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Introduction
Many investigators are focused on the production of effective non-

viral gene therapeutics and on creating improved delivery systems 
that mix desirable features from both viral and non-viral vectors. Use 
of improved liposome formulations for delivery in vivo is valuable 
for gene therapy and avoids several problems associated with viral 
delivery. Delivery of nucleic acids using liposomes is promising as a 
safe and non-immunogenic approach to gene therapy. Furthermore, 
delivery systems composed of synthetic reagents can be standardized 
and regulated as drugs rather than as biologics. Cationic lipids have 
been used for efficient delivery of nucleic acids to cells in tissue culture 
for several years [1,2]. Much effort has also been directed toward 
developing cationic liposomes for efficient delivery of nucleic acids in 
animals and in humans [3-12]. Most frequently, the formulations that 
are best to use for transfection of a broad range of cell types in culture 
are not optimal for achieving efficacy in small and large animal disease 
models and in clinical trials. 

Non-viral delivery vehicles have numerous advantages over viral 
vectors that have been used for gene therapy. Following viral delivery in 
vivo, immune responses are generated to expressed viral proteins that, 
depending on kinetics, can subsequently kill the target cells required 
to produce the therapeutic gene product. An innate humoral immune 
response can be produced to certain viral vectors due to previous 
exposure to the naturally occurring virus. Random integration of 
some viral vectors into the host chromosome could occur and cause 
activation of proto-oncogenes resulting in tumor formation, clearance 
of viral vectors delivered systemically by complement activation can 
occur. Viral vectors can be inactivated upon re-administration by 
the induced or secondary humoral immune response, and there is a 

potential for recombination of a conditionally replicative viral vector 
that could generate a replication-competent infectious virus. Specific 
delivery of some of the viral vectors used to target cells can be difficult 
because two distinct steps in engineering viral envelopes or capsids 
must be achieved. First, the virus envelope or capsid must be changed to 
inactivate the natural tropism of the virus to enter off-target cell types. 
Then sequences must be introduced that allow the new viral vector to 
bind and internalize through an existing target cell surface receptor. 
Other disadvantages of viral vectors include the inability to administer 
certain viral vectors more than once due to elicited neutralizing 
antibodies, the high costs for producing large amounts of high-titer 
viral stocks for use in the clinic, and the limited size of the nucleic 
acid that can be packaged and used for viral gene therapy. Attempts 
are being made to overcome the immune responses produced by viral 
vectors after administration in immune competent animals and in 
humans, such as the use of gutted adenoviral vectors or encapsulation 
of viral vectors in liposomes [13]. However, complete elimination of all 
immune responses to viral vectors may be impossible. 

Use of liposomes for gene therapy provides several advantages. 
A major advantage is the lack of immunogenicity after in vivo 
administration including systemic injections. Therefore, the nucleic 
acid-liposome complexes can be re-administered without harm to 
the patient and without compromising the efficacy of the non-viral 
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Abstract
Bilamellar invaginated vesicles (BIVs) are unique liposomal nanoparticles (NPs) that are highly efficient vehicles 

for intravenous (iv) delivery of encapsulated therapeutics including plasmid DNA. Systemic administration of 
therapeutics is required to effectively treat or cure metastatic cancer, certain cardiovascular diseases, and other 
acquired or inherited diseases. In addition to having extended half-life and stability in circulation, BIVs are nontoxic, 
nonimmunogenic, biodegradable and can be repeatedly administered without losing potency. Furthermore, BIVs 
encapsulating therapeutic agents can be modified to specifically enter the disease cells using small molecules that 
mimic beta turns incorporated on the surface of BIV complexes while focusing biodistribution by bypassing uptake 
in non-target organs and tissues using reversible masking. These modifications do not alter the unique properties 
of the BIV delivery system that provide for its robust treatment of disease demonstrated in small and large animal 
models and in Phase I clinical trials. This review will cover the unique properties of BIVs, including its fusogenic entry 
into cells and its ability to penetrate tight barriers in vivo. Methods to further improve the overall delivery-expression 
system including further purification of plasmid DNA to eliminate colanic acid from all current commercially produced 
preparations, and enhanced or prolonged expression provided by plasmid design will also be discussed.
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gene therapeutic. Improved formulations of nucleic acid-liposome 
complexes can also evade complement inactivation after in vivo 
administration. Nucleic acids of unlimited size can be delivered ranging 
from single nucleotides to large mammalian artificial chromosomes. 
Furthermore, different types of nucleic acids can be delivered including 
plasmid DNA, RNA, oligonucleotides, DNA-RNA chimeras, synthetic 
ribozymes, antisense molecules, RNAi, viral nucleic acids, and others. 
Certain cationic formulations can also encapsulate and deliver viruses 
[13], proteins or partial proteins with a low isoelectric point (pI), and 
mixtures of nucleic acids and proteins of any pI. Creation of non-viral 
vectors for targeted delivery to specific cell types, organs or tissues is, 
at least, conceptually simple. Targeted delivery involves elimination of 
non-specific charge interactions with non-target cells and addition of 
ligands for binding to target cell surface receptors. Other advantages of 
non-viral vectors include the low cost and relative ease in producing 
nucleic acid-liposome complexes in large scale for use in the clinic. 
In addition, greater safety for patients is provided using non-viral 
delivery vehicles due to few or no viral sequences present in the nucleic 
acids used for delivery, thereby precluding generation of an infectious 
virus. The disadvantage of non-viral delivery systems has been the low 
levels of delivery and gene expression produced by “first-generation” 
complexes. However, recent advances using BIVs have dramatically 
improved transfection efficiencies and efficacy of liposomal vectors 
[14-20]. 

Cationic liposome-nucleic acid complexes can be administered 
via numerous delivery routes in vivo. Routes of delivery include direct 
injection (e.g. intratumoral), intravenous, intraperitoneal, intra-
arterial, intrasplenic, mucosal (nasal, vaginal, rectal), intramuscular, 
subcutaneous, transdermal, intradermal, subretinal, intratracheal, 
intracranial, and others. Much interest has focused on intravenous 
administration because many investigators believe that this easily 
accessible and reusable systemic route of delivery is the “holy grail” for 
the treatment or cure of cancer, cardiovascular and other inherited or 
acquired diseases. Particularly for the treatment of metastatic cancer, 
therapeutics must reach not only the primary tumor but also the 
distant metastases. 

