). Since the initial studies,
hundreds of cationic lipids have been synthesized as candi-
dates for nonviral gene delivery (3) and a few were used for
clinical trials (8,9).

To date, all cationic molecule based systems have failed
or been unimpressive in clinical trials due to low gene
transfer efficacy and toxicity associated with inflammation
and complement activation. Although the origin of toxicity is
not fully understood, a combination of unmethylated nucleic
acids and the cationic molecules and perhaps the larger
diameter of the lipoplexes, play a central role in the induction
of the toxicity (10Y12).

0724-8741/07/0300-0438/0 # 2007 Springer Science + Business Media, LLC 438

Pharmaceutical Research, Vol. 24, No. 3, March 2007 (# 2007)
DOI: 10.1007/s11095-006-9180-5

1 Departments of Biopharmaceutical Sciences and Pharmaceutical

Chemistry, School of Pharmacy, University of California at San

Francisco, San Francisco, California 94143-0046, USA.
2 Present address: Bayer Pharmaceuticals Corporation, Berkeley,

California 94701-1986, USA.
3 To whom correspondence should be addressed. (e-mail: szoka@

cgl.ucsf.edu)



The initial distribution of systemically administrated
lipoplex is to the lung where pulmonary endothelial cells
are transfected. This is proposed to result from the first pass
association of the lipoplex with the capillary endothelium of
the lung upon the tail-vein injection of the lipoplex (13).
Within 10 min after the administration, there is less than 2%
of lipoplexes left in the blood circulation system. The critical
time period for the DNA being taken up into the pulmonary
cells is within 60 min after systemic lipoplex administration
(14). In spite of the first pass uptake of lipoplexes in the
lung, the liver remains the major elimination organ for
the lipoplexes because the lipoplex redistribute from lung to
the liver 60 min after injection (15). Although most of the
administrated lipoplexes are found in the liver, most of
the particles are taken up by the Kupffer cells rather than the
hepatocytes. Thus gene transfer by lipoplexes in the hepato-
cytes is very low.

The cationic surface also mediates strong interactions with
plasma proteins upon injection into the blood as well as with the
glycocalyx of many tissues (16). These interactions contribute

to the rapid elimination of lipoplex (half-life < 5 min) from the
circulation by RES (14). The consequences are two fold:
inflammatory adverse effects and a decreased access to the
target tissue. One lesson from a multitude of in vivo
distribution studies was the need to overcome rapid elimina-
tion from the blood hence the pharmacokinetic behavior of
the lipoplexes had to be improved (17).

To overcome the cationic lipid-induced toxicity and ex-
tend the in vivo circulation time, many groups are encapsu-
lating DNA or other nucleic acid drugs into a PEG-shielded
cationic liposomal bilayer using scalable formulation meth-
ods (18Y23). These PEG-shielded cationic particles differ
from traditional lipoplexes by having a bilayer shell around
the nucleic acid, smaller particle diameters (< 100 nm) and
better stability in vivo. These properties enable an extended
circulation time in vivo of the particles (half-life: 1Y10 h) and
increase the fraction of injected particles that pass through
the target site.

The intention of this review is to summarize the for-
mulation technology for encapsulating nucleic acids into a

Fig. 1. Illustration of barriers for intravenous gene delivery. DNA-containing NP are injected intravenously into human body. Serum proteins

may bind to the particles, crosslink them and increase the particle size. This can result in rapid particle elimination (Insert 1). The Kupffer cells

(RES) may take up particles, leading to rapid NP elimination from circulation and decrease their access to the hepatocytes (Insert 2).

Circulating NP may extravasate in tumor tissue through the leaky tumor vessels (the EPR effect) (Insert 3). Particles then need to pass

through the crowded extracellular matrix to contact the cell surface (Insert 4). When the particles are internalized into cells, DNA must escape

from the endosome and find its way into the nucleus (Insert 5).
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nanosized particle for delivery in vivo. The nucleic acids
include plasmid DNA, siRNA and antisense oligonucleotide
(ODN). These nucleic acids have a high linear negative
charge density hence the initial formulation parameters can
be similar for the various nucleic acids in spite of the large
differences in molecular weight among them. However,
molecular weight differences among the various nucleic acid
drugs may require formulation modifications.

BARRIERS FOR SYSTEMIC GENE DELIVERY

The barriers for gene delivery are illustrated (Fig. 1).
Liposomes are the prototype for NP design and are cleared
rapidly from the circulation by RES unless the particles have
a diameter less than 100 nm and a neutral surface charge or
the particle surface is protected by polymers such as PEG
(24). If the surface is cationic, such as found in cationic
lipoplexes, the surface is reactive toward the high concentra-
tion of serum proteins such as serum albumin an anionic
protein at physiological pH (Fig. 1 insert 1). This results in
clot-like masses in the blood due to the cross-linking and
aggregation with proteins. Subsequently these large aggre-
gates are either entrapped in the lung endothelial capillary
bed or taken up by RES (Fig. 1 insert 2). For cationic
liposomes, serum proteins rapidly interact with the liposome
bilayer and alter its stability (25). In addition to the cor-
relation of the total amount of bound protein to the liposome
clearance in vivo, individual proteins such as opsonins
attached to liposomes promote the clearance (25).

Small particles (with diameter less than 500 nm, usually
less than 150 nm) have an enhanced permeation and
retention (EPR) in inflammation sites and solid tumors
because the vasculature and endothelial junctions in those
tissues become leaky. This permits small particles to extrav-
asate from the blood stream into the disease site (Fig. 1 insert
3). The EPR effect dramatically decreases if the particle sizes
are bigger than 500 nm. To exploit the EPR effect for passive
targeting, the particles should have a small diameter, neutral
surface charge and remain stable to size growth in vivo.

The disease tissue is not solely made of cells. A
substantial part of the tissue volume is extracellular space,
which is filled by the extracellular matrix (Fig. 1 insert 4)
composed of a variety of polysaccharides and proteins
forming a network over the surface of cells that produce
them (26). The extracellular matrix serves as a scaffold and
forms a highly hydrated, gel-like network where the fibro-
blasts are embedded. This network may permit rapid
diffusion of small molecules and proteins between the blood
and the tissue cells but not large particles. Here again, the
smaller the particle size, the better the particle is able to
diffuse through the extracellular matrix to reach the cell
surface.

Finally nucleic acids are unable to permeate the
mammalian cell membrane because they are highly anionic,
hydrophilic macromolecules. Thus, the delivery systems must
have the ability to increase the intracellular delivery of
nucleic acids. The endocytosis route is generally considered
to be the predominant pathway for the uptake of particles
into cells (Fig. 1 insert 5). The topics of endocytosis,
subsequent endosome escape, and intracellular trafficking

into the nucleus have been extensively reviewed by others
(8,27,28) and will not be discussed here.

FORMULATION OF NANOSIZED PARTICLE
FOR GENE DELIVERY

The requirements for a successful gene vector are copied
from virology. A DNA-containing particle should have a
diameter less than 100 nm to be suitable for systemic gene
therapy. The particle should be stable and resist nonspecific
uptake in the circulation, but be quickly de-stabilized to
release DNA once it is taken up into the target cells. For
commercial purposes the particle must be produced at a large
scale, from simple components using robust methods, to be
cost effective.