Optimization of cationic liposomal complexes for in vivo 
applications and therapeutics is complex involving many distinct 
components including nucleic acid purification, plasmid design, 
formulation of the delivery vehicle, administration route and schedule, 
dosing, detection of gene expression, and others. Often we make 
the analogy of liposome optimization to a functional car. Of course 
the engine of the car, analogous to the liposome delivery vehicle, 
is extremely important. However, if the car does not have wheels, 
adequate tires, etc., the motorist will not be able to drive the vehicle 
to its destination, and without a map or GPS he/she may not arrive 
to the right destination. This review will focus on optimization of 
these distinct components for use in a variety of in vivo applications. 
Optimizing all components of the delivery system will allow broad use 
of NP complexes to treat or cure human diseases or disorders.

Optimization of cationic liposome formulations for use in 
vivo

Much research has been directed toward the synthesis of new cationic 
lipids. Some new formulations enable more efficient transfection of cells 
in culture. However, their efficiency measured in vitro did not correlate 
with their ability to deliver DNA after administration in animals. 
Functional properties defined in vitro do not assess the stability of the 
complexes in plasma or their pharmacokinetics and biodistribution, all 

of which are essential for optimal activity in vivo. Colloidal properties 
of the complexes, in addition to the physicochemical properties of their 
component lipids, also determine these parameters. In particular, in 
addition to efficient transfection of target cells, nucleic acid-liposome 
complexes must be able to traverse tight barriers in vivo and penetrate 
throughout the target tissue to produce efficacy for the treatment of 
disease, i.e. countercurrent to increased intratumoral pressure gradients 
for the treatment of cancer. These are not issues for achieving efficient 
transfection of cells in culture with the exception of polarized tissue 
culture cells. Therefore, we are not surprised that optimized liposomal 
delivery vehicles for use in vivo may be different than those used for 
efficient delivery to some cells in culture.

In summary, in vivo nucleic acid-liposome complexes that 
produce efficacy in animal models of disease have extended half-life 
in the circulation, are stable in serum, have broad biodistribution that 
can be focused, efficiently encapsulate various sizes of nucleic acids, 
are targetable to specific organs and cell types, penetrate across tight 
barriers in several organs, penetrate evenly throughout the target tissue, 
are optimized for nucleic acid:lipid ratio and colloidal suspension in 
vivo, can be size fractionated to produce a homogenous population 
of complexes prior to injection, and can be repeatedly administered. 
Recently, we demonstrated efficacy of a robust liposomal delivery 
system in small and large animal models for lung [15,16], breast [18], 
head and neck, and pancreatic cancers [17,21,22], and for Hepatitis B 
and C [23]. Based on efficacy in these animal studies, this liposomal 
delivery system has been used successfully in phase I clinical trials 
to treat end-stage non-small cell lung carcinoma patients who have 
failed to respond to chemotherapy [24] and hereditary inclusion 
body myopathy [25,26]. The non-small cell lung carcinoma patients 
have prolonged life spans and have demonstrated objective responses 
including tumor regression. Efficacy was also demonstrated for the 
single patient trials for hereditary inclusion body myopathy. The BIV 
delivery system will also be used in upcoming clinical trials to treat 
other types of cancer including pancreatic, breast, head and neck 
cancers, and others. Our studies have demonstrated broad efficacy in 
the use of liposomes to treat disease and have dispelled several myths 
that exist concerning the use of liposomal systems.

Liposome morphology and effects on gene delivery and 
expression 

Efficient in vivo nucleic acid-liposome complexes have unique 
features including their morphology, mechanisms for crossing the 
cell membrane and entry into the nucleus, ability to be targeted for 
delivery to specific cell surface receptors, and ability to penetrate across 
tight barriers and throughout target tissues. Liposomes have different 
morphologies based upon their composition and the formulation 
method. Furthermore, the morphology of complexes can contribute to 
their ability to deliver nucleic acids in vivo. Formulations frequently 
used for the delivery of nucleic acids are lamellar structures including 
small unilamellar vesicles (SUVs), multilamellar vesicles (MLVs), or 
the bilamellar invaginated vesicles (BIVs) recently developed in our 
laboratory (Figure 1). Several investigators have developed liposomal 
delivery systems using hexagonal structures, however, they have 
demonstrated efficiency primarily for the transfection of some cell 
types in culture and not for in vivo delivery. SUVs condense nucleic 
acids on the surface and form “spaghetti and meatballs” structures 
[27]. DNA-liposome complexes made using SUVs produce little or 
no gene expression upon systemic delivery, although these complexes 
transfect numerous cell types efficiently in vitro [1,2]. Furthermore, 
SUV liposome-DNA complexes cannot be targeted efficiently. SUV 
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liposome-DNA complexes also have a short half-life within the 
circulation, generally about 5 to 10 minutes. Polyethylene glycol 
(PEG) has been added to liposome formulations to extend their half-
life [28-30], however, PEGylation creates other problems that have 
not as yet been resolved. PEG seems to hinder delivery of cationic 
liposomes into cells due to its sterically hindering ionic interactions, 
and it interferes with optimal condensation of nucleic acids onto the 
cationic delivery vehicle. Furthermore, the resultant extremely long 
half-life in the circulation, e.g. up to several days, has caused problems 
for patients as illustrated by the increased percentage of injected dose 
of the PEGylated liposomal formulation doxil that encapsulates the 
cytotoxic agent, doxorubicin, which accumulates in the skin, hands, 
and feet resulting in mucositis and Hand and Foot Syndrome [31,32] 
that cause extreme discomfort to the patient. Attempts to add ligands 
to doxil for delivery to specific cell surface receptors has not resulted in 
much cell-specific delivery, and an increased percentage of the injected 
targeted formulation still accumulates in the skin, hands, and feet. 
Addition of PEG into formulations developed in our laboratory also 
caused steric hindrance in the bilamellar invaginated structures that 
hindered DNA encapsulation, and gene expression was substantially 
diminished. Recent efforts to use cleavable PEG are unimpressive 
and have not solved these problems [33-40]. The vast majority of the 
injected PEGylated complexes bypass the target cell, including those 
using cleavable PEG.

Some investigators have loaded nucleic acids into SUVs using a 
variety of methods; however, the bulk of the DNA does not load or 
stay within the liposomes. Furthermore, most of the processes used for 
loading nucleic acids within liposomes are extremely time-consuming 
and not cost effective. Therefore, SUVs are not the ideal liposomes for 
creating non-viral vehicles for targeted delivery. 

Complexes made using MLVs appear as “Swiss rolls” when viewing 
cross-sections by cryo-electron microscopy [41]. These complexes can 
become too large for systemic administration or deliver nucleic acids 
inefficiently into cells due to inability to “unravel” at the cell surface. 
Addition of ligands onto MLV liposome-DNA complexes further 
aggravates these problems. Therefore, MLVs are not useful for the 
development of targeted delivery of nucleic acids. 

Using a formulation developed in our laboratory, nucleic acids are 
efficiently encapsulated between two bilamellar invaginated vesicles, 
BIVs [14]. We created these unique structures using 1,2-bis(oleoyloxy)-
3-(trimethylammino)propane (DOTAP) and synthetic cholesterol 
(Chol) and a novel formulation procedure. This procedure is different 
because it includes a brief, low frequency sonication followed by 
manual extrusion through filters of decreasing pore size. The 0.1 and 
0.2 um filters used are made of aluminum oxide and not polycarbonate 
that is typically used by other protocols. Aluminum oxide membranes 
contain more pores per surface area that are evenly spaced and sized, 
and have straight channels. During the manual extrusion process the 
liposomes are passed through each of four different sized filters only 
once. This process produces 88% invaginated liposomes. Use of high 
frequency sonication and/or mechanical extrusion produces only 
SUVs. 

BIVs condense unusually large amounts of nucleic acids of any 
size (Figure 2) as well as viruses (Figure 3). Furthermore, addition of 
other DNA condensing agents including polymers is not necessary. 
For example, condensation of plasmid DNA onto polymers prior to 
encapsulation in the BIVs did not increase condensation or subsequent 
gene expression after transfection in vitro or in vivo. Encapsulation 
of nucleic acids by these BIVs alone is spontaneous and immediate, 

Figure 1: Diagrams drawn from cryo-electron micrographs of cross-sections 
through vitrified films of various types of liposomes and DNA-liposome 
complexes. SUVs are small unilamellar vesicles that condense nucleic acids 
on the surface and produce “spaghetti and meatballs” structures. MLVs are 
multilamellar vesciles that appear as “Swiss Rolls” after mixing with DNA. 
BIVs are bilamellar invaginated vesicles produced using a formulation 
developed in our laboratory [14]. Nucleic acids are efficiently encapsulated 
between two bilamellar invaginated structures (BIVs). 

Figure 2: Proposed model showing cross-sections of extruded DOTAP: Chol 
liposomes (BIVs) interacting with nucleic acids. Nucleic acids adsorb onto a 
BIV via electrostatic interactions. Attraction of a second BIV to this complex 
results in further charge neutralization. Expanding electrostatic interactions 
with nucleic acids cause inversion of the larger BIV and total encapsulation 
of the nucleic acids. Inversion can occur in these liposomes because of their 
excess surface area, which allows them to accommodate the stress created 
by the nucleic acid-lipid interactions. Nucleic acid binding reduces the surface 
area of the outer leaflet of the bilayer and induces the negative curvature 
due to lipid ordering and reduction of charge repulsion between cationic lipid 
headgroups. Condensation of the internalized nucleic acid-lipid sandwich 
expands the space between the bilayers and may induce membrane fusion 
to generate the apparently closed structures. The enlarged area shows 
the arrangement of nucleic acids condensed between two 4 nm bilayers of 
extruded DOTAP: Chol. 
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and therefore, cost effective requiring only one step of simple mixing. 
The extruded BIV DOTAP: Chol-nucleic acid complexes are also 
large enough so that they are not cleared rapidly by Kupffer cells 
in the liver and yet extravasate across tight barriers, including the 
endothelial cell barrier of the lungs in a normal mouse, and diffuse 
through target organs efficiently [15]. Our work demonstrating efficacy 
for treatment of non-small cell lung cancer [15] showed that only 
BIV DOTAP:Chol-p53 DNA liposome complexes produced efficacy; 
whereas SUV DOTAP:Chol-p53 DNA liposome complexes produced 
no efficacy. Therefore, the choice of lipids alone is not sufficient for 
optimal DNA delivery, and the morphology of the complexes is 
essential. 

Optimal lipids and liposome morphology: effects on gene 
delivery and expression

Choosing the best cationic lipids and neutral lipids are also 
essential for producing the optimal in vivo formulation. For example, 
using our novel manual extrusion procedure does not produce BIVs 
using the cationic lipid dimethyldioctadecylammonium bromide 
(DDAB). Furthermore, DOTAP is biodegradable, whereas DDAB 
is not biodegradable. Use of biodegradable lipids is preferred for use 
in humans. Furthermore, only DOTAP and not DDAB containing 
liposomes produced highly efficient gene expression in vivo [14]. 
DDAB did not produce BIVs and was unable to encapsulate nucleic 
acids. Apparently, DDAB and DOTAP containing SUVs produce 
similar efficiency of gene delivery in vivo; however, these SUVs are not 
as efficient as BIV DOTAP:Chol [14]. In addition, use of L-α dioleoyl 
phosphatidylethanolamine (DOPE) as a neutral lipid creates liposomes 
that cannot wrap or encapsulate nucleic acids. Several investigators 
have reported efficient transfection of cells in culture using DOPE in 
liposomal formulations. However, our data showed that formulations 
consisting of DOPE were not efficient for producing gene expression 
in vivo [14]. 

Investigators must also consider the source and lot variability of 
certain lipids purchased from companies. For example, different lots 
of natural cholesterol from the same vendor can vary dramatically and 
will affect the formulation of liposomes. We use synthetic cholesterol 
instead of natural cholesterol that is purified from the wool of sheep. 
Synthetic cholesterol is required by the Food and Drug Administration 
for use in producing therapeutics for injection into humans. 