The above contradictory requirements, make vector
design and production a challenge. A particle composed of
multi-components, each with a documented mechanism, may
theoretically fulfill the various functions required for effec-
tive delivery; but the properties of such a multi-component
particle may depend on how it is assembled. The components
must be organized in an appropriate manner for the functions
to be manifest at the right time and correct place. The
formulation variables to prepare a particle to fulfill these
functions include: the nature and number of components, if a
cationic condensing agent is used, the cation to nucleic acid
phosphate charge ratio (+/-), the concentration of compo-
nents, the order and rate of mixing of the components, the
concentration of detergents or percentage of organic solvent
used in the assembly process, ionic strength, temperature of
preparation and temperature of assembly.

In viral vectors, DNA is condensed by various mecha-
nisms to save space and to regulate gene function. Without
macromolecular condensation, DNA is an extending coil in
vitro. The free length of 5,000 base-pair linear DNA is about
1.7 mm, with a diameter of 2.2 nm. Most nucleic acid drugs
are sensitive to enzyme digestion and condensation protects
the nucleic acids from enzyme attack. In an NP, cationic
components or multivalent cations are employed to condense
DNA so it can be packaged.

COMPONENTS

Usually, the nanosized lipid particle is constructed from
a combination of the following components: lipids, PEG-
lipids, lipopolymers, pH or reduction-sensitive components
and targeting ligands.

Cationic Lipids

A multivalent cation is the essential component to
condense negatively charged nucleic acid by chargeYcharge
interaction into a small particle. For most of the NP cationic
lipids are the key element used to package the DNA. An
added advantage of the cationic lipids is that they can bind to
negatively charged mammalian cell membranes and induce
the uptake of the associated nucleic acid into cells. This
advantage is the reason that cationic lipoplexes are the most
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widely used transfection reagent for cell culture. This in vitro
advantage becomes a detriment for in vivo studies because of
the previously mentioned adverse effects of cationic lipids:
immune reactivity, aggregation with blood components and
enhanced uptake by RES. To overcome these effects, one
approach is to use titratable cationic lipids that are charged at
acidic pH but uncharged at pH 7.4 (29); an alternative approach
is to covalently modify a cationic group to convert it to an
anionic or neutral group after the particle is formed; and a third
approach is to design a disulfide-linked cationic lipid which can
be used to encapsulate DNA into small particles and, upon a
disulfide exchange reaction, the particle surface charge can be
exchanged to charge neutral or negative (30).

Neutral Lipids/Helper Lipids

Neutral lipids such as the fusogenic lipid 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine (DOPE) and cholesterol are
usually used as helper lipids which may increase transfection
activity of the DNA-containing liposomal particles. For
example, DOPE has a phosphoethanolamine head group
whose size is smaller than its hydrophobic diacyl chain; and
DOPE can induce membrane fusion by facilitating the
formation of fusion intermediate structures (31). DOPE is
widely used in the cationic lipid based gene delivery system
to enhance the DNA escape from endosome membrane
through the membrane fusion and disruption. In a recent
publication, diacyl phosphocholine lipid, a neutral lipid but
less fusogenic, has been used as the building block to improve
the stability of the DNA-containing NP (32).

Anionic Lipids

Due to the toxicity and rapid clearance of cationic
lipoplex in vivo, anionic lipidic particles are an alternative to
reduce the nonspecific interaction with negatively charged
serum proteins such as albumin and the extracellular matrix.
In this approach, DNA is usually pre-condensed by cationic
polymers such as polyethyleneimine (PEI), protamine sulfate
or polylysine (PLL) to form a nanometric cationic core; then
the anionic liposomes or lipids are added into the system to
form a surface coat and form an anionic or chargeYneutral
lipid particle (33,34).

PEG-lipids

PEG is a biocompatible and inert polymer which
minimizes the interaction between the particle and the cell
surface (21). In a gene delivery vector, PEG-lipid substan-
tially decreases the in vitro uptake of DNA particles into the
cells by reducing the interaction with cell membranes and
reduces gene transfer. Nevertheless, PEG-lipid may substan-
tially improve gene transfer and the safety of the delivery
system by extending the circulation time, reducing the
toxicity and stabilizing the particle in vivo (35).

Targeting Ligands

A major problem associated with the PEG stabilized NP
is the low uptake of the particles into the target cell.
Although NP with a diameter less than 100 nm may passively

accumulate into a tumor, they may be unable to enter the
tumor cell. Thus an ligand to an internalizing receptor would
be expected to improve the binding and uptake of the DNA-
containing particles into the cells. Although tremendous
efforts are spent on designing suitable ligand to date, ligands
have modestly increased in vivo gene transfer in the target
tissue compared to the unliganded NP.

One well characterized receptorYligand interaction occurs
between peptides containing the RGD motif (arginineYglycineY
aspartic acid) and several members of the integrin receptors on
cell surface, such as the anb3-integrin (36,37). RGD peptide
motif promotes the transfection of lipidYprotamineYDNA
(LPD) complex into cells expressing appropriate integrin
receptors such as the MDAYMB-231 cell line (38).

Folic acid is another widely investigated ligand that has
improved NP gene delivery in vitro. It targets the DNA-
containing particles to cancer cells that over-express the
folate receptor (39). Folic acid-targeted liposomes deliver
ODN or DNA into tumor cells in vivo. Importantly, both the
targeted and non-targeted liposomes have the same level of
uptake into tumor tissue (40) but the targeted liposomes have
higher DNA transfection activity than the non-targeted
particles. It is thought that the long circulation of NP
(diameter < 100 nm) dominates the biodistribution to the
target site in vivo, and the active targeting increases the
particle internalization efficiency and subsequently improves
particle uptake into the target cell at the site so the gene is
more efficiently delivered (41).

Protein ligands such as antibody (42) and transferrin (16)
have also been explored to target DNA-containing lipoplexes
for gene delivery with modest levels of successes. Overall,
more effective ligands are required for the targeted delivery
of DNA-containing NP in vivo. Since it appears easier to
deliver siRNA into the cytoplasm than to deliver DNA into
the nucleus, currently available ligands may prove adequate
for delivery of siRNAs.

Lipid–polymer Conjugates

Cationic polymers such as PEI are effective transfection
reagents in vitro. Modifications of PEI with lipid molecules,
such as cholesterol, conjugated onto the polymer backbone to
create a water-soluble lipopolymer have been proposed to
combine the advantages of both cationic liposomes and
polycations; the DNA can be readily packaged and DNA is
also able to escape from the endosome into the cytoplasm or
perhaps across the plasma membrane into the cytoplasm
(43,44).

FORMULATION METHODS

NP are formed in solution; the trick is to keep the
components separated, then allow them to self-associate in a
controlled manner. This approach relies on kinetic control to
permit small particles that consist of cationic lipids, neutral
lipids, PEG-lipids and nucleic acid to ultimately form. In the
simpler direct mixing approaches, kinetic control is achieved
by adjusting the concentration, charge ratio, ionic strength of
the solution and rate of mixing of the cationic lipid and
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nucleic acid. In the more sophisticated methods, the compo-
nents are kept from aggregating using either a detergent or
an organic solventYwater mixture to disrupt the bilayer
structure. This reduces or eliminates the multivalent interac-
tion between the cationic lipid and the nucleic acid. The
detergent or the organic solvent is removed by dialysis or
filtration and as the concentration of the detergent/solvent
decreases the lipids self-assemble with the nucleic acid into
an NP (Table I).