Our BIV formulations are also stable for a few years as liquid 
suspensions. Freeze-dried formulations can also be made that are 
stable indefinitely even at room temperature. Stability of liposomes and 
liposomal complexes is also essential particularly for the commercial 
development of human therapeutics. 

Liposome encapsulation, flexibility and optimal colloidal 
suspensions

A common belief is that artificial vehicles must be 100 nm or 
smaller to be effective for systemic delivery. However, this belief is 
most likely true only for large, inflexible delivery vehicles. Blood cells 
are several microns (up to 7000 nm) in size, and yet have no difficulty 
circulating in the blood including through the smallest capillaries. 
However, sickle cell blood cells, that are rigid, do have problems in the 
circulation. Therefore, we believe that flexibility is a more important 
issue than small size. In fact, BIV DNA-liposome complexes in the size 
range of 200 to 450 nm produced the highest levels of gene expression 
in all tissues after iv injection [14]. Delivery vehicles, including non-
viral vectors and viruses, that are not PEGylated and are smaller than 

200 nm are cleared quickly by the Kupffer cells in the liver. Therefore, 
increased size of liposomal complexes could extend their circulation 
time particularly when combined with injection of high colloidal 
suspensions. BIVs are able to encapsulate nucleic acids and viruses 
apparently due to the presence of cholesterol in the bilayer (Figure 
4). Formulations including DOPE instead of cholesterol could not 
assemble nucleic acids by a “wrapping type” of mechanism (Figure 
5), and produced little gene expression in the lungs and no expression 
in other tissues after intravenous injections. Because the extruded 
DOTAP: Chol BIV complexes are flexible and not rigid, are stable in 
high concentrations of serum, and have extended half-life, they do not 
have difficulty circulating efficiently in the bloodstream. 

We believe that colloidal properties of nucleic acid-liposome 
complexes also determine the levels of gene expression produced after 
in vivo delivery [14,42] These properties include the DNA: lipid ratio 
that determines the overall charge density of the complexes and the 
colloidal suspension that is monitored by its turbidity. Complex size 
and shape, lipid composition and formulation, and encapsulation 
efficiency of nucleic acids by the liposomes also contribute to the 

Figure 3: Proposed model showing cross-sections of an extruded DOTAP: 
Chol liposome (BIV) interacting with adenovirus. Adenovirus interacts with a 
BIV causing negative curvature and wrapping around the virus particle. 

Figure 4: Cryo-electron micrograph of BIV DOTAP: Chol-DNA liposome 
complexes. The plasmid DNA is encapsulated between two BIVs. 
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colloidal properties of the complexes. The colloidal properties 
affect serum stability, protection from nuclease degradation, blood 
circulation time, and biodistribution of the complexes. 

Our in vivo transfection data showed that an adequate amount of 
colloids in suspension was required to produce efficient gene expression 
in all tissues examined [14]. The colloidal suspension is assessed by 
measurement of adsorbance at 400 nm using a spectrophotometer 
optimized to measure turbidity. Our data showed that transfection 
efficiency in all tissues correlated with OD400 of the complexes 
measured prior to intravenous injection. 

Overall charge of complexes and entry into the cell

In addition, our delivery system is efficient because the complexes 
deliver DNA into cells by fusion with the cell membrane and avoid 
the endocytic pathway (Figure 6). Cells are negatively charged on the 
surface, and specific cell types vary in their density of negative charge. 
These differences in charge density can influence the ability of cells 
to be transfected. Cationic complexes have non-specific ionic charge 
interactions with cell surfaces. Efficient transfection of cells by cationic 
complexes is, in part, contributed by adequate charge interactions. In 
addition, recent publications report that certain viruses have a partial 
positive charge around key subunits of viral proteins on the virus 
surface responsible for binding to and internalization through target 
cell surface receptors. It appears that this partial positive charge is 
required for virus entry into the cell [43-48]. Thus, maintenance of 
adequate positive charge on the surface of targeted liposome complexes 
is essential for optimal delivery into the cell. Different formulations of 
liposomes interact with cell surfaces via a variety of mechanisms. Two 
major pathways for interaction are by endocytosis or by direct fusion 
with the cell membrane [41,49-54]. Preliminary data suggest that 
nucleic acids delivered in vitro and in vivo using complexes developed 
in our lab enter the cell by direct fusion (Figure 6). Apparently, the 
bulk of the nucleic acids do not enter endosomes, and therefore, the 
nucleic acids enter the nucleus rapidly. Fusogenic cell transfection 
produced orders of magnitude increased levels of gene expression and 
far greater numbers of cells transfected versus cells transfected through 
the endocytic pathway. 

Targeted delivery and reversible masking

There are two components to optimal targeted delivery: focused 
biodistribution and uptake exclusively in the target cell. We believe 
that adequate positive charge exposure on the surface of complexes 
is essential for both target-selective biodistribution and to drive cell 
entry by direct fusion. Therefore, we create ligand-facilitated targeted 
delivery of our complexes in vivo without the use of PEG. These ligand-
coated complexes are constructed to re-expose the overall positive 
charge of the complexes as they approach the target cells. Through 
ionic interactions or covalent attachments, we have added monoclonal 
antibodies, Fab fragments, proteins, partial proteins, peptides, peptide 
mimetics, small molecules and drugs to the surface of our complexes 
after mixing. However, we believe that the covalent attachment of small 
molecules that mimic protein-protein interactions are best to use for 
specific target cell uptake in order to prevent immune responses upon 
repeated administration. These ligands efficiently bind to the target 
cell surface receptor yet retain fusogenicity. Using novel methods for 
addition of ligands to the complexes for targeted delivery results in 
further increased gene expression in the target cells after transfection. 
We also use reversible masking to avoid nonspecific uptake [20] 
(Templeton, N.S. US Patent No. 7,037,520 B2 issued May 2, 2006). 
Briefly, we add the small neutral lipid, n-dodecyl-β-D-maltopyranoside, 

approximately 511 MW, just prior to iv injections. Therefore, we 
designed targeted liposomal delivery systems that retain predominant 
entry into cells by direct fusion versus the endocytic pathway. Figure 7 
shows our optimized strategy to achieve targeted delivery, deshielding, 
fusion with the cell membrane, entry of nucleic acids into the cell and 
into the nucleus, and production of gene expression of a cDNA cloned 
in a plasmid. 

We have developed a multi-disciplinary approach combining 
molecular biology, delivery technology, combinatorial chemistry, 
and reversible masking to create improved systemic, targeted 
delivery of plasmid DNA while avoiding non-specific uptake in vivo. 
We applied this technology to efficiently target delivery to a human 
tumor-microenvironment model [20]. We achieved efficient, targeted 
delivery by attachment of specific targeting ligands to the surface of 
our BIV complexes in conjunction with reversible masking to bypass 
nonspecific tissues and organs. We identified ligands that target a 
human tumor-microenvironment created in vitro by co-culturing 
primary human endothelial cells with human lung or pancreatic cancer 
cells. The model was confirmed by increased expression of tumor 

Figure 5: Cryo-electron micrograph of extruded DOTAP: DOPE liposomes 
complexed to plasmid DNA. Although these liposomes were prepared by the 
same protocol that produces BIV DOTAP: Chol, these vesicles cannot wrap 
and encapsulate nucleic acids. The DNA condenses on the surfaces of the 
liposomes shown. 

Figure 6: Mechanisms for cell entry of nucleic acid-liposome complexes. Two 
major pathways for interaction are by endocytosis or by direct fusion with the 
cell membrane. Complexes that enter the cell by direct fusion allow delivery 
of more nucleic acids to the nucleus because the bulk of the nucleic acids do 
not enter endosomes. 
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endothelial markers including CD31 and VEGF-A, and prolonged 
survival of endothelial capillary-like structures. The co-cultures were 
used for high-throughput screening of a specialized small-molecule 
peptidomimetic library to identify ligands specific for human tumor-
associated endothelial cells in vitro. We identified small molecules that 
enhanced the transfection efficiency of tumor-associated endothelial 
cells, but not normal human endothelial cells or cancer cells. IV 
administration of our targeted, reversibly masked complexes into mice 
bearing human pancreatic tumor and endothelial cells specifically 
increased transfection to this tumor microenvironment about 200-
fold. Efficacy studies using our optimized targeted delivery of a plasmid 
encoding thrombospondin-1 eliminated tumors completely after five 
intravenous injections administered once weekly. We plan to use 
our targeted, reversibly masked delivery system in the clinic to treat 
metastatic cancer. 

Serum stability of optimized nucleic acid-liposome complexes 
for use in vivo 

Serum stability of cationic complexes is complicated and cannot 
be assessed by simply performing studies at a random concentration 
of serum. Figure 8 shows results from serum stability studies of DNA-
liposome complexes that have been optimized in our laboratory for 
systemic delivery. Serum stability of these complexes was studied at 
37°C out to 24 hours at concentrations of serum ranging from 0 to 
100%. Two different serum stability assays were performed. The first 
assay measured the OD400 of BIV DOTAP: Chol-DNA liposome 
complexes added into tubes containing a different concentration of 
serum in each tube, ranging from 0 to 100%. The tubes were incubated 
at 37°C and small aliquots from each tube were removed at various 
time points out to 24 hours. The OD400 of each aliquot was measured 
on a spectrophotometer calibrated to accurately measure turbidity. 
Previous work in our laboratory demonstrated that the OD400 
predicted both the stability of the complexes and the transfection 
efficiency results obtained for multiple organs after intravenous 
injections [14, 42]. Percent stability for this assay is defined as the 
transfection efficiency that is obtained at a particular OD400 of the 
complexes used for intravenous injections. Therefore, this assay is 
rigorous because slight declines in OD400 of these complexes correlate 
with loss of transfection in vivo. Declines in the OD400 also measure 
precipitation of the complexes.

A second assay was performed to support the results obtained from 
the OD400 measurements described above. A different concentration 
of serum, ranging from 0 to 100%, was placed into each well of a 96-
well micro-titer dish. BIV DOTAP:Chol-DNA liposome complexes 
were added to the serum in the wells, and the plate was incubated at 
37°C. The plate was removed at various time points out to 24 hours 
and complexes in the wells were observed under the microscope. 
Precipitation of complexes in the wells was assessed. 100% stability was 
set at no precipitation observed. Results from this assay were compared 
to those obtained in the first assay. 100% stability of complexes was set 
at no decline of OD400 in assay #1 and no observed precipitation in 
assay #2 at each % serum concentration, and the results were plotted 
(Figure 8). 

The results showed serum stability at the highest concentrations of 
serum, about 70 to 100%, that are physiological concentrations of serum 
found in the bloodstream. In addition, these complexes were also stable 
in no or low concentrations of serum. However, the complexes were 
unstable at 10 to 50% serum, perhaps due to salt bridging. Therefore, 
in vitro optimization of serum stability for formulations of cationic 

complexes must be performed at high serum concentrations to predict 
efficacy in vivo. Results from the Barenholz laboratory also confirmed 
the serum stability of DOTAP: Chol liposomes and DOTAP: Chol 
complexes in vivo [55]. 

Optimized half-life in the circulation

As stated above, the extruded BIV DOTAP: Chol-nucleic acid 
complexes are large enough so that they are not cleared rapidly by 
Kupffer cells in the liver and yet extravasate across tight barriers and 
diffuse through the target organ efficiently. Further addition of ligands 
to the surface of extruded BIV DOTAP: Chol-nucleic acid complexes 
does not significantly increase the mean particle size. Extravasation and 
penetration through the target organ and gene expression produced 

Figure 7: Optimized strategy for delivery and gene expression in the target cell. 
Optimization of many steps is required to achieve targeted delivery, shielding 
from non-specific uptake in non-target organs and tissues, deshielding, fusion 
with the cell membrane, entry of nucleic acids into the cell and to the nucleus, 
and production of gene expression of a cDNA cloned in a plasmid. 