Direct Mixing

Direct mixing is used to formulate traditional lipoplexes.
The procedure consists of rapidly mixing aqueous suspen-
sions of preformed cationic liposomes with plasmid DNA.
Gao and Huang used polycations such as polylysine to pre-
condense the DNA prior to incorporating the DNA into a
cationic lipid complex. This resulted in condensed DNA
surrounded by a cationic bilayer. An advantage of this
protocol is that it minimized the particle diameter (45).
When protamines, low molecular weight proteins with a high
content of positively charged arginines, are used as the
polycations in the formulation, the particle is named a LPD
complex. The diameter of LPD particles is about 110 nm
(46). This nonviral vector demonstrated high in vivo gene
transfection activity (47). The idea behind this approach is
that some polycations, including protamines, can effectively
condense DNA into a highly compact structure, then cationic
liposomes may cover the condensed DNA core to form a
virus-like vector. Protamines condense sperm DNA to form a
compact structure and may play a unique role in the LPD by
enabling release of the DNA from the particle inside the cell
and thus contribute to the enhanced delivery efficiency
reported by the Huang group.

An unusual improvement on the direct mixing method
was made by the Pardridge group (48Y50). The method
employs three steps. The first step is the same as the
traditional formulation of lipoplex: the lipid mixture, includ-
ing neutral lipid (POPC), cationic lipid (didodecyldimethy-
lammonium bromide (DDAB)), PEG-lipid (PEGYDSPE),
and trace amount of maleimideYPEGYDSPE, were dried
from the organic solvent. The lipids were rehydrated into a
buffer and mixed with DNA in the buffer. In the second step,
the liposome/DNA dispersion was frozen and thawed ten
times and extruded through 400-, 200-, 100-, and 50-nm pore
size polycarbonate membranes each for ten times. The final
product has a particle diameter <100 nm. The plasmid DNA
absorbed to the exterior of the liposomes was digested by
DNase. In the third step, a monoclonal antibody (mAb)
targeting to transferrin receptor was conjugated onto lipo-
somes through the maleimideYPEG-lipid at 50 copies per
liposome. The particle, named a pegylated immunoliposome
(PIL), can be further purified by gel filtration. PIL can target
plasmid DNA to brain using the mAb ligand, which binds to
the transferrin receptor on the bloodYbrain barrier. Tissue-
specific gene expression in brain is observed after the i.v.
administration of the PIL that delivered plasmid DNA
containing tissue-specific gene promoters. Tissue-specific
expression in brain and peripheral organs of different
exogenous genes (b-galactosidase and luciferase) is signifi-
cantly higher than that observed using the non-targeted

control liposome at 1Y3 days after i.v. injection in adult mice
(48). PIL were further used to deliver plasmid DNA
encoding anti-sense RNA (49) or siRNA (50) via the
intravenous route into a murine brain tumor model.

Detergent Dialysis

The detergent dialysis method (51,52) was initially used
for preparing relatively stable cationic lipidYDNA particles
by dissolving DNA and cationic lipid mixture in a detergent
solution, which is followed by a subsequent dialysis process to
remove the detergent. The resulting particles, did not have
higher in vitro transfection activity than the simply mixed
lipoplex but they were stable for a prolonged period and
were more active in the presence of serum containing
medium (40,41). However this method did not improve the
in vivo performance. The lessons learned from these experi-
ments are: (a) a detergent solution can be used as an ar-
resting medium for the particle formulation because both
DNA and lipids are soluble; and (b) ocytyl glucoside (OG) is
a good detergent choice since it has high critical micelle
concentration (CMC) and is a non-ionic detergent which
would not interfere with the chargeYcharge interaction
between DNA and cationic lipid.

When a PEG-lipid is included in the composition, a
particle known as a stabilized plasmidYlipid particle (SPLP)
is created using the detergent dialysis method. This method
comprises two steps: (a) mixing a plasmid DNA with a
cationic lipid, neutral lipid and PEG-lipid in a detergent
(OG) solution to provide a complex composed of these
components; and (b) removing the detergent from the
solution/suspension formed in step a. This results in a
mixture of 60 to 100 nm diameter particles with encapsu-
lated DNA, DNA on the surface of the particle, and free
DNA. SPLP has substantial advantages for parenteral gene
delivery (21,22,53,54). First, the SPLP are water-soluble NP
smaller than 100 nm with circulation half-life in a range of
5Y15 h in the mouse (35,55). The long circulation time
permits a greater fraction of injected SPLP to extravasate
through the leaky blood vessels and reach the tumor by the
EPR effect. Second, the particles deliver genes in vivo at a
detectable level into solid tumor. Although the gene expres-
sion is low, it is higher than the lipoplex control and had no
observed toxicity after single dose administration in mice
(54). Recently, Judge et al. investigated the antibody res-
ponse to PEGylated liposomes (56) and sequence-dependent
innate immune response to siRNA (10), which raises a
concern on the immune response of PEG-lipid-based NP
particularly when multiple doses are needed to treat the
disease.

In an attempt to improve the gene delivery efficiency,
our group has reported the synthesis of an acid-labile
PEGYdiorthoester-lipid conjugate (POD) (57), and the use
of this lipid to create a pH-sensitive SPLP composed of POD/
DOPE/DOTAP. This composition was selected because it
rapidly disintegrates when the pH was reduced from 7.0 to
5.0 (20), the pH found in the endosome. The acid-sensitive
POD SPLP could be prepared with a good DNA encapsu-
lation yield using the 200 mM OG to dissolve the lipids
including POD composed of PEG 2,000 and a lipid diacyl
chain. The POD SPLP is stable at basic conditions (pH 8.5)
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but rapidly collapses at low pH and exhibits better in vitro
transfection activity than does a pH-insensitive SPLP (20).
The particle diameter was influenced by the molecular
weight of the PEG on the lipid (21,22); and, when either
PEG 750 or PEG 5,000 was used, small particles were not
produced (19).

To overcome this problem, we developed a low concentra-
tion OG dialysis method (18) to prepare the DNA-containing
lipid particles and designated them nanolipoparticles (NLP)
(19). In this method the concentration of OG (28 mM) used to
solubilize the lipids and DNA is substantially lower than that
used in the earlier reports (21,22) and only slightly higher than
the CMC of OG, 23 mM (58). In the modified dialysis con-
dition, the detergent is reduced below a critical value where the
components are able to form small particles upon detergent
removal before they can form large aggregates (Fig. 2 and
Table II). The formation of the NLP is under kinetic control
and it appears that there is a particle intermediate that is
formed in the presence of detergent (19). The low detergent
concentration permits the entrapment of DNA into a small
diameter NLP from the preformed particle as the detergent is
removed (Fig. 2). Since the detergent concentration only has to
decrease from 28 mM to 23 mM, the NLP do not have a
chance to form large aggregates before the PEG coating is able

to shield the particle surface and inhibit particleYparticle
interaction. The low detergent method uses 75% less total
lipids for DNA encapsulation yet results in an increased DNA
encapsulation as quantified using a DNase protection assay
from 40Y50% in the high detergent dialysis method to
80Y100% in the NLP (Table II).

One tactic to improve the biocompatibility of the
cationic NLP is to remove the cationic charge on the lipid
after the particle is formed. We used a disulfide-containing
cationic cholesterol derivative to generate an NLP with
detergent dialysis (30). Afterwards, the positive surface
charge of the NLP can be selectively converted to a neutral
or negative charge by the treatment with an appropriate
reducing reagent. It should be noted that this process may
not be applicable to the traditional lipoplex formulated with
the disulfide-containing cationic lipid because the lipoplex
has an unordered and discontinuous lipid/DNA structure and
is more permeable to the hydrophilic reducing reagents.
Access of the reducing reagent to all of the lipids can rapidly
disintegrate the particles. Subsequently, a targeting ligand
which usually is linked to a PEG-lipid can be incorporated
onto the surface to enhance the particleYcell recognition, and
substantially increase the transfection activity of NLP. This
strategy, called sequential assembly, permits one to tailor the

Fig. 2. Proposed model for the formation of NLP from detergent suspension (19). Left side: Lipids (PEG-lipid (POD), DOPE and DOTAP)

were dispersed into a buffer of 28 mM OG as mixed micelles. When DNA was added into the system, the cationic micelles interacted with the

DNA template and spontaneously formed a DNAYlipid intermediate (19). Upon detergent removal, the bilayer became continuous and stable

NLP (particle diameterõ100 nm) were formed. The 28 mM OG concentration is slightly higher than the Critical Micelle Concentration of OG

(23 mM). The inserted figure on the left is used to show the lipid arrangement on the membrane of NLP. Right side: When the OG was raised

to >36 mM, such as 200 mM, the DNA particles precipitated (particle diameter > 1 mm) as the detergent was removed. Thus, there is a critical

window of OG concentration which permits the formulation of small diameter NLP at the certain lipid compositions and lipid concentrations.