Figure 8: Serum stability profile for DNA-liposome complexes optimized for 
systemic delivery. Serum stability of these complexes was studied at 37°C 
out to 24 hours at concentrations of serum ranging from 0 to 100%. Serum 
stability at the highest concentrations of serum, about 70 to 100%, that are 
physiological concentrations of serum found in the bloodstream is required.
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after transfection are not diminished. We have demonstrated delivery 
across the tight posterior blood retinal barrier in the eyes of adult mice 
[56], across tight layers of smooth muscle cells in the arteries of pigs 
after balloon angioplasty [56], across the tight endothelial cell barrier 
of normal mice [15,56], and across the interstitial pressure gradient 
of large solid tumors [15,56]. These BIVs are positively charged and 
deliver nucleic acids efficiently into cells in vitro and in vivo. Because 
extruded BIV DOTAP: Chol-nucleic acid complexes with or without 
ligands have a five-hour half-life in the circulation, these complexes 
do not accumulate in the skin, hands or feet. Extended half-life in 
the circulation is provided primarily by the formulation, preparation 
method, injection of optimal colloidal suspensions, and optimal 
nucleic acid:lipid ratio used for mixing complexes, serum stability, 
and size (200 to 450 nm). Therefore, these BIVs are ideal for use in 
the development of effective, targeted non-viral delivery systems that 
require encapsulation of nucleic acids. 

Broad biodistribution of optimized liposome formulations

Our “generic” BIV nucleic acid-liposome formulation transfects 
many organs and tissues efficiently after intravenous injection [14] and 
has demonstrated efficacy in animal models for lung cancer [15,16], 
breast cancer [18], pancreatic cancer [17,21,22], Hepatitis B and C 
[23], and cardiovascular diseases [56]. Many additional publications 
have validated the efficacy of DOTAP: Cholesterol liposomes for 
use in treating several different types of cancer. Our BIVs have been 
broadly used world wide to effectively treat many cancers. Therefore, 
optimization of the morphology of the complexes, the lipids used, 
flexibility of the liposomes and complexes, colloidal suspension, overall 
charge, serum stability, and half-life in circulation allows for efficient 
delivery and gene expression in many organs and tissues other than 
the lung. Apparently, these extruded DOTAP: Chol BIV nucleic acid-
liposome complexes can overcome the tendency to be adsorbed only 
by the endothelial cells lining the circulation surrounding the lungs 
described by other investigators [57]. However, as discussed above and 
below, we can further direct delivery to specific target tissues or cells by 
our targeted delivery strategies in combination with reversible masking 
used to bypass non-specific transfection. 

Efficient dissemination throughout target tissues and 
migration across tight barriers 

A primary goal for efficient in vivo delivery is to achieve 
extravasation into and penetration throughout the target organ/tissue 
ideally by minimally-invasive systemic administration. Without these 
events therapeutic efficacy is highly compromised for any treatment 
including gene and drug therapies. Achieving this goal is difficult due to 
the many tight barriers that exist in animals and people. Furthermore, 
many of these barriers become tighter in the transition from neonates 
to becoming adults. Penetration throughout an entire tumor is further 
hindered due to the increased interstitial pressure within most tumors 
[58-60]. We believe that non-viral systems can play a pivotal role in 
achieving target organ extravasation and penetration needed to treat 
or cure certain diseases. Our preliminary studies have shown that 
extruded BIV DOTAP: Chol nucleic acid:liposome complexes can 
extravasate across tight barriers and penetrate evenly throughout entire 
target organs; whereas viral vectors cannot cross identical barriers. 
As stated above, these barriers include the endothelial cell barrier in 
a normal mouse [15,56], the posterior blood retinal barrier in adult 
mouse eyes [56], complete and homogeneous diffusion throughout 
large tumors [15,56], and penetration through several tight layers of 
smooth muscle cells in the arteries of pigs [56]. Diffusion throughout 

large tumors was measured by expression of β-galactosidase or the 
pro-apoptotic gene p53 in about half of the p53-null tumor cells after a 
single injection of BIV DOTAP: Chol-DNA liposome complexes into 
the center of a tumor. Transfected cells were evenly spread throughout 
the tumors. Tumors injected with complexes encapsulating plasmid 
DNA encoding p53 showed apoptosis in almost all of the tumor cells 
by TUNEL staining. Tumor cells expressing p53 mediate a bystander 
effect on neighboring cells perhaps due to up-regulation by Fas ligand 
that causes non-transfected tumor cells to undergo apoptosis. 

Optimization of plasmids for  gene expression

Delivery of DNA may not correlate with subsequent gene 
expression [19,61]. Investigators may focus solely on the delivery 
formulation as the source of poor gene expression. In many cases, 
however, the delivery of DNA into the nucleus of a particular cell type 
may be efficient, although little or no gene expression is achieved. 
The causes of poor gene expression can be numerous. The following 
issues should be considered independent of the delivery formulation: 
sub-optimal promoter-enhancers in the plasmid, absence of the 
appropriately modified histones associated with the plasmid in the 
nucleus, poor preparation of plasmid DNA, and insensitive detection 
of gene expression. For example, many investigators have shown that 
performing in vitro transfection in the presence of histone deacetylase 
inhibitors dramatically increased gene expression [61].

Plasmid expression cassettes typically have not been optimized 
for animal studies. For example, many plasmids lack a full-length 
CMV promoter-enhancer. Over one hundred variations of the CMV 
promoter-enhancer exist, and some variations produce greatly reduced 
or no gene expression in certain cell types [19]. Even commercially 
available plasmids contain sub-optimal CMV promoters-enhancers, 
although these plasmids are advertised for use in animals. Furthermore, 
upon checking the company data for these plasmids, one discovers that 
these plasmids have never been tested in animals and have been tested 
in only one or two cultured cell lines. Conversely, plasmids that have 
been optimized for overall efficiency in animals may not be best for 
transfection of certain cell types in vitro or in vivo. For example, the 
expression levels achieved using optimal CMV promoters-enhancers 
can vary several orders of magnitude among different certain cell types. 
In addition, one cannot assume that a CMV promoter that expresses 
well within the context of a viral vector, such as adenovirus, will 
function as well in a plasmid-based transfection system for the same 
cell context. Virus proteins produced by the viral vector are required 
for producing high levels of mRNA by the CMV promoter in specific 
cell nuclei. 

Ideally, investigators design custom promoter-enhancer chimeras 
that produce the highest levels of gene expression in their target cells of 
interest. Recently, we designed a systematic approach for customizing 
plasmids used for breast cancer gene therapy using expression profiling 
[19]. Furthermore, more sophisticated design may be needed to 
promote highly efficient transcription elongation [62]. Gene therapy 
clinical trials for cancer frequently produce inconsistent results. We 
believe that some of this variability could result from differences in 
transcriptional regulation that limit expression of therapeutic genes in 
specific cancers. Our systemic liposomal delivery of a non-viral plasmid 
DNA showed efficacy in animal models for several cancers. However, 
we observed large differences in the levels of gene expression from a 
CMV promoter-enhancer between lung and breast cancers [19]. To 
optimize gene expression in breast cancer cells in vitro and in vivo, we 
created a new promoter-enhancer chimera to regulate gene expression. 
Serial analyses of gene expression (SAGE) data from a panel of breast 
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carcinomas and normal breast cells predicted promoters that are highly 
active in breast cancers, for example the glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) promoter. Furthermore, GAPDH is up-
regulated by hypoxia, which is common in tumors. We added the 
GAPDH promoter, including the hypoxia enhancer sequences, to our 
in vivo gene expression plasmid. The novel CMV-GAPDH promoter-
enhancer showed up to 70-fold increased gene expression in breast 
tumors compared to the optimized CMV promoter-enhancer alone. 
No significant increase in gene expression was observed in other tissues. 
These data demonstrate tissue specific effects on gene expression after 
non-viral delivery and suggest that gene delivery systems may require 
plasmid modifications for optimal treatment of different tumor types. 
Furthermore, expression profiling can facilitate the design of optimal 
expression plasmids for use in specific cancers. 

Several reviews have stated that non-viral systems are intrinsically 
inefficient compared to viral systems. However, as discussed above, 
one must separate issues of the delivery vehicle versus the plasmid 
that is delivered. Case in point, we have shown that our BIV liposomes 
optimized for systemic delivery could out-compete delivery using a 
lentivirus. For example, we have compared SIVmac239, a highly non-
infectious virus, with non-viral delivery of SIVmac239 DNA complexed 
to BIVs in adult rhesus macaques after injection into the saphenous 
vein of the leg [56]. Our data showed that the monkeys injected with 
SIV DNA encapsulated in DOTAP: Chol BIVs were infected four 
days post-injection, and high levels of infection were produced in 
these monkeys at 14 days post-injection. Furthermore, higher levels 
of SIV RNA in the blood were produced using our BIV liposomes for 
delivery versus using the SIV virus. CD4+ T cell counts were measured 
before and after injections. CD4 levels dropped in all monkeys to the 
lowest levels ever detected in the macaques in any experiment by 28 
days post-injection, the first time point at which these counts were 
measured post-injection. All monkeys had clinical SIV infections and 
lost significant weight by day 28. These results were surprising because 
SIVmac239 is not highly infectious, and monkeys become sick with 
SIV infection only after several months or years post-injection with 
SIVmac239 virus. Therefore, we were able to induce SIV infection 
faster using our non-viral delivery of SIV plasmid DNA. In this case, 
we delivered a replication competent plasmid so that gene expression 
increased over time post-transfection. Our delivery system was highly 
efficient and exceeded that of the lentivirus. The critical feature in this 
non-viral experiment was the plasmid DNA that was delivered. Our 
BIV targeted delivery system has also surpassed the lentivirus system 
for transfection of lymphocytes in culture and circulating lymphocytes 
in vivo [63].

Plasmids can be engineered to provide for tissue specific or 
long-term gene expression, replication, or integration. Persistence 
elements, such as the inverted terminal repeats from adenovirus or 
adeno-associated virus, have been added to plasmids to prolong gene 
expression in vitro and in vivo [9,11,64]. Apparently, these elements 
bind to the nuclear matrix thereby retaining the plasmid in cell nuclei. 
For regulated gene expression, many different inducible promoters 
are used that promote expression only in the presence of a positive 
regulator or in the absence of a negative regulator. Tissue specific 
promoters have been used for the production of gene expression 
exclusively in the target cells. As discussed in the previous paragraph, 
replication competent plasmids or plasmids containing sequences 
for autonomous replication can be included that provide prolonged 
gene expression. Other plasmid-based strategies produce site-specific 
integration or homologous recombination within the host cell genome 
[65,66]. Integration of a cDNA into a specific “silent site” in the genome 

could provide long-term gene expression without disruption of normal 
cellular functions. Homologous recombination could correct genetic 
mutations upon integration of wild-type sequences that replace 
mutations in the genome. Much work is being conducted in the use 
of transposons, including the Sleeping Beauty transposon system for 
insertion of non-viral sequences into host chromosomes [66]. 

Optimization of plasmid DNA preparations 

The transfection efficiency of plasmid DNA is dependent on the 
preparation protocol and training of the person preparing the DNA. 
For example, we performed a blinded study asking three people to 
make DNA preparations of the same plasmid from the same box of 
a Qiagen Endo-Free Plasmid Preparation kit. One person then mixed 
all of the DNA-liposome complexes on the same morning using a 
single vial of liposomes. One person performed all tail vein injections, 
harvesting of tissues, preparation of extracts from tissues, and reporter 
gene assays on the tissue extracts. In vivo gene expression differed 30-
fold among these three plasmid DNA preparations. 

One source for this variability is that optimized methods to detect 
and remove contaminants from plasmid DNA preparations have not 
been available. We have identified large amounts of contaminants, 
particularly colanic acid, that exist in laboratory and clinical grade 
preparations of plasmid DNA [67]. Colanic acid and other non-
endotoxin associated polysaccharides co-purify with DNA by anion 
exchange chromatography and by cesium chloride density gradient 
centrifugation. Endotoxin removal protocols do not remove these 
contaminants, and standard analytical methods including HPLC 
cannot detect these contaminants. Therefore, we developed six 
methods for the detection of these contaminants in plasmid DNA 
preparations [67]. We are making clinical grade (GMP) DNA that 
does not contain these contaminants. To provide the greatest efficacy 
and levels of safety, these contaminants, particularly colanic acid, 
must be assessed and removed from plasmid DNA preparations. 
Polysaccharides are known to inhibit both DNA and RNA polymerase 
activities [67]. Therefore, gene expression post-transfection can be 
increased by orders of magnitude if these contaminants are removed 
from DNA preparations. The presence of these contaminants in 
DNA results in toxicity, including death at high doses, when DNA-
liposome complexes are injected intravenously. Our group and other 
investigators have shown that intravenous injections of high doses of 
improved liposomes alone cause no adverse effects in small and large 
animals, and removal of colanic acid eliminates the toxicity observed 
for DNA-liposome complexes. 