The NLP formation is under kinetic control and the critical low detergent concentration permits entrapment of DNA into small diameter

NLP. With the dialysis conditions employed, the detergent is reduced below the critical value for component rearrangement before the

particles can rearrange into PEG-micelles and larger aggregates (DOPE hexagonal phase or DNA/DOTAP aggregates). More details were

described in Li et al. (19).

444 Li and Szoka



surface charge, recognition elements and other surface
characteristics of the nanoparticle with retention of DNA
inside the particle and holds forth the possibility of increased
gene transfer activity. The initial disulfide exchange provides
a pathway to minimize the nonspecific chargeYcharge inter-
action of the gene carrier with negatively charged plasma
protein or with anionic cell surfaces (30).

Ethanol Dialysis

Although the detergent dialysis method shows consider-
able potential for parenteral gene delivery, it has limitations.
The method is very sensitive to: the ionic strength of the
formulation buffer, the temperature of dialysis and the
detergent concentration that, if not optimized, will result in
the formation of particles with much larger particle size or
decreased DNA encapsulation. In addition, the high cost of
OG and other detergents limits the scale-up potential of this
method. Ethanol has been used to form small unilamellar
liposome (diameter about 60 nm) by injecting the ethanolic
lipid mixture into water (59). Cationic liposomes formed via
ethanol injection exhibit a similar transfection activity as
liposomes obtained by standard evaporation/sonication meth-
od when mixed with DNA to form lipoplexes (60). Ethanol is
also a solvent that can condense DNA into compact
structures such as toroids, rods or fibers in the presence of
a critical concentration of multivalent cations (61,62).

Bailey and Sullivan described a method for trapping
plasmid DNA inside unilamellar liposome as a particle
they termed neutral lipid complexes (NLCs) with average
diameter less than 200 nm and DNA encapsulation yield
up to 80% (63). The entrapment is induced by the addition
of calcium and ethanol into the DNA and a neutral
liposome (such as DOPC or DOPC/DOPE liposome)
mixture in buffer, which is followed by dialysis to remove
the ethanol and calcium. No cationic lipid is used in this
method (63). The in vivo behavior of NLCs is similar to the
liposomes of the same composition and size without DNA.
About one-third of the injected dose remained in circulation at
1 h following intravenous injection; and the serum level of
NLCs is much greater than found using the traditional cationic
lipoplex (63).

Maurer et al. investigated the effect of ethanol and the
presence of PEG-lipid on the interaction of ODN with
cationic PEG-liposome (64). In their study, the PEG-lipo-
somes composed of PEG-lipid/cationic lipid/neutral lipid
were first dissolved in 25Y40% (v/v) of ethanol before or
after the 100-nm membrane extrusion. Then the ODN
solution was slowly added to the ethanolic liposome suspen-
sion while it was mixed on a vortex mixer. The ethanol was
removed by a dialysis protocol. This procedure produces
ODN-entrapped particles with the diameter from 90 to 130
nm and the ODN encapsulation yield 5Y90% depending on
the initial ODN/lipid ratio and ethanol concentration. One
conclusion from this work is that the incorporation of PEG-
lipid as high as 10 mol% does not interfere with ODN
binding to the cationic lipid domain in presence of ethanol
and, in turn, the PEG-lipid provides a stabilized environment
to minimize the particle size after removing ethanol.

Recently Jeffs et al. (23) reported a scalable process for
the DNA encapsulation based on modifications to the
ethanol dialysis method used for the ODN encapsulation
(64). The lipid composition is 10/15/75 (PEG-lipid/cationic
lipid/neutral lipids; molar ratio). In this procedure, the lipid
solution in 90% ethanol in one reservoir and plasmid DNA
in buffer in a separate reservoir are combined using a mixing
tee for scale-up purpose. The lipid intermediate suspension in
45% ethanol has approximately 60% DNA encapsulation.
The liposomal suspension is further diluted with buffer using
a mixing tee to 22.5% ethanol. This step was used to create
particles that significantly increased the DNA encapsulation
from 60 to 80Y90% (23). The particles are further purified to
remove free DNA and diafiltered to remove ethanol. The
particle size is in a controllable range from 100 to 150 nm.
This method is used to prepare a 225 mg DNA batch of
particles from start (dissolution lipids) to finish (sterile
filtration) in 1 day; the authors claimed that the process is
faster for the preparation of particles than the detergent
dialysis method (23). The particles were renamed as stable
nucleic-acidYlipid particles (SNALP) (65).

The ethanol removal method has been used by the
scientists at Protiva Biotherapeutics to formulate SNALP
containing an siRNA anti-hepatitis B virus (HBV) sequence
(65) or a serum cholesterol-lowering siRNA sequence (66).

Table II. Formulation of DNA-encapsulated PEGYliposomal NP at Different Detergent Concentration: A Case Study

Properties 200 mM OG dialysis (Choi et al. (20)) 28 mM OG dialysis (Li et al. (19))

Lipid mole composition a PEG-lipid/DOTAP/DOPE = 20/12/68 PEG-lipid/DOTAP/DOPE = 10/50/40

Charge mole ratio b 2/1 2/1

Size (particle diameter) õ60 nm 80Y150 nm

DNA encapsulation ratio 30Y50% 90Y100%

Purification recovery (anion-exchange column) õ20% õ50%

Surface potential Neutral Neutral

Transfection activity Medium High

pH-sensitive collapse (84) õ100 min (pH 5) õ10 min (pH 5)

Applicable PEG2000 lipid PEG2000 lipid

PEG750 lipid

PEG5000 lipid

a Lipid mole composition is the lipid mole ratio at which ratio the lipids are mixed before dialysis. Lipid ratio was optimized for each dialysis

method of different OG concentration based on the resulting particle size and DNA encapsulation ratio. The lipid mixture in 200 mM OG

can form precipitates after dialysis if its composition is identical to that in 28 mM OG.
b Charge mole ratio is the mole ratio between cationic lipid/DNA phosphate at which ratio the lipid and DNA are mixed together for dialysis.
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Recently this group reported the systemic efficacy of siRNA
in primates (67). The apolipoprotein B (ApoB)-specific
siRNAs, when delivered systemically in the SNALP formu-
lation, knocked down expression of ApoB in monkeys. A
single intravenous injection of siRNA resulted in dose-
dependent reduction of ApoB messenger RNA expression
in the liver 48 h after administration. Significant lowering in
serum cholesterol and low-density lipoprotein levels were
observed as early as 24 h after treatment and persisted for 11
days. These results strongly support that NP can effectively
deliver therapeutic amounts of siRNA (67). This group of
scientists also investigated the immunogenicity and safety of
SNALP using either DNA (56) or siRNA (10,66) as the
payload. They observed that the in vivo efficacy was reduced
and adverse events of SNALP were increased following
repeat administration. This was attributed to the induction of
an antibody against PEG that results from the strong
adjuvant effect of the plasmid DNAYcationic lipid compo-
nents in the SNALP (56). The good news is that the immune
response and toxicity of siRNA are abrogated by chemical
modification of the nucleosides to avoid the use of immu-
nostimulatory motifs (10,66) or predosing patients with
dexamethasone.