Removing all or the majority of CpG sequences from plasmids 
is reported to reduce toxicity after intravenous injections of cationic 
liposomes complexed to these plasmids [68]. However, the beneficial 
effects were only observed using low doses containing up to 16.5 ug 
of DNA per injection into each mouse. Achieving efficacy for cancer 
metastases, particularly in mice bearing aggressive tumors, typically 
requires injecting higher doses in the range of 50 to 150 ug of DNA 
per mouse. Therefore, removal of CpG sequences from plasmid based 
gene therapy vectors will not be useful for applications that require 
high doses. CpG removal did not reduce toxicity after iv injections 
of complexes with higher doses of plasmid DNA [68]. Therefore, we 
believe that the failure to remove specific contaminants in current 
plasmid DNA preparations, particularly colanic acid, is the major 
block to the safe intravenous injection of high doses of DNA-liposome 
complexes. 
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Detection of gene expression

Thought should also be given to choosing the most sensitive 
detection method for every application of non-viral delivery rather 
than using the method that seems most simple. For example, detection 
of ß-galactosidase expression is far more sensitive than that for the 
green fluorescent protein (GFP). Specifically, five hundred molecules 
of ß-galactosidase (ß-gal) per cell are required for detection using X-gal 
staining. Whereas, about 50,000 molecules of GFP per cell are required 
for direct detection. Furthermore, detection of GFP may be impossible 
if the fluorescence background of the target cell or tissue is too high. 
Detection of chloramphenicol acetyltransferase (CAT) is extremely 
sensitive with no background detected in untransfected mammalian 
cells in vitro or in vivo. Often, assays for CAT expression can provide 
more useful information than using ß-gal or GFP as reporter genes. 
PCR detection of plasmid DNA or mRNA is also flawed with high 
background, and the data gathered from transfection can often be 
misleading. 

Luciferase can be detected with high sensitivity by luminescence 
assays of cell or tissue extracts post-transfection. However, luciferase 
expression may not predict the therapeutic potential of a non-viral 
delivery system. For example, if several hundred or thousand molecules 
per cell of a therapeutic gene are required to produce efficacy for 
a certain disease, then production of only few molecules will not be 
adequate. Thus luciferase expression for a given target cell and specific 
non-viral delivery system must be carefully quantified to avoid being 
misled about its therapeutic potential. 

Noninvasive detection of luciferase expression in vivo is not as 
sensitive as in vitro luminescence assays. Some of our colleagues have 
tried cooled charge coupled device (CCD) camera imaging on live mice 
after intravenous injection of other cationic liposomes complexed to 
plasmid DNA encoding luciferase, and they were not able to detect 
any transfection even though these liposomal delivery systems had 
been used to detect luciferase by luminescence assays of organ extracts. 
However, they were able to detect luciferase expression by CCD 
imaging after intravenous injections of BIV DOTAP: Chol-luciferase 
DNA-liposome complexes [69]. 

Because the luciferase protein is short-lived, maximal expression 
was detected at 5 hours post-transfection; whereas, detection of HSV-
TK gene expression using microPET imaging in the same mice was 
highest at 24 hours post-transfection. In contrast to luciferase, the 
CAT protein accumulates over time, and therefore, the investigator is 
not restricted to a narrow time frame for detecting gene expression. 
Furthermore, detection of CAT seems to be more sensitive than 
CCD imaging of luciferase following intravenous injections of DNA-
liposome complexes. However, the animals must be sacrificed in order 
to perform CAT assays on tissue or organ extracts. We and several 
investigators are interested in PET, PET/CT, and MRI imaging; 
however, these systems require further research and development 
in order to produce sensitive and accurate tracking of plasmid DNA 
in vivo. In summary, further work is still needed to develop in vivo 
detection systems that have high sensitivity and low background. 

Optimization of dose and frequency of administration

To maximize efficacy for treatment of certain diseases and to create 
robust vaccines, injections or administrations of the non-viral gene 
therapeutic, etc. via different routes may be required. For particular 
treatments, one should not assume that one delivery route is superior 
to others without performing the appropriate animal experiments. In 

addition, people with the appropriate expertise should perform the 
injections and administrations. In our experience, only a minority 
of people who claim expertise in performing tail vein injections can 
actually perform intravenous injections. 

The optimal dose should be determined for each therapeutic gene 
or other nucleic acid that is administered. The investigator should 
not assume that the highest tolerable dose is optimal for producing 
maximal efficacy. The optimal administration schedule should also 
be determined for each therapeutic gene or other nucleic acid. For 
example, some investigators have simply used the same administration 
schedule that they used for chemotherapeutics. The investigator should 
perform in vivo experiments to determine when gene expression and/
or efficacy drop significantly. Most likely, re-administration of the 
non-viral gene therapeutic is not necessary until this drop occurs. For 
example, we found that iv injections of BIV complexes was optimal 
using weekly injections for a total of five injections to eliminate 
pancreatic tumors [20]; whereas three injections administered once 
every two weeks over six weeks was slightly less effective. Duration of 
therapeutic efficacy will vary with the half-life of the protein produced. 
Therefore, if a therapeutic protein has a longer half-life, then the gene 
therapy could be administered less frequently.

Summary
Some hurdles remain to be overcome before the broad application 

of non-viral delivery can be achieved; however, we are confident that we 
will successfully accomplish these remaining challenges. Furthermore, 
we predict that eventually the majority of gene therapies will utilize 
synthetic delivery vehicles that can be standardized and regulated 
as drugs rather than biologics. We will continue to emulate those 
molecular mechanisms of viral delivery that produce efficient delivery 
to cells into artificial systems. Therefore, the synthetic delivery systems, 
including liposomal delivery vehicles, will be further engineered to 
mimic the most beneficial aspects of the viral delivery systems while 
circumventing their limitations. We will also further optimize the 
numerous benefits of the liposomal delivery systems discussed in this 
chapter.
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