Similar formulations to SNALP have been described by
Hayes et al. (32) and Li et al. (68). These two reports describe
the solublization of the lipid and DNA in separate ethanolic
solutions prior to mixing. The two ethanolic solutions are
mixed and, upon removal of ethanol by dialysis, homogenous
and stable nucleic acidYlipid NP are formed. The DNA is
well protected inside the particles. These particles, named as
Genospherei by Hayes et al. (32), can be stably stored
under a variety of conditions including a lyophilized state
where no significant increase in particle size or DNA
degradation by DNase was observed following reconstitution
in water. Low-pH sensitive PEG-lipid and disulfide-contain-
ing cationic lipid can be incorporated in the formulation
which produces a DNA-encapsulated bioresponsive NLP
with smaller size (68) than the NLP formulated using the
detergent dialysis method (30).

Other Organic Solvents

Organic solvents other than ethanol have also been
employed for the encapsulation of DNA. Murphy et al.
combined both the surfactant (cholate) and organic solvent
(dimethylformamide) in the formulation of a DNA-contain-
ing liposome (69,70). In this procedure, plasmid DNA and a
cationic peptideYlipid conjugate in dimethylformamide and
anionic cholate micelle are mixed at an appropriate ratio to
form a stable and condensed DNAYmicelle complex with
diameter between 30 and 60 nm. Then neutral liposomes in
dimethylformamide were added to the mixture, followed by
dialysis to remove the detergent and organic solvent. This
resulted in the formation of 80 nm liposome particles with
DNA condensed inside (69).

Template Directed Assembly

Cationic detergent usually are not considered as a useful
DNA condensation vector because either (a) it dissociates in

vivo if the CMC of the detergent is too high or (b) it forms

large aggregates with DNA if the CMC is too low. However,
several groups have introduced a template directed assembly
that assembles particles directly on the DNA template using
cationic detergents that can dimerize as lipids on the DNA
via disulfide formation (71Y75). To adjust the stability of the
detergent micelle, a biscysteine detergent was synthesized
and used to form a soluble micelle complex with DNA, and
then the monomer detergents covering DNA will react with a
neighbor to form multi-cationic multi-acyl lipids linked by
disulfide bond (71). This detergent-to-lipid transformation
can increase the stability of the DNA complex but avoid
large aggregates in certain conditions. This method leads to a
formation of 30 nm diameter neutral particles when formu-
lated at equal molar ratio between the DNA phosphate
group and cationic group on the detergent. Theoretically
each single particle only encapsulated monomolecular DNA

Fig. 3. Mechanism of uptake and release of nucleic acid (such as

plasmid DNA and siRNA) from the nucleic acid/lipid particles.

After electrostatic interaction with the cell membrane, nucleic acid/

lipid particles are endocytosed (Step 1). In the early endosome,

membrane destabilization results in anionic phospholipid flip-flop

(Step 2). The anionic lipids diffuse into the particle lipids and form a

charge neutral ion pair with cationic lipids (Step 3). The nucleic acid

dissociates from the complex (particle) and is released into the

cytoplasm (Step 4). Reproduced with permission by American

Chemical Society, from (78).
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(71). These methods have not been shown to have in vivo
activity following a low volume intravenous injection.

Molded Fabrication

Lithography is normally used in the design of inorganic
nanomaterials which are more resistant to extreme process-
ing techniques (high temperature or ion etching etc.) derived
from the microelectronics fabrication. Rolland et al. devel-
oped a particle fabrication technique, called as BParticle
Replication in Nonwetting Templates (PRINT),^ to fabricate
various polymer particles for protein or ODN encapsulation
(76). This technique uses the fluorinated polymers to make a
fabrication mold that is nonwetting to organic liquid. The
non-wetting property enables the isolation of the monomer/
polymer liquid precursor inside the features of the mold. This
imparts a precise shape and composition control to the
particles but without harsh processing conditions (76). The
diameter/length of the particles range from about 100 nm to
5 mm. This process has been used to encapsulate ODN with
polymers, and presumably DNA could also be encapsulated
in these particles. A major advantage of this molded
fabrication is that it appears to be general and versatile
regardless of the chemical properties of the particle materi-
als. It traps the shape and dimension of the particles in a
mold so that they cannot aggregate, at least during the
formation stage. A challenge for this procedure is to maintain
the DNA suspended within the particle-forming materials
when the mold is filled. We expect Bforced assembly^
methods could be used to fabricate DNA or ODN encapsu-
lated lipidic NP for gene delivery in the near future.

PERSPECTIVES

This review of recent progresses on the methods to
formulate lipidic NP to encapsulate nucleic acid therapeutics
has revealed that steady progress is being made in the
development of methods to prepare small diameter lipid
particles that stably encapsulate nucleic acids. These formu-
lation methods have been applied with substantial success for
the in vivo delivery of siRNA. Clearly the development of
improved non-cationic NP for siRNA delivery should be the
focus of research due to the promising therapeutic activity of
siRNA in various animal disease models.

The delivery of siRNA may progress faster than DNA
delivery. The question that will be asked is why it is easier to
deliver small ODN such as siRNA than it is to deliver
plasmid DNA. In our previous studies (77Y79), we proposed
that after the nucleic acid/cationic lipid complex (or particle)
is internalized by endocytosis it destabilizes the endosomal
membrane (Fig. 3). This destabilization induces flip-flop of
anionic lipids from the cytoplasmic facing monolayer, which
laterally diffuse into the complex (or particle) and form a
charge neutral ion-pair with the cationic lipids. This process
results in the displacement of the nucleic acid from the
cationic lipid and subsequent release of the nucleic acid into
cytoplasm of the cells (77Y79). Following this theory, the
answer becomes simpleVthat you only have to break, for
example, 40 ionic interactions to release a 20 mer siRNA
from the association with cationic lipids in the lipid-based

delivery system. Whereas to release one 4,000 base pair
plasmid DNA, you have to release the major fraction of 8,000
ionic pairs. For instance, if you broke 4,000 ion pairs, the
plasmid would still be retained on the cationic lipid of the
delivery system; but if you broke 4,000 ionic pairs in an
siRNA-encapsulated cationic lipid particle, you would re-
lease 100 siRNA molecules (Fig. 3). Thus one might observe
an siRNA effect from an siRNA-encapsulated lipid delivery
system but not induced transfection from a plasmid DNA
delivery system under similar release conditions. Further-
more, when siRNA is released into the cytoplasm, siRNA has
lower molecular weight than plasmid DNA, which permits it
a faster diffusion in the crowded cytosol (80). The target of
siRNA is located in the cytosol, rather than the cell nucleus,
so a nuclear barrier does not exist for siRNA delivery. In
addition, the techniques for chemically manipulating the
synthetic siRNA molecules are more developed than plasmid
DNA; thus siRNA backbone can be modified to be more
stable and resistant to RNase, which reduces the loss of
activity in the delivery pathway.

NP are not yet an efficient delivery vector for DNA. A
significant unanswered question is how can the multiple
components be engineered to work synergically in the
particle. These components may work quite well in their
individual model systems, but often do not work well
together. There is ample work for multiple laboratories both
in the preparation of superior components and in the
development of better ways of assembling them.

There is also a need for industrial groups to develop
methods to stabilize the formulations and robust analytical
methods to characterize formulations during formation and
storage. Without the pharmaceutical industry to participate
in nucleic acid drug development, the dream for gene related
therapy will not come true.

ACKNOWLEDGMENTS

This work was supported by NIH EB003008 and GM61851.
We sincerely thank all former and present members from Szoka
group who have contributed to the NLP project.

REFERENCES

1. L. C. Heller, K. Ugen, and R. Heller. Electroporation for targeted
gene transfer. Expert Opin. Drug Deliv. 2:255Y268 (2005).

2. J. E. Knapp and D. Liu. Hydrodynamic delivery of DNA.
Methods Mol. Biol. 245:245Y250 (2004).

3. R. I. Mahato and S. W. Kim. Pharmaceutical Perspectives of
Nucleic Acid-based Therapeutics. Taylor & Francis, London,
2002.

4. P. L. Felgner, T. R. Gadek, M. Holm, R. Roman, H. W. Chan,
M. Wenz, J. P. Northrop, G. M. Ringold, and M. Danielsen.
Lipofection: a highly efficient, lipid-mediated DNA-transfection
procedure. Proc. Natl. Acad. Sci. USA 84:7413Y7417 (1987).

5. Y. Xu, S. W. Hui, P. Frederik, and F. C. Szoka Jr. Physico-
chemical characterization and purification of cationic lipoplexes.
Biophys. J. 77:341Y353 (1999).

6. J. O. Radler, I. Koltover, T. Salditt, and C. R. Safinya. Structure
of DNAYcationic liposome complexes: DNA intercalation in
multilamellar membranes in distinct interhelical packing
regimes. Science 275:810Y814 (1997).

7. N. S. Templeton, D. D. Lasic, P. M. Frederik, H. H. Strey, D. D.
Roberts, and G. N. Pavlakis. Improved DNA: liposome com-

447Lipidic Nanoparticles for Nucleic Acid Delivery



plexes for increased systemic delivery and gene expression. Nat.
Biotechnol. 15:647Y652 (1997).

8. L. Huang, M. C. Hung, and E. Wagner. Nonviral Vectors for
Gene Therapy. Academic, San Diego, 1999.

9. M. L. Edelstein, M. R. Abedi, J. Wixon, and R. M. Edelstein.
Gene therapy clinical trials worldwide 1989Y2004Van overview.
J. Gene Med. 6:597Y602 (2004).

10. A. D. Judge, V. Sood, J. R. Shaw, D. Fang, K. McClintock, and
I. MacLachlan. Sequence-dependent stimulation of the mam-
malian innate immune response by synthetic siRNA. Nat.
Biotechnol. 23:457Y462 (2005).

11. J. S. Zhang, F. Liu, and L. Huang. Implications of pharmacoki-
netic behavior of lipoplex for its inflammatory toxicity. Adv.
Drug Deliv. Rev. 57:689Y698 (2005).

12. T. L. Jason, J. Koropatnick, and R. W. Berg. Toxicology of
antisense therapeutics. Toxicol. Appl. Pharmacol. 201:66Y83 (2004).

13. K. L. Brigham, B. Meyrick, B. Christman, M. Magnuson,
G. King, and L. C. Berry Jr. In vivo transfection of murine
lungs with a functioning prokaryotic gene using a liposome
vehicle. Am. J. Med. Sci. 298:278Y281 (1989).

14. L. G. Barron, L. Gagne, and F. C. Szoka Jr. Lipoplex-mediated
gene delivery to the lung occurs within 60 minutes of intrave-
nous administration. Hum. Gene Ther. 10:1683Y1694 (1999).

15. L. G. Barron and F. C. Szoka. The perplexing delivery
mechanism of lipoplexes. In L. Huang, M. C. Hung, and E.
Wagner (eds.), Nonviral Vectors for Gene Therapy, Academic,
San Diego, 1999, pp. 229Y266.

16. C. Tros de Ilarduya, M. A. Arangoa, and N. Duzgunes. Trans-
ferrinYlipoplexes with protamine-condensed DNA for serum-
resistant gene delivery. Methods Enzymol. 373:342Y356 (2003).

17. S. Simoes, A. Filipe, H. Faneca, M. Mano, N. Penacho, N.
Duzgunes, and M. P. Limade. Cationic liposomes for gene
delivery. Expert Opin. Drug Deliv. 2:237Y254 (2005).

18. P. Harvie, F. M. P. Wong, and M. B. Bally. Use of poly(ethylene
glycol)-lipid conjugates to regulate the surface attributes and
transfection activity of lipidYDNA particles. J. Pharm. Sci.
89:652Y663 (2000).

19. W. J. Li, Z. H. Huang, J. A. MacKay, S. Grube, and F. C. Szoka.
Low-pH-sensitive poly(ethylene glycol) (PEG)-stabilized plas-
mid nanlipoparticles: effects of PEG chain length, lipid compo-
sition and assembly conditions on gene delivery. J. Gene Med.
7:67Y79 (2005).

20. J. S. Choi, J. A. MacKay, and F. C. Szoka Jr. Low-pH-sensitive
PEG-stabilized plasmidYlipid nanoparticles: preparation and
characterization. Bioconjug. Chem. 14:420Y429 (2003).

21. J. J. Wheeler, L. Palmer, M. Ossanlou, I. MacLachlan, R. W.
Graham, Y. P. Zhang, M. J. Hope, P. Scherrer, and P. R. Cullis.
Stabilized plasmidYlipid particles: construction and characteriza-
tion. Gene Ther. 6:271Y281 (1999).

22. Y. P. Zhang, L. Sekirov, E. G. Saravolac, J. J. Wheeler, P. Tardi,
K. Clow, E. Leng, R. Sun, P. R. Cullis, and P. Scherrer. Stabilized
plasmidYlipid particles for regional gene therapy: formulation
and transfection properties. Gene Ther. 6: 1438Y1447 (1999).

23. L. B. Jeffs, L. R. Palmer, E. G. Ambegia, C. Giesbrecht, S.
Ewanick, and I. MacLachlan. A scalable, extrusion-free method
for efficient liposomal encapsulation of plasmid DNA. Pharma.
Res. 22:362Y372 (2005).

24. M. C. Woodle, L. R. Collins, E. Sponsler, N. Kossovsky, D.
Papahadjopoulos, and F. J. Martin. Sterically stabilized lipo-
somes. Reduction in electrophoretic mobility but not electro-
static surface potential. Biophys. J. 61:902Y910 (1992).

25. P. Opanasopit, M. Nishikawa, and M. Hashida. Factors affecting
drug and gene delivery: effects of interaction with blood
components. Crit. Rev. Ther. Drug Carr. Syst. 19:191Y233 (2002).

26. B. Alberts, A. Johnson, J. Lewis, M. Raff, K. Roberts, and
P. Walter. Molecular Biology of the Cell. Garland, New York,
2002.

27. I. A. Khalil, K. Kogure, H. Akita, and H. Harashima. Uptake
pathways and subsequent intracellular trafficking in nonviral
gene delivery. Pharmacol. Rev. 58:32Y45 (2006).

28. E. Mastrobattista, M. A. van der Aa, W. E. Hennink, and D. J.
Crommelin. Artificial viruses: a nanotechnological approach to
gene delivery. Nat. Rev. Drug Discovery 5:115Y121 (2006).

29. S. C. Semple, S. K. Klimuk, T. O. Harasym, N. Dos Santos,
S. M. Ansell, K. F. Wong, N. Maurer, H. Stark, P. R. Cullis,

M. J. Hope, and P. Scherrer. Efficient encapsulation of antisense
oligonucleotides in lipid vesicles using ionizable aminolipids:
formation of novel small multilamellar vesicle structures. Bio-
chim. Biophys. Acta 1510:152Y166 (2001).

30. Z. Huang, W. Li, J. A. MacKay, and F. C. Szoka Jr.
Thiocholesterol-based lipids for ordered assembly of biorespon-
sive gene carriers. Molec. Ther. 11:409Y417 (2005).

31. D. P. Siegel and R. M. Epand. The mechanism of lamellar-to-
inverted hexagonal phase transitions in phosphatidylethanol-
amine: implications for membrane fusion mechanisms. Biophys.
J. 73:3089Y3111 (1997).

32. M. E. Hayes, D. C. Drummond, D. B. Kirpotin, W. W. Zheng, C.
O. Noble, J. W. Park, J. D. Marks, C. C. Benz, and K. Hong.
Genospheres: self-assembling nucleic acidYlipid nanoparticles
suitable for targeted gene delivery. Gene Ther. 13:646Y651 (2006).

33. R. J. Lee and L. Huang. Folate-targeted, anionic liposome-
entrapped polylysine-condensed DNA for tumor cell-specific
gene transfer. J. Biol. Chem. 271:8481Y8487 (1996).

34. E. Mastrobattista, R. H. Kapel, M. H. Eggenhuisen, P. J. Roholl,
D. J. Crommelin, W. E. Hennink, and G. Storm. Lipid-coated
polyplexes for targeted gene delivery to ovarian carcinoma cells.
Cancer Gene Ther. 8:405Y413 (2001).

35. D. B. Fenske, I. MacLachlan, and P. R. Cullis. Stabilized
plasmidYlipid particles: a systemic gene therapy vector. Method
Enzymol. 346:36Y71 (2002).

36. E. Ruoslahti and D. Rajotte. An address system in the
vasculature of normal tissues and tumors. Annu. Rev. Immunol.
18:813Y827 (2000).

37. E. S. Scott, J. W. Wiseman, M. J. Evans, and W. H. Colledge.
Enhanced gene delivery to human airway epithelial cells using
an integrin-targeting lipoplex. J. Gene. Med. 3:125Y134 (2001).

38. P. Harvie, B. Dutzar, T. Galbraith, S. Cudmore, D. O_Mahony,
P. Anklesaria, and R. Paul. Targeting of lipidYprotamineYDNA
(LPD) lipopolyplexes using RGD motifs. J. Liposome Res.
13:231Y247 (2003).

39. Y. Lu and P. S. Low. Folate-mediated delivery of macromolecular
anticancer therapeutic agents. Adv. Drug Deliv. Rev. 54:675Y693
(2002).

40. W. Guo, T. Lee, J. Sudimack, and R. J. Lee. Receptor-specific
delivery of liposomes via folate-PEG-chol. J. Liposome Res.
10:179Y195 (2000).

41. L. Xu, K. F. Pirollo, and E. H. Chang. Tumor-targeted p53-gene
therapy enhances the efficacy of conventional chemo/radiother-
apy. J. Control. Release 74:115Y128 (2001).

42. W. Yu, K. F. Pirollo, A. Rait, B. Yu, L. M. Xiang, W. Q. Huang,
Q. Zhou, G. Ertem, and E. H. Chang. A sterically stabilized
immunolipoplex for systemic administration of a therapeutic
gene. Gene Ther. 11:1434Y1440 (2004).

43. S. Han, R. I. Mahato, and S. W. Kim. Water-soluble lipopolymer
for gene delivery. Bioconjug. Chem. 12:337Y345 (2001).

44. R. I. Mahato, M. Lee, S. Han, A. Maheshwari, and S. W. Kim.
Intratumoral delivery of p2CMVmIL-12 using water-soluble
lipopolymers. Molec. Ther. 4:130Y138 (2001).

45. X. Gao and L. Huang. Potentiation of cationic liposome-
mediated gene delivery by polycations. Biochemistry 35:
1027Y1036 (1996).

46. J. Dileo, R. Banerjee, M. Whitmore, J. V. Nayak, L. D. Falo Jr.,
and L. Huang. LipidYprotamineYDNA-mediated antigen deliv-
ery to antigen-presenting cells results in enhanced anti-tumor
immune responses. Molec. Ther. 7:640Y648 (2003).

47. R. E. Eliaz and F. C. Szoka Jr. Robust and prolonged gene
expression from injectable polymeric implants. Gene Ther.
9:1230Y1237 (2002).

48. N. Shi, Y. Zhang, C. Zhu, R. J. Boado, and W. M. Pardridge.
Brain-specific expression of an exogenous gene after i.v. admin-
istration. Proc. Natl. Acad. Sci. USA 98:12754Y12759 (2001).

49. Y. Zhang, C. Zhu, and W. M. Pardridge. Antisense gene therapy
of brain cancer with an artificial virus gene delivery system.
Molec. Ther. 6:67Y72 (2002).

50. Y. Zhang, R. J. Boado, and W. M. Pardridge. In vivo knockdown
of gene expression in brain cancer with intravenous RNAi in
adult rats. J. Gene Med. 5:1039Y1045 (2003).

51. H. E. Hofland, L. Shephard, and S. M. Sullivan. Formation of
stable cationic lipid/DNA complexes for gene transfer. Proc.
Natl. Acad. Sci. USA 93:7305Y7309 (1996).

448 Li and Szoka



52. C. Y. Wang and L. Huang. pH-sensitive immunoliposomes
mediate target-cell-specific delivery and controlled expression
of a foreign gene in mouse. Proc. Natl. Acad. Sci. USA 84:
7851Y7855 (1987).

53. K. W. Mok, A. M. Lam, and P. R. Cullis. Stabilized
plasmidYlipid particles: factors influencing plasmid entrapment
and transfection properties. Biochim. Biophys. Acta 1419:
137Y150 (1999).

54. P. Tam, M. Monck, D. Lee, O. Ludkovski, E. C. Leng, K. Clow,
H. Stark, P. Scherrer, R. W. Graham, and P. R. Cullis. Stabilized
plasmidYlipid particles for systemic gene therapy. Gene Ther.
7:1867Y1874 (2000).

55. E. Ambegia, S. Ansell, P. Cullis, J. Heyes, L. Palmer, and
I. MacLachlan. Stabilized plasmidYlipid particles containing
PEG-diacylglycerols exhibit extended circulation lifetimes and
tumor selective gene expression. Biochim. Biophys. Acta
1669:155Y163 (2005).

56. A. Judge, K. McClintock, J. R. Phelps, and I. Maclachlan.
Hypersensitivity and loss of disease site targeting caused by
antibody responses to PEGylated liposomes. Molec. Ther.
13:328Y337 (2006).

57. X. Guo and F. C. Szoka. Steric stabilization of fusogenic
liposomes by a low-pH sensitive PEGYdiortho ester-lipid
conjugate. Bioconjug. Chem. 12:291Y300 (2001).

58. O. T. Jones, J. P. Earnest, and M. G. McNamee. Solubilization
and reconstitution of membrane proteins. In J. B. C. Findlay
and W. H. Evans (eds.), Biological Membranes: A Practical
Approach, IRL, Oxford, 1987, pp. 139Y177.

59. S. Batzri and E. D. Korn. Single bilayer liposomes prepared
without sonication. Biochim. Biophys. Acta 298:1015Y1019
(1973).

60. M. J. Campbell. Lipofection reagents prepared by a simple
ethanol injection technique. Biotechniques 18:1027Y1032 (1995).

61. P. G. Arscott, C. Ma, J. R. Wenner, and V. A. Bloomfield. DNA
condensation by cobalt hexaammine (III) in alcoholYwater
mixtures: dielectric constant and other solvent effects. Biopoly-
mers 36:345Y364 (1995).

62. J. Piskur and A. Rupprecht. Aggregated DNA in ethanol
solution. FEBS Lett. 375:174Y178 (1995).

63. A. L. Bailey and S. M. Sullivan. Efficient encapsulation of DNA
plasmids in small neutral liposomes induced by ethanol and
calcium. Biochim. Biophys. Acta 1468:239Y252 (2000).

64. N. Maurer, K. F. Wong, H. Stark, L. Louie, D. McIntosh,
T. Wong, P. Scherrer, S. C. Semple, and P. R. Cullis.
Spontaneous entrapment of polynucleotides upon electrostatic
interaction with ethanol-destabilized cationic liposomes.
Biophys. J. 80:2310Y2326 (2001).

65. D. V. Morrissey, J. A. Lockridge, L. Shaw, K. Blanchard, K. Jensen,
W. Breen, K. Hartsough, L. Machemer, S. Radka, V. Jadhav,
N. Vaish, S. Zinnen, C. Vargeese, K. Bowman, C. S. Shaffer,
L. B. Jeffs, A. Judge, I. MacLachlan, and B. Polisky. Potent and
persistent in vivo anti-HBV activity of chemically modified siRNAs.
Nat. Biotechnol. 23:1002Y1007 (2005).

66. A. D. Judge, G. Bola, A. C. Lee, and I. MacLachlan. Design of
noninflammatory synthetic siRNA mediating potent gene si-
lencing in vivo. Molec. Ther. 13:494Y505 (2006).

67. T. S. Zimmermann, A. C. Lee, A. Akinc, B. Bramlage, D. Bumcrot,
M. N. Fedoruk, J. Harborth, J. A. Heyes, L. B. Jeffs, M. John,
A. D. Judge, K. Lam, K. McClintock, L. V. Nechev, L. R. Palmer,
T. Racie, I. Rohl, S. Seiffert, S. Shanmugam, V. Sood, J. Soutschek,
I. Toudjarska, A. J. Wheat, E. Yaworski, W. Zedalis, V. Koteliansky,
M. Manoharan, H. P. Vornlocher, and I. MacLachlan. RNAi-mediated
gene silencing in non-human primates. Nature 441:111Y114 (2006).

68. W. Li and F. C. Szoka. Bioresponsive targeted charge neutral
lipid vesicles for systemic gene delivery. In T. Friedmann and
J. Rossi (eds.), Gene Transfer: Delivery and Expression of DNA
and RNA, Cold Spring Harbor Laboratory Press, New York,
2006, pp. 441Y450.

69. E. A. Murphy, A. J. Waring, S. M. Haynes, and K. J. Longmuir.
Compaction of DNA in an anionic micelle environment
followed by assembly into phosphatidylcholine liposomes.
Nucleic Acids Res. 28:2986Y2992 (2000).

70. E. A. Murphy, A. J. Waring, J. C. Murphy, R. C. Willson, and
K. J. Longmuir. Development of an effective gene delivery
system: a study of complexes composed of a peptide-based
amphiphilic DNA compaction agent and phospholipid. Nucleic
Acids Res. 29:3694Y3704 (2001).

71. C. Chittimalla, L. Zammut-Italiano, G. Zuber, and J. P. Behr.
Monomolecular DNA nanoparticles for intravenous delivery of
genes. J. Am. Chem. Soc. 127:11436Y11441 (2005).

72. G. Zuber, L. Zammut-Italiano, E. Dauty, and J. P. Behr.
Targeted gene delivery to cancer cells: Directed assembly of
nanometric DNA particles coated with folic acid. Angew. Chem.,
Int. Ed. Engl. 42:2666Y2669 (2003).

73. M. Ouyang, J. S. Remy, and F. C. Szoka. Controlled template-
assisted assembly of plasmid DNA into nanometric particles with
high DNA concentration. Bioconjug. Chem. 11:104Y112 (2000).

74. E. Dauty, J. S. Remy, T. Blessing, and J. P. Behr. Dimerizable
cationic detergents with a low cmc condense plasmid DNA into
nanometric particles and transfect cells in culture. J. Am. Chem.
Soc. 123:9227Y9234 (2001).

75. T. Blessing, E. Dauty, J. S. Remy, and J. P. Behr. Dimerizable
detergents as gene transfer vectors. J. Liposome Res. 10:321Y327
(2000).

76. J. P. Rolland, B. W. Maynor, L. E. Euliss, A. E. Exner, G. M.
Denison, and J. M. DeSimone. Direct fabrication and harvesting
of monodisperse, shape-specific nanobiomaterials. J. Am. Chem.
Soc. 127:10096Y10100 (2005).

77. F. C. Szoka, Y. Xu, and O. Zelphati. How are nucleic acids
released in cells from cationic lipidYnucleic acid complexes.
J. Liposome Res. 6:567Y587 (1996).

78. Y. Xu and F. C. Szoka Jr. Mechanism of DNA release from
cationic liposome/DNA complexes used in cell transfection.
Biochemistry 35:5616Y5623 (1996).

79. O. Zelphati and F.C. Szoka Jr. Mechanism of oligonucleotide
release from cationic liposomes. Proc. Natl. Acad. Sci. USA
93:11493Y11498 (1996).

80. E. Dauty and A. S. Verkman. Actin cytoskeleton as the principal
determinant of size-dependent DNA mobility in cytoplasm: a
new barrier for non-viral gene delivery. J. Biol. Chem. 280:
7823Y7828 (2005).

81. M. A. Monck, A. Mori, D. Lee, P. Tam, J. J. Wheeler, P. R.
Cullis, and P. Scherrer. Stabilized plasmidYlipid particles:
pharmacokinetics and plasmid delivery to distal tumors follow-
ing intravenous injection. J. Drug Target. 7:439Y452 (2000).

82. D. B. Fenske, I. MacLachlan, and P. R. Cullis. Long-circulating
vectors for the systemic delivery of genes. Curr. Opin. Mol. Ther.
3:153Y158 (2001).

83. M. E. Hayes, D. C. Drummond, K. Hong, J. W. Park, J. D.
Marks, and D. B. Kirpotin. Assembly of nucleic acidYlipid
nanoparticles from aqueousYorganic monophases. Biochim.
Biophys. Acta 1758:429Y442 (2006).

84. X. Guo, J. A. MacKay, and F. C. Szoka. Mechanism of pH-
triggered collapse of phosphatidylethanolamine liposomes stabi-
lized by an ortho ester polyethyleneglycol lipid. Biophys. J.
84:1784Y1795 (2003).

449Lipidic Nanoparticles for Nucleic Acid Delivery


	Lipid-based Nanoparticles for Nucleic Acid Delivery
	Abstract
	WHAT DID WE LEARN FROM THE CATIONIC LIPID-BASED GENE DELIVERY SYSTEMS?
	BARRIERS FOR SYSTEMIC GENE DELIVERY
	FORMULATION OF NANOSIZED PARTICLE FOR GENE DELIVERY
	COMPONENTS
	Cationic Lipids
	Neutral Lipids/Helper Lipids
	Anionic Lipids
	PEG-lipids
	Targeting Ligands
	Lipid&ndash1;polymer Conjugates

	FORMULATION METHODS
	Direct Mixing
	Detergent Dialysis
	Ethanol Dialysis
	Other Organic Solvents
	Template Directed Assembly
	Molded Fabrication

	PERSPECTIVES
	References



